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Abstract

Recently, the scanning transmission electron microscope has become capable of forming electron probes of atomic
dimensions. Through the technique of Z-contrast imaging, it is now possible to form atomic resolution images with high
compositional sensitivity from which atomic column positions can be directly determined. An incoherent image of this
nature also allows atomic resolution chemical analysis to be performed, by locating the probe over particular columns or
planes seen in the image while electron energy loss spectra are collected. Such data represent either an ideal starting point
for "rst-principles theoretical calculations or a test of theoretical predictions. We present several examples where theory
and experiment together give a very complete and often surprising atomic scale view of complex materials. ( 1999
Elsevier Science B.V. All rights reserved.
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1. Direct imaging with electrons

The images we see with our eyes generally appear to be
a direct representation of the world around us. This is
because they are formed incoherently; objects are illumin-
ated by light over a large range of directions and the
intensity scattered depends primarily on the nature of the
object and not on the direction of illumination. If objects
are illuminated by coherent laser light they show
a speckle pattern, which is due to interference e!ects.
These are directly related to the object, but not in a man-
ner that can be directly interpreted. Except for special
applications, optical instruments such as a projector or
a microscope invariably use incoherent illumination to
maintain this capability for direct interpretation.

It is over one hundred years since Lord Rayleigh "rst
explained the di!erence between coherent and incoherent
imaging in the context of the light microscope. He clearly
pointed out the advantages of incoherent imaging: ab-
sence of interference artifacts, and in addition a factor of
two improved resolution [1]. Ideally, a self-luminous
object is required for perfect incoherent imaging, so that
each point will emit light independently. But Lord
Rayleigh showed how the condenser lens can be used to
give a close approximation to incoherent imaging. If the
condenser lens subtends a su$ciently large range of
angles, then we approach the incoherent imaging condi-
tions of normal vision. Speci"cally, for an illumination
semiangle h, the transverse coherence length in the
sample, l

T
, is 0.61j/h, which can be made comparable to

the resolution limit.
In the conventional transmission electron microscope

(CTEM), historically, a small condenser aperture has
been used to give an approximation to perfect coherent
imaging. This is necessary for low-resolution di!raction
contrast imaging of defects such as dislocations, but this
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Fig. 1. Schematic comparing the transverse coherence lengths
for coherent and incoherent imaging. In bright "eld (BF) con-
ventional TEM the coherence length is large compared to in-
teratomic spacings, whereas in the STEM, a large-angle BF or
annular dark "eld (ADF) detector e!ectively breaks the coher-
ence between neighboring atoms.

Fig. 2. Schematic showing a "ne probe formed by the objective
lens of an STEM. A Z-contrast image is formed by mapping
high-angle scattered electrons as the probe is scanned across the
sample, while atomic resolution electron energy loss spectro-
scopy is possible with the probe stationary on speci"c columns
selected from the image. The Z-contrast image of GaAs shows
As columns with higher intensity than Ga.

leads to a transverse coherence length much greater than
typical interatomic spacings as shown in Fig. 1. As elec-
tron microscope resolution gradually improved it be-
came possible to resolve atomic-scale features, but the
coherent imaging conditions were maintained. In a co-
herent image (referred to as a phase contrast image)
atomic columns can be bright or dark depending on
specimen thickness and objective lens focus (which alter
the relative phases of the scattered beams). It is clear that
simply increasing the illumination aperture will reduce
the transverse coherence length. Eventually, it will reduce
below the typical interatomic spacings of materials, and
the coherence between columns will be broken. We
would then achieve incoherent imaging, and we would
expect atomic images to become directly interpretable.
This has indeed proved to be the case. In practice, how-
ever, it is more e$cient and results in higher image
contrast to reverse the direction of the electrons, and to
use the complementary high-angle annular detector
shown in Fig. 1. Then the image is formed by scanning
the illumination across the sample, a scanning transmis-
sion electron microscope (STEM).

The principle of Z-contrast imaging in the STEM is
shown schematically in Fig. 2. A small electron probe is
scanned across a thin specimen, and the Z-contrast im-
age results from mapping the intensity of electrons reach-
ing the annular detector [2}7]. The detector performs the
function of Lord Rayleigh's condenser lens. But it not
only breaks the coherence in the transverse plane [8], it
enforces high scattering angles, so that Rutherford scat-
tering dominates and atoms contribute to the image with
a brightness determined by their mean square atomic
number Z. For this reason the image is referred to as
a Z-contrast image. In a crystal, Rutherford scattering
becomes phonon scattering, and e!ectively breaks the

coherence through the thickness of the sample [9]. The
thickness dependence of the image becomes relatively
intuitive, and atomic images from thicker materials can
be interpreted equally well on the basis of Z-contrast.

