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An alternative comparison is of the longitudinal and 
transverse scans through the centres of the Bragg 
reflections, and these are shown in Figs. 9-11. The 
theoretical transverse widths are systematically smal- 
ler than the measured widths by about 20%, in reason- 
able agreement with the discrepancy between the 
Gaussian theory and the measured transverse widths 
shown in Fig. 2. The longitudinal widths for the 400 
and 420 reflections are in good agreement with experi- 
ment but the calculation for the 440 reflection is 
slightly broader than expected. This may be due to a 
reduction in the wavelength spread caused by the 
positioning of the pre-monochromator slit in the 
experiment. 

IV. Concluding remarks 

In this paper we have presented a detailed theoretical 
and experimental study of the resolution function of 
a triple-crystal X-ray diffractometer based on a 
rotating-anode source. Two different theories are 
compared with the experimental results. 

In the Gaussian approximation theory, analytic 
and relatively simple expressions are used to calculate 
the widths of the central part of the resolution func- 
tion. The comparison with experiment shows that the 
theory predicts the widths with an accuracy of better 
than 25% for a variety of different diffractometer 
configurations. The accuracy is improved if the 
Darwin widths of the monochromator and analyser 
crystals are adjusted to fit the data at one wave-vector 
transfer. 

A more complicated theory, involving numerical 
convolution of the Darwin profiles, enables the 
detailed form of the resolution function to be calcu- 
lated in the high-resolution configuration. This theory 

not only successfully describes the central part of the 
resolution function, but also the qualitative features 
of the scattered intensity away from the Bragg peak. 
The streaks, which appear at low intensity levels, are 
caused by the asymmetric form of the monochromator 
and analyser response functions. A simple account 
of the origin and direction of the streaks is given in 
§ II.2. Unfortunately a detailed description requires 
a full knowledge of the monochromator and analyser 
response functions. These depend critically on the 
surface roughness of the crystals which is not usually 
controlled in an experiment. 

We are grateful for the technical support of H. 
Vass, and for the financial support of the Science and 
Engineering Research Council. 
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Abstract 

The effect of dislocations in a silicon single crystal 
on the zeroth-order Laue-zone (ZOLZ) pattern 
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in large-angle convergent-beam electron diffraction 
(LACBED) has been studied experimentally. It is 
found that edge dislocations cause the ZOLZ pattern 
to be compressed or elongated and screw dislocations 
cause it to be dislocated. This phenomenon is the 
consequence of opposite shifts of the two halves of 
the Tanaka pattern, separated by the shadow image 
of the dislocation line along directions b and - b  of 
the Burgers vector. The shift direction of each half 
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of the pattern depends on the dislocation characteris- 
tics and the position of the incident-beam crossover. 
The pattern on the side, pointed to by the vector u x c 
(or - u  x c) from the shadow image of the dislocation 
line is shifted along h (or -h ) ,  where u is the direction 
of the dislocation-line vector and c is a vector pointing 
to the beam crossover from the dislocation line. This 
phenomenon can be used to determine the Burgers 
vector (both its direction and sense) of a dislocation. 

1. Introduction 

Carpenter & Spence (1982) and Fung (1985) studied 
the splitting of some higher-order Laue-zone (HOLZ) 
lines induced by dislocations in silicon by means of 
convergent-beam electron diffraction (CBED) and 
pointed out that this phenomenon can be interpreted 
by the diffraction-contrast theory and can be used to 
determine the direction of the Burgers vector of the 
dislocation. Cherns & Preston (1986), Tanaka (1986) 
and Tanaka, Terauchi & Kaneyama (1988) discussed 
an excellent method to determine the Burgers vector 
of a dislocation by using the splitting of HOLZ lines 
in the hole strain field of the dislocation. Carpenter 
& Spence (1982) also showed that the symmetry of 
the zeroth-order Laue-zone (ZOLZ) pattern in the 
central disc is severely perturbed when the incident 
probe is positioned over a dislocation, whereas Bian 
(1986) reported a phenomenon that dislocations in 
a subgrain boundary of pure aluminium cause the 
ZOLZ pattern to be regularly dislocated. A similar 
phenomenon was discussed by Cherns, Kiely & 
Preston (1988) who observed that some diffraction 
fringes in the Tanaka pattern are displaced in opposite 
directions on opposite sides of the shadow image of 
misfit dislocations in NiSi2/(111)Si foils. The purpose 
of this work is to explore the factors controlling the 
distortion of the ZOLZ pattern caused by disloca- 
tions, including the character of the given dislocation, 
the sense of its Burgers vector and the position of the 
incident-beam crossover. 

