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earthed). E is placed at the end of lever L and is
elastically and electrically connected to the central
part of the holder head.

The objective aperture and the decontaminator
blade are placed below the straight broken line which
has been drawn in Fig. 6(a) just above the bottom
pole-piece face.

Both the standard specimen chamber and the basic
x, y stage of the JEM 100 and 2000 series of micro-
scopes are retained; the former is used for housing
the additional drives needed to set and control the
stage, and the latter for supporting the lifting and the
tilting stages. A side-entry air lock is adopted for
loading the specimen holder into the eucentric stage
by means of a clamping jig, which is then withdrawn
from the microscope.

Besides its application in tilting experiments, the
stage will be useful in cases where both top and
bottom surfaces of the specimen have to be investi-
gated and, with little modification, for glancing-angle
(reflection) microscopy (Cowley, 1988). In addition,
provisions are made for the study of semiconductor
devices by means of the electron beam induced cur-
rent (EBIC) method, or for heating the sample. The
present lens and stage features should also ease the
incorporation of scanning tunneling facilities in a
transmission electron microscope.

The development of the device is at a stage where
detailed workshop drawings have been made and
therefore its construction, even if complex, is feasible;
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it is however difficult to predict such uncertainties as
mechanical instabilities. It is worthwhile to try to
simplify further the mechanical solutions adopted,
before proceeding to the construction of the eucentric
tilting stage, in particular by attempting to incorporate
piezoelectric elements in the design.

This research has been partly supported by
Ministero Pubblica Istruzione, Rome.
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Abstract

Results of dynamical convergent-beam reflection
high-energy electron diffraction (CBRHEED) calcu-
lations are presented for the (001) surface of mag-
nesium oxide, the (111) surface of silicon and the
(001) surface of molybdenum disulfide. These double
rocking calculations are performed using a dynamical
scattering approach. This is based on the evaluation
of the surface parallel multislice matrix for the reflec-
tion (i.e. Bragg) geometry with account taken of the
boundary conditions. Comparison with experimental
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results reported in the literature for these surfaces
shows that only a full dynamical calculation with an
appropriate number of beams is capable of a detailed
description of the experimental contrast distributions.
In particular, the nature of surface-wave-resonance
effects is discussed.

1. Introduction

Though widely employed during the early years of
electron diffraction (e.g. Finch, Quarrell & Wilman,
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1935; Goodman, 1981), reflection high-energy elec-
tron diffraction (RHEED) has re-emerged during the
past few years as a most useful diagnostic tool with
particular use in the monitoring of surface structure
during crystal growth by molecular-beam epitaxy
(Neave, Joyce, Dobson & Norton, 1983). Various
experimental methods have concentrated on extend-
ing RHEED to improve the information content of
the diffraction pattern. One such technique has been
termed convergent-beam RHEED (CBRHEED) as it
is analogous to the convergent-beam (CB) technique
used in transmission electron diffraction and micros-
copy (e.g. Goodman, 1972; Steeds, 1979).

CBRHEED effects have been investigated in both
specially built diffraction cameras (Ichimiya, Kambe
& Lehmpfuhl, 1980; Lehmpfuhl & Dowell, 1986) and
in modern commercial microscopes (Shannon, Eades,
Meichle & Turner, 1985; Peng & Cowley, 1987). It is
the object of the present paper to report dynamically
calculated CBRHEED patterns obtained by a surface
parallel multislice method. This calculation scheme,
which is based on a surface diffraction scheme pro-
posed by Lynch & Moodie (1972), is founded on
many of the concepts of Cowley & Moodie’s (1957)
multislice method. It is quite similar to that used for
standard RHEED spectra by Maksym & Beeby
(1981). The calculated patterns of the present work
allow direct comparison with experimental measure-
ments on magnesium oxide and molybdenum di-
sulfide reported by Shannon et al. (1985) together
with those on silicon by Lehmpfuhl & Dowell (1986).