In the image of GaAs shown in Fig. 2, bright features
correspond directly to columns of As, and the less bright
features to columns of Ga. Unlike the coherent imaging
of conventional high-resolution electron microscopy
(HREM), the positions of atomic columns can be deter-
mined directly and uniquely from the image to a high
accuracy, without the need for extensive image simula-
tions of model structures. Incoherent imaging e!ectively
bypasses the phase problem of HREM, a particular ad-
vantage for complex materials. The VG Microscopes
HB603U STEM at ORNL has a 300 kV accelerating
voltage, and a directly interpretable resolution of 1.26 As ,
although recently information transfer at 0.78 As has been
demonstrated in SiS1 1 0T [10]. This also demonstrates
the factor of two improved resolution available with
incoherent imaging; the comparable phase contrast im-
age resolution on this microscope is 1.93 As . There are
now many examples where the high resolution and the
direct interpretability of Z-contrast imaging have proved
very successful. Examples include the direct determina-
tion of dislocation core structures in GaN [11] and at
CdTe/GaAs interfaces [12], and in imaging structure and
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Fig. 3. Z-contrast image of a 233 S0 0 1T tilt grain boundary in
Si showing its unexpectedly complex structure. The "ve-fold
rings (with black centers in the image) are dislocation cores
arranged in a repeating sequence along the boundary. Columns
shown black in the schematic are those seen brighter in the
image due to segregated As.

impurity sites at grain boundaries, as shown in the exam-
ples below.

The ability to retrieve atomic structures directly from
experiment is a great advantage for "rst principles simu-
lations, as it avoids the need to calculate large numbers of
trial structures. This is especially true for complex mater-
ials where there are a great many possibilities. A further
advantage of the STEM is that it allows electron energy
loss spectroscopy (EELS) to be performed simulta-
neously with the Z-contrast image, allowing composi-
tional analysis and local band structure to be determined
at atomic resolution [13,14].

2. Arsenic segregation sites at a silicon grain boundary

Z-contrast imaging enables low concentrations of
high-Z impurities to be directly observed. A recent
example of this capability is shown in Fig. 3, a Z-contrast
image from a 233 grain boundary in Si, after doping with
As [15].

The atomic structure of the boundary is directly deter-
mined from the positions of the bright features in the
image, and is di!erent from all structures proposed pre-
viously. It comprises a continuous sequence of disloca-
tion cores, a perfect edge dislocation (1) and two perfect
mixed dislocations (2,3) arranged as a dipole, followed by
the same sequence (1@,2@,3@) mirrored across the boundary
plane. In the S0 0 1T projection, these dislocations ap-
pear as a connected array of pentagonal and triangular
arrangements of atomic columns. The presence of the
dipoles is surprising, as being of equal and opposite

Burgers vector they could equally well be replaced by
perfect crystal. However, precisely the same atomic ar-
rangement is seen in the undoped boundary given the
same annealing treatment.

Looking closely at the relative intensities of the col-
umns in the doped sample, it is seen that one of the
dislocation cores contains columns that are 20% brighter
on average than other similar columns. This must be due
to the presence of the As dopant. Taking into account the
scattering cross section, the increased intensity corres-
ponds to an average of only 5% As concentration, ap-
proximately two As atoms in each atomic column.

In a previous theoretical study of the shorter-period
363 grain boundary, it was found that isolated As atoms
have only a small segregation energy of &0.1 eV, too
small to account for the concentrations observed experi-
mentally [16]. However, as arsenic prefers to be three-
fold coordinated, calculations were performed for arsenic
dimers. It was found that the two As atoms repel and
become three-fold coordinated without having to create
an Si dangling bond. Thus binding of the dimer occurs
through repulsion. After the image of Fig. 3 was ob-
tained, calculations were repeated for the 233 boundary,
and preference was found for those sites seen bright in the
image. The segregation energy was again increased, be-
coming consistent with the As solubility limit in the bulk
at the annealing temperature of 7003C. This combined
use of experimental and theoretical techniques produced
a remarkably detailed and consistent atomic-scale pic-
ture of impurity segregation at this grain boundary.

Very recently, an extensive ab initio study has con-
"rmed the observed grain boundary structure, with its
redundant dislocations, to be energetically preferred in
the undoped grain boundary [17]. Further theoretical
work could build on these results to determine grain
boundary di!usion coe$cients, as well as to extend stud-
ies to other boundaries and polycrystalline materials.

