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It is also noteworthy that this is not an expensive 
operation, taking only a few hours on a minicomputer 
for the treatment of a thousand or more reflections. 
Except for the few origin-fixing phase sets, no 
multiple trials are necessary during the whole 
procedure. The figure-of-merit problem can normally 
be avoided. 

The authors thank Drs D. Langs and H. King and 
Mr S. Potter for helpful discussions. This work was 
supported in part by NSF grants DMB-8610382 and 
CHE-8508724. 
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Abstract 

The splitting of higher-order Laue-zone (HOLZ) lines 
of convergent-beam electron diffraction (CBED) due 
to the presence of dislocations in Si was investigated 
experimentally and theoretically. The parameters 
affecting the separation and relative positions of the 
fringes of split HOLZ lines were examined with 
experiments and /o r  computations. According to the 
results obtained, a method for identification of 
Burgers vector is discussed. 

1. Introduction 

The splitting of higher-order Laue-zone (HOLZ) lines 
in a convergent-beam electron diffraction (CBED) 
pattern from dislocations was first reported by 
Carpenter & Spence (1982). They found that a HOLZ 
line is split only if the value of g.  b does not equal 
zero. By identifying lines that remain unsplit, imply- 
ing g.  b = 0, the direction of the Burgers vector of the 
dislocation can be determined. The intensity sym- 
metry of Kikuchi bands reverses when the probe is 
moved from one side of the dislocation to the other, 
which can be used to identify the sense of b. They 
also make a two-beam dynamical calculation to show 

* Project supported by the National Natural Science Foundation 
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t To whom all correspondence should be addressed. 

that a line of the intensity minimum in the bright-field 
(BF) disc due to a HOLZ reflection can indeed split 
into two subsidiary minima due to the presence of a 
dislocation. Fung (1985) studied the HOLZ-line split- 
ting from stacking faults and dislocations. He pointed 
out that the splitting and unsplitting of the reflections 
correspond to the visibility and invisibility of the 
defect in the kinematical theory of diffraction contrast 
of imperfect crystals. Preston & Cherns (1985) made 
a kinematical calculation of HOLZ rocking curves to 
show the splitting of HOLZ lines due to dislocations. 
When the whole strained area associated with a dislo- 
cation is illuminated by a defocus convergent beam, 
Cherns & Preston (1986) and Cherns, Kiely & Preston 
(1988) found that HOLZ deficiency lines close to the 
dislocation shadow image twist and split in the large- 
angle convergent-beam diffraction (LACBED) pat- 
tern (Tanaka pattern). Their simulation with kine- 
matical approximation shows good qualitative agree- 
ment with the experiments. Tanaka, Terauchi & 
Kaneyama (1988) simulated LACBED patterns for 
dislocations with various characters (edge, screw and 
mixed) for different values o f g .  b and different depth 
of dislocation in the specimen with two-beam 
dynamical theory. They found that a HOLZ line 
generally splits into n + 1 subsidiary fringes, where 
n = g .  b, around the intersection point of the HOLZ 
line and the shadow image of the dislocation and the 
HOLZ line twists in the opposite direction if the sign 
of n = g .  b is changed. These results were successfully 
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used in determining the magnitude and direction of 
the Burgers vector b of a dislocation and also its sign 
(Niu, Wang & Lu, 1991). Several efforts have been 
put into the study of the distortion of zeroth-order 
Laue-zone (ZOLZ) patterns of LACBED due to the 
presence of dislocations (Carpenter & Spence, 1982; 
Wen, Wang & Lu, 1989; Lu, Wen, Zhang & Wang, 
1990) and the HOLZ line splitting from stacking faults 
(Tanaka & Kaneyama, 1986; Tanaka, Terauchi & 
Kaneyama, 1988; Wang & Wen, 1989; Chou, Zhao 
& Ko, 1989). 

Although there have been successes in the interpre- 
tation of the splitting of HOLZ lines using two-beam 
dynamical theory or even kinematical theory, it is 
necessary to do a many-beam dynamical calculation 
to confirm the correctness of these simplified treat- 
ments and to point out conditions under which these 
treatments hold. Many-beam dynamical treatment is 
absolutely necessary when two straight HOLZ lines 
are hybridized into two hyperbolic branches near their 
intersection point. In this case a convergent-beam 
diffraction pattern (CBP) cannot be obtained simply 
by superimposing patterns simulated with the two- 
beam calculation. 