In previous work, other authors have discussed
CBRHEED in terms of surface-resonance arguments
(Ichimiya, Kambe & Lehmpfuhl 1980; Lehmpfuhl &
Dowell, 1986; Peng & Cowley, 1987) and also by a
combination of kinematical and symmetry ideas
(Shannon, Eades, Meichle, Turner & Buxton, 1984;
Shannon et al, 1985). Whilst some of the overall
features are explicable by simple geometrical and
Bragg’'s-law arguments, the present work demon-
strates that a full dynamical calculation with
appropriate boundary conditions and an appropriate
number of beams describes more fully the experi-
mental contrast distributions. As a corollary it thus
allows the application of appropriate geometrical
arguments with more confidence.

2. The CBRHEED geometry

High-energy electron diffraction from crystal surfaces
is most commonly envisaged by employing the Ewald-
sphere construction. The various possible diffracted
directions are then represented by a series of points
which mark the intersections of the sphere with the
reciprocal-lattice rods of the crystal surface. The rods,
which correspond to the reciprocal-lattice points of
the three-dimensional bulk crystal, are to be con-
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sidered non-uniform because of the crystal structure
normal to the surface.

In standard RHEED an ideal incident beam con-
sists of parallel plane waves. However, in the
CBRHEED experiment the incoming beam is deliber-
ately chosen to have a range of allowed incident
angles up to some maximum convergence angle, as
defined by a limiting aperture (see Fig. 1). The series
of spots and streaks seen in an ordinary RHEED
diffraction pattern can be immediately understood in
terms of the intersection of the Ewald sphere with
the rods, together with experimental resolution
effects. On the other hand, a CBRHEED pattern is
more complicated since spots are produced for each
of the many allowed incident directions. However,
as long as the aperture size is small enough, the
patterns for the individual rods are separated.

Owing to the effect of the surface boundary condi-
tion, the reflection geometry produces a distortion of
the beam envelopes in CBRHEED which is not pres-
ent in the transmission case (Shannon et al., 1984).
Though all of the other various diffracted beams are
affected, the specular reflected beam in particular
does retain the initial disk form. For the case of beam
incidence close to a zone axis of the crystal, it is
possible to determine the diffracted beam envelopes
geometrically for each member of the corresponding
row of reciprocal-lattice rods (Shannon et al, 1985;
Smith & Lynch, 1987a).

In the geometrical interpretation of CBRHEED
patterns it can be useful to remember a further point
concerning the nature of the reflection (Bragg)
geometry. This implies that the loci of the Kikuchi
bands parallel to the surface correspond exactly
to the position of the elastically scattered Bragg
reflections of the same index.

3. CBRHEED calculations
(a) Computational schemes

The interaction strength between electrons and
crystalline material requires that RHEED calcula-
tions should in general be performed using dynamical
schemes. The elastic scattering intensities can be
determined by the solution of the dynamical diffrac-
tion problem expressible as the coupling between N
beams. This then leads to the solution of a quadratic
N x N matrix problem. In the case of transmission

Reflected
Cone of _ beam

illumination
N

-

: \JDMracted
” beam

Fig. 1. Schematic diagram of the CBRHEED experiment.
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diffraction (Laue geometry) at high energy, great sim-
plification results by ignoring the N backward eigen-
values out of the total 2N eigenvalues corresponding
to both forward and backward travelling waves (e.g.
Cowley, 1981). However, for the reflection geometry,
one should, in principle, solve the full 2N eigenvalue
problem. Moon (1972) and Colella (Colella, 1972;
Colella & Menadue, 1972) employed different
dynamical computation schemes to treat the simple
‘systematics’ case, namely the incorporation of
reciprocal-lattice points on one particular lattice rod.

Much fuller elastic RHEED calculations were
carried out by Maksym & Beeby (1981) and indepen-
dently by Ichimiya (1983, 1985). These authors util-
ized a multislice formulation of the problem (Cowley
& Moodie, 1957). In effect, transfer matrix solutions
were found after determination for each slice of the
two-dimensional Fourier components followed by
solution using different matrix manipulation tech-
niques. These formulations of the multislice computa-
tion method for the reflection geometry turn out to
be equivalent to a low-energy electron diffraction
(LEED) calculation scheme proposed by Lynch &
Moodie (1972). The generalized expressions for this
approach have been published separately (Lynch &
Smith, 1983) and are the basis of the computer codes
used in the present work.