3. Impurity-induced grain boundary transformation
in MgO

In Fig. 4, STEM imaging of an MgO grain boundary
[18] reveals a structure that is inconsistent with the
widely accepted structure of the boundary proposed by
Harris et al. [19], based on theoretical modeling using
classical potentials. The observed structure is similar to
that proposed much earlier by Kingery [20]. The large
empty core of the Harris structure is obviously very
di!erent from the more dense core of the Kingery model.
On careful examination of the intensity in the experi-
mental image, it can be seen that certain speci"c atomic
columns at the grain boundary are again signi"cantly
brighter than neighboring columns, as arrowed in the
"gure. This suggests that impurities, with Z'12, may be
segregated at these sites. EELS measurements indeed
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Fig. 4. Z-contrast image from a 243 S0 0 1T tilt grain boundary
in MgO showing occasional bright atomic columns at the grain
boundary (arrowed), compared to two structures for the 363
S0 0 1T tilt grain boundary proposed by (a) Kingery [20] and (b)
Harris et al. [19]. Sites of Ca segregation are arrowed.

Fig. 5. Z-contrast image of a sharp Si/SiO
2

interface showing
the last monolayer of Si in atomic positions close to those of the
bulk.

established that signi"cant concentrations of Ca were
present in the grain boundary, approximately 0.3 mono-
layers, consistent with the bright intensity in the image.

To reconcile these observations with the apparently
con#icting prior experimental and theoretical work,
"rst-principles theoretical calculations were performed.
These calculations in fact reproduced the results of the
classical potential calculations for the clean grain bound-
ary, indicating the open structure to be 0.5 eV lower in
energy per periodic repeat unit. Theory further deter-
mined that Ca has a large segregation energy in both
boundary structures, but signixcantly higher in the dense
structure, su$cient to make the dense structure the lower
energy boundary. These calculations therefore estab-
lished that the dense structure is in fact stabilized by the
Ca segregation, an example of a segregation-induced
structural transformation [18]. Examination of the elec-
tronic charge distribution revealed just a small perturba-
tion to the oxygen ions next to the Ca atom, indicating
that the transformation is structural and not electronic in
origin, i.e. it is driven by the size di!erence between Ca
and Mg ions.

4. Structure and composition of the Si}SiO2 interface

In the case of an amorphous material, no channeling of
the probe can occur, and a Z-contrast image re#ects only
changes in projected atomic density. This is in marked
contrast to conventional HREM images where amorph-
ous materials always show a speckle pattern due to
random interferences, and interfaces show Fresnel fringes
and other coherent interference phenomena that can
obscure the structure. In the Z-contrast image of Fig. 5,
the last monolayer of the crystalline Si is clearly visible,
and the Si columns are in almost exactly the expected
positions for bulk Si [21]. Here again theory can be very

useful in establishing the relative energies of various
possible interface structures. Recent calculations have
established that atomically abrupt interfaces are in fact
energetically preferred over structures involving subox-
ides [22]. This is due to the softness of the Si}O}Si bond
which allows strain relaxation to occur. Experimentally,
however, suboxides are always found, presumably due to
the non-equilibrium nature of the oxidation process and
indicating the potential for improved characteristics.
EELS provides a sensitive means to detect suboxides at
the Si/SiO

2
interface, with high sensitivity and spatial

resolution [23]. An example of an extended zone of
suboxide is seen in Fig. 6, where Si-L edge spectra are
plotted for a series of beam positions moving from the
crystal into the oxide. The edge onset is 99 eV in the
crystal, moving to 104 eV for stoichiometric SiO

2
, but for

approximately 2 nm both features are seen indicative of
suboxide. The width of the suboxide zone is an order of
magnitude greater than the beam size; this is con"rmed
also by pro"les of the O-K edge [21], where there can be
no contribution from the crystalline Si.

5. Conclusions

It is now possible to determine, without prior know-
ledge, the structure, impurity content and local electronic
states, at grain boundaries, dislocations and interfaces by
the combination of Z-contrast imaging and electron en-
ergy loss spectroscopy in the STEM. Atomic-scale total
energy calculations are a natural complement and exten-
sion to these STEM techniques, giving critical insight
into the underlying physics through the ability to study
segregation energies, electronic states, and atomic-scale
dynamics.
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Fig. 6. Si-L
2,3

EELS pro"les across a Si/SiO
2

interface showing
evolution of the SiO

2
band gap. The full gap is not established

until 2.4 nm into the oxide.
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