In this paper, firstly, we are going to describe our 
experimental results on the HOLZ-line splitting 
caused by dislocations in silicon (§ 2). Secondly, the 
calculated CBP of imperfect crystals, as well as of 
perfect crystals, are compared with the experimental 
patterns (§ 3). In § 4, the experimental conditions 
controlling the splitting of HOLZ lines are discussed. 
Finally the main points of this paper are summarized. 

2. Experimental results 

To introduce dislocations into a perfect silicon single 
crystal a crystal slice with surfaces parallel to the 
(111) plane was bent under three-point loading at 
1170 K. Transmission electron microscopy (TEM) 
specimens were prepared from the deformed silicon 
by means of mechanical grinding and polishing and 
then by ion milling. 

All microscopy examinations were conducted with 
a Philips EM 430 electron microscope equipped with 
a double-tilt goniometer at a nominal accelerating 
voltage of 150 kV. CBED experiments were carried 
out in nanoprobe mode. The probe size at focus was 
estimated to be 10 nm. 

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 

Fig. 1. BF discs from a [334] zone-axis pattern at a nominal  voltage 
of 150 kV on moving closer to the dislocation with b equal to 
½[101] and u//[189]. (a), (b), (c) experimental patterns; (d) 
simulated HOLZ-line pattern with effective accelerating voltage 
of 149 kV. 

\ 

(d) 

+ 
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Table 1. Measurements of  the angular separation of 
split HOLZ lines of  Fig. 1 (c) 

S e p a r a t i o n s  l n t e r p l a n a r  

g g .  b (°) s p a c i n g s  ( /~)  

9 - 7  -1  4 0.087 0-47443 
- 7 9 - ! - 4  0.097 0.47443 

3 - 9  5 4 0.094 0.50636 
6 - 8  2 4 0.094 0.53247 
1 9 - 7  - 3  0.073 0.47443 

- 8  6 2 - 3  0.53247 
- 9  3 5 - 2  0.063 0.50636 

3 7 - 7  - 2  0.065 0.52495 
9 1 - 7  1 0.022 0.47443 
7 3 - 7  0 0.024 0.52495 

determined to be [189] and -~[101] respectively by 
means of diffraction contrast and trace analysis. 

Figs. l (a) ,  (b) and (c) show the splitting of HOLZ 
lines in a bright-field (BF) disc from a [334] zone-axis 
pattern on moving closer to a single dislocation. By 
matching the simulated HOLZ-Iine pattern with the 
experimental pattern taken in an area far from defects, 
the effective accelerating voltage was determined to 
be 149 kV. Fig. l (d)  shows a simulated [334] zone- 
axis HOLZ-Iine pattern of a perfect silicon crystal at 
149 kV. The indices of the HOLZ lines are given in 
the figure. The numbers in parentheses after the 
indices represent the relative intensities of the HOLZ 
reflections in the kinematical approximation. The 
symbol, plus or minus, after each intensity value 
indicates that the HOLZ line in BF and the relevant 
HOLZ reflection lie on different sides of the center 
or on an identical side of the center, respectively. 

Measurements of the angular separations between 
minima of split HOLZ lines in Fig. l(c) are given in 
Table 1. The angular separation increases with the 
magnitude of g.  b, where g is the diffraction vector 
of the relevant HOLZ reflection. This phenomenon 
may be used for determining the direction of the 
Burgers vector of the dislocation by checking the 
sequence of the magnitudes of g.  b for all the HOLZ 
lines and various possible b with the experimental 
results. The 737 line in this case is clearly split even 
though the value of g.  b equals zero. Since the type 
of dislocation examined in this work is a mixed dislo- 
cation, the dot product of the diffraction vector g and 
the displacement R, g.  R, does not equal zero even 
if g.  b equals zero. When the electron probe is moved 
a small distance away from the dislocation core, the 
917 lines with g.  b equal to 1, as well as the 737 line 
with g. b equal to zero, becomes unsplit as shown in 
Fig. l(b). When the electron beam is moved further 
from the dislocation all the HOLZ lines become 
unsplit, as shown in Fig. l(a).  In addition, the inter- 
planar spacings of relevant HOLZ reflections are 
given in Table 1. It is clear that the angular separation 
of split HOLZ lines is independent of the interplanar 
spacings. 