2. Experimental method 

Two methods were used to introduce dislocations 
into perfect silicon single crystals. In the first method 
a silicon plate was bent under three-point loading at 
1170 K; in the second method a series of microhard- 
ness indentations were made at separations of twenty 
times the indentation diameter. Transmission electron 
microscopy (TEM) specimens were prepared from 
the deformed silicon by means of mechanical grinding 
and polishing, and then by ion-milling. 

The irradiated diameter in the large-angle CBED 
(LACBED) (Tanaka, Saito, Ueno & Harada, 1980) 
is considerable (some micrometres) and different 
positions of a LACBED pattern (Tanaka pattern) 
reflect the structure information of different positions 

of the irradiated area. In the LACBED method, one 
can accurately select the diffraction area by means of 
the shadow image of a dislocation line and study the 
elastic strain field on both sides of the dislocation. 

The line direction u and the Burgers vector b of 
a dislocation, which are defined according to the 
FS/RH (perfect crystal) convention (e.g. Hirsch, 
Howie, Nicholson, Pashley & Whelan, 1977), were 
determined in this work by means of diffraction con- 
trast and trace analysis. According to Hirsch et al. 
(1977), the diffraction-contrast image of a dislocation 
deviates from the real dislocation line when g.  b ~ 0 
and sg ~ 0 with g the diffraction vector and sg its 
excitation error. The image is at the side pointed to 
by the vector u x B (or - n  x B) from the dislocation 
line when (g.  b)sg > 0 [or (g. b)sg < 0], where the 
vector B is along the incident electron beam. There- 
fore, from two +g and - g  diffraction-contrast images 
of a dislocation, marked by contamination reference 
spots, the direction and sense of the Burgers vector 
b of this dislocation can be determined. According 
to the conventional definition (Hull & Bacon, 1984), 
an edge dislocation is called positive (or negative) if 
its extra half-plane of atoms is above (or below) the 
dislocation line. The sign of an edge dislocation can 
be deduced from its u and h because the vector u x b 
points to the extra half-plane of atoms. A screw 
dislocation is called right handed (or left handed) if 
its b is parallel (or anti-parallel) to u. Therefore, the 
handedness of a screw dislocation is easily deter- 
mined from its u and b. 

3. Experimental results 

3.1. Edge dislocation 

Figs. l ( a )  and (b) are [001] Tanaka patterns at 
80 kV, with the central incident beam placed on the 
core (Fig. l a )  and on the right-hand side (Fig. lb)  
of a vertical edge-dislocation line marked with the 
vector u. In both cases the beam crossover was below 
the TEM specimen. Diffraction-contrast analysis 
revealed that this is a negative edge dislocation with 
uH[ll0] and b]l[1T0]. It is discernible on comparing 
Figs. l ( a )  and (b) that the Tanaka patterns at the 
right-hand and left-hand sides of the dislocation line 
are shifted towards each other along the direction 
perpendicular to the dislocation line, i.e. along the 
b and - h  directions, respectively. This effect gives 
an impression that the Tanaka patterns are 
compressed. 