(b) Computational parameters

To determine suitable computational parameters,
one may divide the problem in a somewhat arbitrary
way as determination of: (1) slice thickness; (2) total
crystal thickness; and (3) truncation in number of
rods.

Consider initially the slice thickness. Although it
may be possible in transmission multislice calcula-
tions to take slice thicknesses to be of the order of
an individual unit cell, for the reflection calculation
one must necessarily expect this distance to be less
than of the order of one tenth of a unit cell, as the
contributing lattice vectors are of order ten. This
follows from the necessity of back-scattered electrons
to cross the crystal-surface/vacuum interface, which
traps the low-order reflections by the inner potential
(refractive-index effect). Ichimiya (1983) came to the
same order-of-magnitude conclusion by a combined
shape transform and Debye-Waller argument. In the
present computations, slice thickness was checked by
decreasing thickness until convergence was reached.

The second parameter, ie. the total crystal thick-
ness, is closely related to the assignment of absorption
potential value which takes care of the effects of
inelastic scattering in a somewhat semi-empirical way.
For the accelerating voltages of the present work,
values for the absorption potential in the range 0-1-
—1 eV are indicated by transmission experiments and
calculations (e.g. Goodman & Lehmpfuhl, 1967;
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Radi, 1970, Voss, Lehmpfuhl & Smith, 1980). We
have adopted values in this range; computational
convergence in total crystal thickness is then achieved
for the present work using a layer doubling scheme
in the region of 10 nm. This is in agreement with
computations by Maksym & Beeby (1981) and
Ichimiya (1983).

Finally, for reasons of computational efficiency a
choice must be made regarding those rods to be
included in the calculation. This is made by establish-
ing, for the different angles of incidence, which rods
are closest to the Ewald sphere (modified by the
crystal potential). In our calculation we include both
propagating and attenuating waves, corresponding to
the interior and exterior of the sphere respectively.
The effect of changing the number of rods in the
calculation is one of the points illustrated and
discussed in the following sections.

4. Summary of matrix multislice method and choice
of parameters for magnesium oxide, silicon (111) and
molybdenum disulfide

CBRHEED calculations were performed in the pres-
ent work for magnesium oxide, silicon and molyb-
denum disulfide by means of a computation based
onthe scattering-matrix approach of Lynch & Moodie
(1972) to describe the dynamical scattering effects.
This method combines the multislice treatment of
electron scattering in a crystal (Cowley & Moodie,
1957), with Tournarie’s (1962) supermatrix formula-
tion. The full expressions for the general case are
presented by Lynch & Smith (1983). The unit-cell
parameters for the three materials were taken from
Wyckoft (1963). The scattering matrices were then
constructed using scattering factors for neutral atoms
from Doyle & Turner (1968).

As a first approximation, the surface was in all
three cases represented as an abrupt termination of
the bulk structure. Such an assumption is well suppor-
ted for the cases of magnesium oxide and molyb-
denum disulfide by LEED results as they indicate
very little change in the spacing of the topmost layer.
For molybdenum disulfide, see Mrstik, Tong, Kaplan
& Ganguly (1975) and Mrstik, Kaplan, Reinecke, Van
Hove & Tong (1977); for magnesium oxide, see
Kinniburgh (1975, 1976) and Welton-Cook & Berndt
(1982). A similar conclusion for magnesium oxide
was reached by Maksym (1985), who used a dynami-
cal RHEED calculation at 10 keV incident energy to
analyse experimental data by Ichimiya & Takeuchi
(1983). For silicon (111) the assumption is to be
regarded merely as preliminary, as the reordering of
the Si (111) surface is a complex problem that has
been closely studied with varying interpretations
through a period of over twenty years. Particular
mention might be given to the contribution of the
Tokyo Institute of Technology group (e.g. Yagi,
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