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Abstract

Progress in introducing high-resolution electron
microscopy at controlled elevated temperatures is
described. Initial work involved the study of dynamic
events in materials like cadmium telluride which can
be heated to a sufficient degree by the imaging beam.
However, for reproducible experiments the tem-
perature must be carefully controlled and measured,
and this involves a heating specimen holder. Results
achieved recently this way on a variety of substances
including CdTe, GaAs, Si, GaAs-Ti, GaAs-Ni, Si-
Mo and Si-Ti, are reported. To derive information
pertinent to bulk behavior both the manner of an in
situ reaction and its kinetics should be compared with
those for specimens prepared from macroscopic
materials treated ex situ. For interface reactions in
semiconductor materials it is found that events typical
of the bulk can be recorded under high-resolution
conditions in a large proportion of cases.

Introduction

Following the first demonstration that the electron
microscope is capable of resolving crystal lattices
(Menter, 1956) and that images can be interpreted in
terms of atomic postions (Cowley & Iijima, 1972),
there have been increasing applications of high-
resolution electron microscopy (HREM). The record-
ing of dynamic events at atomic resolution is a natural
extension of the technique since it presents the possi-
bility that atomic behavior can be seen, and deduced,
directly. Several examples are quite well known
(Hashimoto, Takai, Yokota, Endo & Fukuta, 1980;
Sinclair et al., 1982; Eyring, Dutner, Goral & Holla-
day, 1985; Iijima & Ichihashi, 1986; Bovin, Wallen-
berg & Smith, 1986). One drawback of these early
works has been that they rely either on the fortuitous
occurrence of interesting events during the course of
observation and recording, or on the imaging electron
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beam inducing changes in the sample. It has only
recently been appreciated that heating holders have
sufficient stability to allow image recording at ele-
vated temperatures (Parker & Sinclair, 1985; Gibson,
McDonald & Unterwald, 1985; Sinclair & Parker,
1986), so that natural thermally activated processes
can also be studied. Of course this is an important
development for fundamental investigations of reac-
tions and transformations in solids. During the past
year, we have applied this technique to a variety of
interfacial annealing phenomena in semiconductor
systems. This article describes some of this research
and assesses its prospects for revealing atomic
mechanisms in this important class of materials.

Experimental considerations

As with all in situ transmission electron microscopy
(TEM) experiments (e.g. Butler & Hale, 1981), images
are obtained following normal procedures, with a
special sample holder employed to manipulate the
specimen temperature. For high-resolution imaging
one critical parameter is the crystal orientation with
respect to the incident beam, which generally requires
use of a double-tilt specimen holder. Currently no
such holder with heating capability is commercially
available but we circumvented this problem by using
cross-section specimens which are prepared with one
low-index crystallographic direction easily iden-
tifiable macroscopically (Sinclair, Parker & Kim,
1987). In this case with a side-entry high-resolution
TEM a single-tilt axis is sufficient for correct
orientation.

Observations can be recorded continuously on
videotape using an image pick-up system. The quality,
especially with the new medium-voltage microscopes,
is sufficiently good that atomic-level changes are
easily seen without recourse to image processing.
Micrographs for analysis or publication can be photo-
graphed from a video display either during playback
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(which averages several frames) or from a single
‘freeze’ frame. Alternatively, if image drift is minimal,
conventional image plates can be employed. While it
is often thought that images at elevated temperatures
would be too blurred for HREM, it is our experience
on a range of substances that no real impediment
exists.

It is important to consider the influence of the
thin-foil specimen and the TEM environment on the
observations. If one is concerned (as we are) with
reactions representative of bulk behavior, then the
close proximity of the specimen surfaces and the
microscope ‘vacuum’ must be taken into account. We
currently assess the reliability of our results by several
procedures: (i) by comparing the microstructural
changes occurring in the high-resolution areas with
those in thicker parts of the same specimen; (ii) by
comparing results of the in situ experiment with those
in bulk material treated ex siru and subsequently
thinned for TEM examination; (iii) by measuring the
kinetics of a specific reaction as a function of tem-
perature during the in situ experiment and comparing
such data with their equivalent in bulk. Such work
also allows estimation of the influence, if any, of the
electron beam itself since we can monitor both irradi-
ated and non-irradiated areas. Naturally there are
instances when the thin foil effects dominate and the
changes are quite different from those in the bulk
experiment. They do not yield direct information
about the bulk reaction, although it might be possible
that some insight can still be derived from the results.
However, we have found that there are sufficient
instances where bulk behavior is achieved in the
HREM specimen that the technique appears to be
profitable. In those cases one can expect to use the
unique observations provided by HREM to under-
stand material behavior at the atomic level. For our
particular current interest in interface reactions, there
need only be a few atomic jumps on either side of
the reaction zone to bring about interpretable changes
of significance.