In Fig. l(c), the two intensity mimima for a split 
HOLZ line are nearly equal. In Fig. l(b), however, 

Table 2. The relative positions of  the subsidiary minima 
of split HOLZ lines in BF disc from Figs. l(b), 5(a) 

and 5(b) 

g g . b  

9 - 7  - I  4 + + 
- 7  9 - I  - 4  - - + 

3 - 9  5 4 + + - 
6 - 8  2 4 + 
1 9 - 7  - 3  - - 

- 8  6 2 - 3  
- 9  3 5 - 2  - - 

3 7 --7 - 2  
9 1 --7 I 0 0 
7 3 -7 0 0 

S i g n  o f  s o f  s u b s i d i a r y  m i n i m a  

- u × z  ( u × B )  u × z ( - u × B )  

E x p e r i m e n t a l  C a l c u l a t i o n  C a l c u l a t i o n  

it is seen that there is a darker line and a less-dark 
line for a split HOLZ line, which correspond to the 
major minimum and the subsidiary minimum of the 
intensity profile respectively. From an Ewald-sphere 
construction, one can see that if the HOLZ line and 
the corresponding HOLZ reflection lie on the same 
side relative to the center of the BF disc, the deviation 
parameter s on the side facing the center will be 
positive, whereas if the HOLZ line and the corre- 
sponding HOLZ reflection lie on different sides rela- 
tive to the center, the s on the side facing the center 
will be negative. In short, the side on which s > 0 is 
always in the - g  direction, where g is the diffraction 
vector of the relevant HOLZ reflection. In combin- 
ation with the plus and minus symbol written in the 
parentheses of Fig. 1 (d), we obtained the signs of s 
of the subsidiary minima of split HOLZ lines as 
shown in Table 2. Under the conditions of this experi- 
ment, when g.  b > 0 the subsidiary minimum is at the 
s > 0 side of the split HOLZ line, whereas if g.  b < 0  
the less-dark line lies on the s < 0 side. 

3. Computer simulation 

The computer program was established on the basis 
of a wave-mechanical formulation of the many-beam 
dynamical theory developed by Jones, Rackham & 
Steeds (1977) using the scattering-matrix method 
(Hirsch et al., 1977). The displacement vector R due 
to a general perfect dislocation was calculated with 
the formula developed for an infinite isotropic 
medium (see e.g. Hirsch et al., 1977). The intensity 
distribution is displayed as a half-tone pattern (Head, 
Humble, Clarebrough, Morton & Forwood, 1973). 
To obtain the intensity distribution in a zone-axis 
CBP one needs to calculate the amplitudes along each 
incident-beam direction. The incident electrons travel 
in a cone outside the specimen with its vertex at the 
entrance surface of the specimen. At an exact Bragg 
angle, when the amplitudes of diffracted and transmit- 
ted beams are equal, the direction of energy flow is 
half way between the incident wave vector k and the 
diffracted wave vector k + g. With increasing deviation 
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from the Bragg angle the direction of energy flow 
reverts to that  of  the incident  beam (Cowley, 1981). 
When an incident  beam excites a HOLZ reflection, 
the energy flow will be in the direction which makes 
a small angle with the zone axis. In the case of  a 
zone-axis pattern,  i.e. the symmetrical  case, the energy 
flow will travel in a cone with its axis parallel  to the 
zone axis and a semi-vertex angle about  10 -2 rad. 
Therefore,  for the first-order approximat ion ,  it is 
reasonable to assume that the electron beam inside 
the specimen travels along the zone axis. 

If not ment ioned  especially, all calculat ions in this 
paper  have been conducted  for a specimen thickness 
t =  100nm and a depth of  dis locat ion in the foil 
z0 = 0.5t. 

