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DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 
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TEM ANALYSIS OF CRYSTALLINE INTERFACE STRUCTURE - THE STATE OF THE ART 

U. Dahmen 

National Center for Electron Microscopy, MSD, Lawrence Berkeley Laboratory, Berkeley, CA 
94720 

The characterization of the structure and chemistry of solid/solid interfaces is becoming 
increasingly important in materials science. Although electron microscopy has contributed 
a great deal to our present understanding of interfaces, many problems remain to be solved. 
A recent workshop, held at the National Center for Electron Microscopy in Berkeley 
examined the field in some detail with the goal of pinpointing the most important problems, 
present limitations and future developments. This paper will present a selective illustrated 
summary of the field on the basis of this workshop 1 . 

The most clearly apparent conclusion was the call for a closer interaction between theory 
and experiment and a more quantitative approach to the interpretation of electron 
microscopy data. If electron microscopy is to continue to make a significant contribution to 
interface science, it is necessary, but not sufficient to obtain improved spatial resolution: 
the problems of image interpretation, specimen noise and artifacts, chemical resolution, 
modeling of interfaces and model/experiment comparisons must be addressed 
simultaneously. It is also clearly important to combine electron microscopy with the results 
from other techniques wherever possible since the ultimate goal of interface 
characterization by TEM is the correlation between materials properties and the atomic 
structure, chemistry and bonding at interfaces. 

The technique of high resolution electron microscopy has now advanced to a level where it 
is possible to obtain high quality images routinely. One of the main problems to be solved is 
the quantitative evaluation of these images and their comparison with theoretical 
predictions. This is particularly important in the determination of the atomic structure of 
interfaces for which accurate predictions have been made by molecular statics modeling. 
The necessity for refinement of projected atomic positions from experimental micrographs 
will be illustrated by recent attempts to evaluate the matching between different models of a 
grain boundary and the experimentally observed structure. 

The most common method of comparison is based on a visual judgement of the similarity 
between an experimental and a simulated image. Although the eye is a remarkably sensitive 
judge of likeness and difference, this method is fraught with error and subjectivity. An 
objective procedure must be developed to provide a quantitative measure of the difference 
between the model and the experiment, similar to the R-factor in x-ray crystallography. 
Pattern recognition techniques have been successful for the special case of chemical 
discrimination at clean undistorted interfaces, but a general application to the case of 
structurally complex interfaces has yet to be developed. A number of critical problems must 
be dealt with before quantitative image analysis can become routine . 

.(', 
,I Mismatch between a simulated and an experimental image can either be due to real 

, ··-; differences or to noise, microscope misalignments, or imperfections unrelated to the 
'\..n structure of the interface. To eliminate extraneous sources of error, images should be 

recorded under several conditions with known changes in defocus, beam tilt, specimen tilt, 
or thickness. Affinity with image simulations performed through the same range of 
conditions will yield improved accuracy and allow comparisons to be made with images 
recorded under non-ideal, real-life conditions. 

Specimen noise due to an amorphous surface layer of oxide or contaminant 
factor that can be overcome by advances in specimen preparation (e.g. 
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cleaning) or spatial averaging. The latter alternative is accomplished at the expense of 
localized spatial resolution. 

Rigid body shifts are an important characteristic of interfaces because they are directly 
linked to the state of relaxation. Measurements can be made most accurately from inclined 
interfaces by the a -fringe technique, less accurately but with simultaneous information on 
localized atomic relaxations from edge-on interfaces in high resolution micrographs and 
under special circumstances from face-on interfaces by convergent beam diffraction. 

Structure models usually deal with idealized interfaces of high symmetry in which two 
adjacent crystals are aligned along a common zone axis and the interface is periodic. These 
are precisely the conditions for the simplest TEM contrast and interpretable imaging, and 
due to the fact that energy extrema tend to occur for special high symmetry configurations, 
such structures are also often observed in nature. However, because of the prevalence of 
non-equilibrium conditions in most materials processing, interfaces in real materials are 
often non-rational in their crystallography. It is therefore necessary to progress along two 
directions: on one side, TEM analysis techniques need to be developed that allow quantitative 
evaluation of crystallographically non-rational interfaces, and on the other side high 
symmetry interfaces must be synthesized in the precise crystallography for which 
predictions are possible. Both directions are important to pursue. 

Crystallographically non-rational (real) interfaces are easy to obtain experimentally; here 
it is important to develop elastic, atomistic, thermodynamic and crystallographic models. 
High symmetry special interfaces are common in semiconductor materials but are difficult 
to produce for the more general case such as interfaces resulting from martens1t1c 
transformations. Here it is important . to find ways of synthesizing perfect model interfaces. 
For both alternatives electron microscopy must develop more quantitative analysis 
techniques. 

However, the problem of quantification is not limited to high resolution microscopy. 
Diffraction contrast techniques are very important, especially in the area of irrational 
interfaces where HREM is severely handicapped by lack of crystal alignment. Image 
matching of interface dislocation structures is a powerful technique for the 
characterization of non-rational boundaries. The measurement of strain fields at interfaces 
and facet junctions and their quantitative comparison with elastic models requires further 
developments in elastic modeling and the measurement and mapping of strain fields from 
micrographs. 

The quantitative characterization of interface roughness and diffuseness is limited as much 
by problems of technique as it is by a lack of clarity of concept. Interfaces can be rough but 
sharp, flat but diffuse. The expected appearance of interfaces rough with respect to 
structure, composition or order will be illustrated schematically and inherent limitations 
will be discussed. Measurements of interface roughness and its power spectrum from 
diffraction peak shapes is an important characteristic of an interface and can often be 
related to materials properties. 

Future developments in instrumentation presently in progress will be reviewed briefly with 
regard to their impact on interface characterization2. 
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