Alternatively the TEM situation (thin foil, electron
irradiation, non-UHV atmosphere) can be used to
advantage actually to study such phenomena as sur-
face mobility, radiolysis and specimen oxidation or
reduction. Once again quite useful understanding is
provided about the behavior of solids, as exemplified
by the atomic rearrangements seen in small metal
particles (lijima & Ichihashi, 1986; Bovin et al., 1986)
and research such as that by Kang & Eyring (1987)
reported in Smith & Barry (1987).

The determination of specimen temperature in the
field of view has always been problematic for in situ
work. If the heating holder has large thermal mass it
might be expected that the temperature specified by
the attached thermocouple is reasonably reliable.
However, one of the more important practical con-
siderations in our experience is the efficiency of the
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specimen mounting in the holder (i.e. the degree of
thermal contact between specimen and holder) which
can vary, especially for fragile thin foils. One way to
identify the absolute temperature is to apply a correc-
tion factor to the thermocouple reading by comparing
observations in situ with equivalent changes produced
ex situ (e.g. Raaijmakers, Reader & Van Houtum,
1987). An alternative, suggested by Parker (1988), is
to incorporate a well known standard material as part
of the HREM specimen and to follow its reaction, as
well as that of the unknown, over the course of the
in situ experiment, This is probably the most effective
method. It also allows quantitative determination of
electron beam effects by comparing data with the
beam off (using the beam only to record occasional
images) with those obtained during continuous imag-
ing. Parker (1988) terms these as ‘time-lapse’ and
‘real-time’ in situ imaging, respectively.

The microscopy reported here was carried out on
a Philips EM 400ST (120kV) or on a Philips EM
430ST (300kV) instrument, unless otherwise indi-
cated. Heating was achieved with the standard Philips
heating holder, PW6592, which is capable of reaching
about 1270 K.

Results
1. Early observations of cadmium telluride

Figs. 1-3 show some of the changes which can be
induced in cadmium telluride during HREM observa-
tion, and serve to illustrate the importance of control-
led experiments. These results were obtained during
the course of routine HREM imaging, without the
use of a heating holder. It is thought that the specimen
reaches a temperature of about 370 K since the rela-
tively low thermal conductivity of CdTe does not
allow heat dissipation from the imaged area.

In Fig. 1 conventional micrographs, taken about
one minute apart, reveal that a defect rearrangement
has occurred in the vicinity of an extra {111} plane
in the material. The nature of the fault and the identity
of its associated partial dislocation can be easily
determined from the image spot positions and they
turn out to be an extrinsic stacking fault bounded by
a Frank dislocation in this example. The continuous
lattice distortion at the end of the fault is replaced
by a discontinuous intrinsic stacking fault along an
intersecting {111}-type plane. Presumably some reac-
tion has taken place whereby a Shockley partial dislo-
cation emanated from the Frank dislocation at the
end of the extrinsic fault, leaving behind a Cottrell-
type dislocation (Hornstra, 1958). However, because
the micrographs were taken conventionally, the actual
event itself was not recorded and so the above inter-
pretation is ambiguous. For instance, a dislocation
might have been created at the edge of the crystal
and slipped into the fault, not out of it. Thus it is
clear that continuous recording (e.g. by videotaping)
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Abstract

Interpretation of images obtained by high-resolution
transmission electron microscopy (HRTEM) can be
aided by the use of processed signals. Images are
recorded digitally or are digitized from a photograph,
and then these data are Fourier transformed and
treated. The low- and high-frequency signals are
removed, and a variety of circular and elliptical

0108-7673/88/060975-12803.00

(anisotropic) apertures or screens are applied to
explore and highlight features of special interest. A
minicomputer can be used to perform such image
processing rapidly, interactively, and with high pre-
cision. Elliptical filters are of special interest for the
examination of linear or planar features such as the
distribution of stacking faults or the presence and
distribution of superstructures. Some superstructures
themselves contain defects, and these can similarly
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