As pointed out by Buxton (1976), including a large 
number  of  ZOLZ reflections will improve the compu- 
tat ion accuracy of  intensities for HOLZ reflections. 
Fig. 2(a)  shows an intensity profile of  the 791 HOLZ 
reflection calculated with the two-beam approxima-  
tion. Fig. 2(b) is a profile of  the same HOLZ reflection 
calculated with eight beams including seven ZOLZ 
reflections. It is seen that  these two profiles show 
basically the same intensity distribution. Besides, if 
ZOLZ reflections are included in the computa t ion ,  
the ZOLZ fringes will appear  in the computed  CBP, 
which makes the pattern complicated and blurred. 
Secondly,  the computa t ion  of  the CBP from imperfect  
crystals with many beams is time consuming and the 
interact ion between two HOLZ reflections when cor- 
responding HOLZ lines intersect each other  is more 

! ! 

interesting. Hence, no ZOLZ reflections except 000 
are included in the fol lowing calculation.  

Fig. 3 shows the computed  [334] CBP from a per- 
fect Si crystal .  Nine beams, i.e. 000, 791, 971, 395, 
§35, 197,917,377 and 737, are included in the calcu- 
lated pattern. From compar ison  of  this pattern with 
the experimental  picture in Fig. l ( a ) ,  which contains  
unspli t  HOLZ lines, we can see that  they agree very 
well in two aspects: the relative posit ions of  HOLZ 
lines and the hyperbol ic  splitt ing in the crossover of  
737 and 377 HOLZ lines as indicated by an arrow in 
these two pictures. 

Fig. 4 shows the calculated [334] CBP when the 
electron probe posi t ion is 30 nm from the dis locat ion 
core in the direction of  u x z, where u is the direction 
of  the dis locat ion line and z is the zone axis. The 
good agreement  between the calculated pattern and 
the experimental  Fig. l (c)  can be seen from the rela- 
tive posit ions and the separat ions  between major  and 
subsidiary intensity minima of the split HOLZ lines 
involved in both figures. The intensities of  subsidiary 
minima do not  match the experimental  picture very 
well, which may be due to the limited number  of 
ZOLZ electron beams involved in the calculat ion.  

Fig. 5(a)  shows a s imulated pattern when the elec- 
tron probe is placed on the side pointed to by the 
vector - u  × z and 70 nm from the dis locat ion core. 
By compar ison  with Fig. l (b) ,  it is seen that not only 
the posit ions of  split HOLZ lines but also the relative 
posit ions of  subsidiary minima with respect to the 
major  minima in the computed  picture match Fig. 
l (b )  quite well. The separat ion of  the split 917 line 
in this case is so small that the 917 line appears  as if 

(a) 

-0.055 -0.020 
kx / go 

(h) 

0+5 

Fig. 2. Intensity profiles of 791 HOLZ reflection calculated with 
two beams (a) and with eight beams including seven ZOLZ 
reflections (b). The direction of the incident electron beam 
changes with k~ along go, the horizontal component of the 
diffraction vector 791 and k, =0, where k, and k, are the 
components of ko, the horizontal component of wave vector 
k ( J~. Thickness of specimen = 100 nm, effective accelerating vol- 
tage = 149 kV and the ratio of the imaginary part U~, to the real 
part Ux of the Fourier components of the crystal potential is 
assumed to be 0.1. The electron probe is 40 nm away from the 
dislocation (b=½[lO1], u=[189]) on the side pointed to by 
- - U X Z .  

Fig. 3. Calculated central disc of the [334] zone-axis pattern from 
a perfect crystal of Si. Nine beams, i.e. 000, 791, 97i, 3~)5, 935, 
197, 917, 377 and 737, are included in the calculation. Effective 
accelerating voltage 149 kV, lattice parameter a = 0.54 301 rim, 
semi-angle of convergence 0.354 ° (k, /g22o=0"4) and U~= 
0"1U~. 
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unspli t  in the computed  pat tern and this agrees with 
that  shown in Fig. l (b) .  