3.2. Screw dislocation 

Fig. 2(a)  shows a [001] Tanaka pattern. The right- 
hand and left-hand parts of the pattern are dislocated 
along the vertical boundary which is the shadow 
image of a screw dislocation. Fig. 2(b) shows another 
[001] Tanaka pattern. Near the centre of this pattern 
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is one end of a screw dislocation (ullbll[110]) which 
extends into the upper part of the pattern. The lower 
half of this pattern is not affected by the presence of 
the screw dislocation but the right-hand and left-hand 
parts of the upper half of this pattern are dislocated 
along the direction of the screw dislocation line, 
namely along b and - b  directions respectively. In this 
case the diffraction fringes in the ZOLZ pattern 
appear as a single screw. In some other cases the 
ZOLZ pattern may appear  as a double screw when 
a screw dislocation extends across the whole pattern 
and the relative shift of the two parts of the pattern 
is approximately equal to the spacing of the fringes. 

revealed that it is a 70 ° dislocation with b l] [ 130]. Figs. 
3(b) and (c) show [001] Tanaka patterns at 80 kV, 
with the central incident beam placed on this disloca- 
tion line (Fig. 3b) and on its right-hand side (Fig. 
3c). In both cases the beam crossover was below the 
TEM specimen. The contamination spots in Fig. 3 
help to discern the position of the dislocation line in 
the Tanaka patterns. By comparing Figs. 3(b) and 
(c), one can see the ZOLZ patterns at the right-hand 
and left-hand sides of the dislocation line are shifted 
approaching each other along the b and - b  directions 
respectively, which results in the pattern appearing 
to be compressed. 

3.3. Mixed dislocation 

Fig. 3(a) shows the diffraction-contrast image of a 
dislocation with the incident beam nearly parallel to 
the [001] direction. Diffraction-contrast analysis 

3.4. Effect of  the level of  beam crossover 

Figs. 4(a) ,  (b) and (c) are a series of [001] CBED 
patterns at the same negative edge-dislocation line 
with the incident-beam crossover placed well above 

(a) (a) 

(b) 

Fig. 1. Si [001] Tanaka patterns at 80kV with a vertical edge- 
dislocation line (a) in the central part and (b) at the left-hand 
side. 

(b) 

Fig. 2. Si [001] Tanaka patterns at 120 kV with a vertical screw 
dislocation (a)  across the whole pattern and (b) extending from 
the centre to the upper part. 
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(a). (a; 

(b) (b) 

(c) (c) 

Fig. 3. Effect of a mixed dislocation on the Tanaka pattern. 
(a) Dislocation-contrast image of a 70 ° dislocation in silicon 
with contamination reference spots. (b), (c) [001] Tanaka pat- 
terns at 80 kV. 

Fig. 4. [001] CBED patterns of silicon containing a vertical nega- 
tive edge dislocation, with the beam crossover (a) above the 
specimen, (b) on the core of the dislocation and (c) below the 
specimen. 
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the specimen (Fig. 4a),  exactly on the core of the 
dislocation (Fig. 4b) and well below the specimen 
(Fig. 4c) respectively. When the beam crossover is 
exactly on the core of the dislocation, the ZOLZ 
pattern in the CBED appears severely distorted 
without any regular compression or elongation, see 
Fig. 4(b), as was observed by Carpenter & Spence 
(1982). By changing the beam crossover from above 
(Fig. 4a) to below (Fig. 4c) the specimen, the charac- 
ter of the Tanaka pattern changes from elongation to 
compression. 

3.5. Effect of turning the specimen upside down 

Fig. 5 shows a [001] Tanaka pattern with the same 
edge-dislocation line as in Fig. 4(a)  after turning the 
TEM specimen upside down. Thus the sign of the 
edge dislocation is changed from negative to positive. 
In both cases the beam crossover is above the speci- 
men. The Tanaka pattern as shown in Fig. 5 appears 
to be compressed along the b direction compared 
with the elongated pattern shown in Fig. 4(a).  

On the other hand, our experiment shows that a 
screw dislocation causes the Tanaka pattern to be 
dislocated in the same way before and after turning 
the TEM specimen upside down (about an arbitrary 
axis in the specimen plane) when other experimental 
conditions remain unchanged. This is because the 
handedness (left or right) of a screw dislocation 
remains unchanged by turning the TEM specimen 
upside down, unlike the sign (positive or negative) 
of an edge dislocation. 

