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Abstract

The combined effects of refraction and reflection of
fast electrons entering a thin specimen nearly parallel
to an interface may be used to obtain quantitative
information about the difference in the mean inner
Coulomb potential (U,) between the two adjoining
phases. When no strong Bragg reflections are excited
the electrons are deflected towards the phase with the
largest | Uy|. By tilting the crystal so that strong Bragg
reflections are excited some of the Bloch waves may
be deflected in the opposite direction. The effect is
demonstrated by simple two-beam calculations and
observations for the Al/SiC interface.

Introduction

Whereas a variety of experimental techniques are
available for the study of solid/vacuum interfaces,
only a few methods are capable of providing informa-
tion about buried interfaces. The most powerful tech-
nique for studying the structure of solid/solid inter-
faces may be TEM (transmission electron microscopy
and diffraction). High-resolution imaging interpreted
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on the basis of the multi-slice formulation of Cowley
& Moodie (1957) allows study of interface structures
on an atomic scale (Ourmazd, Taylor, Rentschler &
Bevk, 1987; Krakow, Wetzel & Smith, 1986). Several
analytical techniques combined with a fine electron
probe can be used to obtain profiles of composition
on a nanometre scale. With electron energy-loss spec-
troscopy in particular, signals may be obtained from
areas as small as 10 A, including information about
electronic structure as well (Batson, Kavangh, Wodall
& Mayer, 1986).

In this paper we deal with a different TEM tech-
nique for extracting information about interfaces. The
principle has been outlined briefly in a previous paper
(Taftg, Jones & Heald, 1986). The deflection of the
electron beam by the interface between two solids A
and B due to the difference AUy= Uya— Uyp
between their mean inner potentials is used to form
an image of the interface. This combined refrac-
tion/reflection effect may also be used to obtain elec-
tron energy loss spectra from the interfacial region.

The aim of the present paper is to present a further
discussion of this technique, in particular the effect
of Bragg reflection in one or both of the crystals and
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interface (for simplicity in the drawing) y"* will vary
with the incident wave-vector component K, parallel
to the surface as sketched. In a simple two-beam case,
the total reflection of the wave in A will prevail to
the left of point P, the condition for which is given by

Upp — Up 4= Ks, +[(Ks,)*+ U21"?,

where s, is negative. To the right of this point the
wave in A can penetrate into B, whereas the upper
Bloch wave in B will be reflected off the interface.
Bloch waves become weakly excited when |y|>
U;/2K and thus the deflection towards B is clearly
visible in the diffraction pattern only when AU, < U,.
Fig. 6 shows this effect experimentally for the SiC/ Al
interface. The 200 reflection of Al is strongly excited,
but bending and distortions of the Al crystal result
in a local variation of the excitation error of Al along
the interface. Thus, whereas a continuous bright line
is observed when the objective aperture is displaced
towards the SiC crystal (Fig. 6a), the bright line is
discontinuous when the objective aperture is dis-
placed towards Al (Fig. 6b), as one should expect
when the excitation error varies sufficiently.

Quantitative determination of the mean inner
potential difference at an interface requires a more
ideal interface where the diffraction conditions can
be determined accurately from the Kikuchi lines or
the band contours. Also, many-beam dynamical
calculations are necessary for at least one of the
phases at the interface, or, in most cases, for both
phases if both are crystalline.

Discussion

Reflection and refraction of fast electrons is presented
as a novel technique to study buried interfaces. The
technique is sensitive to a thin layer of a third phase
at the interface between two phases, as is evident
from the ease with which a 12 A layer of SiO, is
detected between Si and Cr (Fig. 2a). Observation
of the interface between Cr and Cu (Fig. 2b) suggests
that the technique is also sensitive to very small
differences in mean inner potential AU,. In par-
ticular, the technique offers the possibility of deter-
mining the mean inner potential U, of crystalline as
well as amorphous phases through AU, appearing
at interfaces. U, is not easy to calculate because it
depends strongly on the distribution of outer electrons
and is therefore very sensitive to the electronic struc-
ture of the solid. Previous experimental methods rely
mainly upon refraction through crystals with perfect
external shape, MgO being the standard example
(Lehmpfuhl & Reissland, 1968).
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The method presented here is simple, notably in
the determination of AU,. With present techniques
for preparing thin films and cross sections it appears
possible to establish a series of inner potentials
against which other substances may be tested.

Accurate measurement of the magnitude of AU,
relies on the Bragg diffraction effects in one of the
phases at the interface. The excitation error at which
one Bloch wave starts to be deflected in the opposite
direction (point P in Fig. 5) must then be measured
in the Kikuchi pattern or the bend contours. This is
feasible when 24U,/ |(Uy 4+ U g)| < 0-25, as may be
evident from Fig. 4. Thus this technique cannot be
used on an external surface.

In a previous paper Taftg, Jones & Heald (1986)
pointed out the possibility of performing electron
energy-loss spectroscopy in the low-energy-loss
region (plasmon spectrum). For that purpose a large
AU, is favorable in order to enhance the intensity of
the deflected electrons, and thus the intensity of the
interface energy-loss signal.

The theoretical treatment given here is quite simple
and essentially qualitative. It is based upon compar-
ing wave fields set up on either side of an interface
nearly parallel to the incident beam. When tangential
continuity of the wave vectors across the interface
can be obtained, it is assumed that the wave fields
can be joined up and propagation across the interface
can take place. This should be seen as an approxima-
tion to the mathematical boundary problem associ-
ated with the solution of the wave equation in the
interfacial region. However, quantitative expressions
for the diffracted wave from the interfacial region
may be obtained by introducing the wave field inher-
ent in the present formulation into the integral
equation for scattering.
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