In summary, the experiments described above show 
that a dislocation causes the two parts of a Tanaka 
pattern, with the shadow image of the dislocation line 
as their boundary,  to be shifted along b and - b  
directions respectively, hence causing the pattern to 

Fig. 5. [001] Tanaka pattern of silicon containing a vertical 
positive edge dislocation with the beam crossover above the 
specimen. Compare  with Fig. 4(a). 

be compressed, elongated or dislocated, dependent 
on the position of the beam crossover, on the charac- 
ter of the dislocation (edge or screw and the sign or 
handedness of the dislocation), and on the projection 
direction of u and b of the dislocation. 

4. Discussion 

A CBED pattern reflects the local crystal orientation 
of the illuminated area. When a crystal is oriented 
exactly parallel to a zone axis, the symmetry centre 
of the CBED pattern in the transmitted disc (bright 

1 
td 

Fig. 6. Schematic diagram showing that an edge dislocation causes 
the Tanaka pattern to be compressed or elongated. 

Fig. 7. Schematic diagram showing that a screw dislocation causes 
the Tanaka pattern to be dislocated. 
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Table 1. Shift direction o f  the Tanaka pattern caused by a dislocation 

Dislocation 
feature 

Positive edge (_1_) 
u 

Negative edge (T) ~ b ~ /u 

Right-handed screw ~ b ~ 

Left-handed screw, $ u 

Mixed b , f - - - ~ ,  

Position of the Shift direction of 
beam crossover the Tanaka pattern 

Above ~ <:= 
Below ~ =~, 

Above ¢= 
Below =:> 

Above ~ ~" 
Below # 

Above ~' 
Below g # 

Above ¢= 
Below =:> 

Fig. 5 

Examples 

u111110], bll[il0] 

Fig. 4(a) ul[[110] 
Fig. l(a) bll[li0] 
Fig. 4(c) 

Fig. 2(b) ullbll[1103 

Fig. 3 bll[fi0] 

field), corresponding to the intersection of the zone 
axis with the photographic plate, coincides with the 
centre of the disc, corresponding to the intersection 
of the central incident beam with the photographic 
plate. If the crystal is tilted away, the symmetry centre 
of the CBED pattern shifts from the disc centre corre- 
spondingly. Different positions in a Tanaka pattern 
reflect the orientations of different positions of the 
irradiated area. When the beam crossover is above 
(below) the specimen, the CBED pattern on one side 
of the shadow image of a dislocation line reflects the 
orientation of the same (opposite) side of the irradi- 
ated area. 

Because conventional TEM foils are not too thick, 
an edge dislocation which is approximately parallel 
to the foil surface causes the crystal on the two sides 
of the dislocation line to be tilted in opposite direc- 
tions and hence a tilt boundary forms (see Fig. 6), as 
in the case of the edge-dislocation wall. This produces 
a shift of two parts of the CBED pattern separated 
by the shadow image of the edge-dislocation line 
along respectively b and - b  directions normal to the 
dislocation line, and hence causes the pattern to be 
compressed or elongated. Similarly, a screw disloca- 
tion produces a rotation about an axis normal to the 
screw-dislocation line of one-half of the crystal with 
respect to the other and hence a twist boundary forms 
(see Fig. 7). This produces shifts of two parts of the 
CBED pattern along b and - b  directions parallel to 
the screw-dislocation line, and hence causes the pat- 
tern to be dislocated. The shift direction of each part 
of a Tanaka pattern depends on the feature of the 
dislocation (positive or negative edge dislocation, 
left- or right-handed screw dislocation) and the posi- 

tion of the beam crossover with respect to the TEM 
specimen level. All cases considered are summarized 
in Table 1 and compared with the experimental results 
described in § 3. 

From Table 1 we can draw the following con- 
clusion. Let c be a vector pointing from the dislocation 
line to the beam crossover. The CBED pattern on the 
side pointed to by the vector u x c ( - u  x c) from the 
shadow image of the dislocation line is shifted along 
the b ( -b )  direction. This conclusion can be extended 
to a mixed dislocation as shown in the last two rows 
of Table 1, and can be used to determine easily the 
Burgers vector of a dislocation together with its sense 
during the process of a TEM observation. 
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