With the electron probe placed on the side pointed 
to by the vector u x z and 70 nm from the real disloca- 
t ion line, i.e. on the opposi te  side to that  of  Fig. 5(a)  
symmetr ical ly  about  the dis locat ion line, the calcu- 
lated pat tern is shown in Fig. 5(b). From compar i son  
of  Figs. 5(a)  and (b), it is found that the shifts of  
HOLZ lines and the displacements  of  less-dark lines 
with respect to darker  lines in the two patterns are 
roughly in opposi te  directions.  This p h e n o m e n o n  may 
be a reflection of  the fact that  the atomic planes in 
the two sides of  the dis locat ion tilt roughly,  not 
exactly, in opposi te  directions.  The relative posi t ions 
of  the subsidiary min ima of  split HOLZ lines in the 
computed  patterns,  Figs. 5(a) ,  (b), are given in 
columns 4 and 5 of  Table 2, which follow the same 
rule as in the exper imental  pattern. When the electron 
probe is focused on the - u x z  side (i .e.  u x B  side 
with B the direct ion of  the incident  beam, B = - z )  of  
the dis locat ion the subsidiary min imum lines on the 
s > 0 side for g .  b > 0 and on the s < 0 side for g .  b < 0, 
which leads to a relat ion (g .  b)sg > 0. Co lumn 5 shows 
that  if the electron probe is on the u x z (i .e.  - u  x B) 
side of  the dis locat ion the subsidiary min imum lies 
on the s < 0 side for g .  b > 0 and on the s > 0 side for 
g .  b < 0, which means (g .  b)sg < 0. This p h e n o m e n o n  
may be used to identify the sense of  the Burgers vector 
of  a dis locat ion by taking CBP at both sides of  the 
dislocation.  It is interesting to notice that this relation- 
ship is similar to that  of  the diffraction contrast  image 
of  a d is locat ion (Hirsch et  al. ,  1977), namely,  the 

image of  the dis locat ion is on the side pointed  to by 
the vector u x B (or - u  x B) from the dis locat ion line 
when (g.  b)sg > 0 [or (g .  b)s~ < 0]. This can be quali- 
tatively expla ined as follows. In the case of  diffraction 
contrast  imaging, for instance,  if (g .  b)s~ > 0 and 
g .  b >  0, the ampl i tude  of  the outgoing diffraction 
beam at the exit surface of  a crystal is very small 
everywhere (since sg > 0) except that  somewhere  on 
the side pointed  to by u x B near  the dis locat ion the 
deviat ion sg becomes zero so that  the ampl i tude  of  
the diffraction beam is large. Then the image of  the 

(a) 

Fig. 4. Dynamical simulation of the central part of the BF image 
of the [334] zone-axis pattern when the electron probe is 30 nm 
from the real line of the dislocation with b = I[ 101] and u = [ 189] 
at 149 kV. Seven beams, 000, 791, 971, 395, 935, 197 and 917, 
are included in the computation. The semi-angle of convergence 
is 0-22 ° (k,,/g22 o = 0.25). Other parameters for the computation 
are the same as for Fig. 3. 

(b) 

Fig. 5. Simulation of the central part of the BF disc of the [334] 
zone-axis pattern when the electron probe is 70 nm away from 
the real dislocation line in the direction of (a) -u x z (i.e. u x B) 
and (b) u x z (i.e. -u x B). Other parameters used in the calcula- 
tions are the same as those in Fig. 4. 
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dislocation, a dark line, forms on the u x B side of 
the real dislocation line. Similarly, in the case of 
CBED, as an example, we may discuss the situation 
when the electron probe is positioned on the u × B 

i 

/ 

/ 

t . . . . . . . . .  . . i  

-0.055 

• . . . - ' . .  . . . .  

-0.020 

k x / g o  

J 
i 

0.015 

Fig. 6. Intensi ty profiles of  791 H O L Z  line in BF (solid line) and  
relevant  H O L Z  reflection (dot ted  line) for  a perfect  Si foil with 
thickness o f  100 nm, effective accelera t ing vol tage 149 kV and 
U~ = 0-1 U~. In order  to demons t r a t e  the intensity dis t r ibut ion 
o f  the H O L Z  reflection better,  the intensity scale for the H O L Z  
reflection is different f rom that  for  H O L Z  line. 

side of the dislocation with g.  b>  0. If an electron 
beam satisfies the Bragg law for most of a given 
atomic-plane family, the distortion will make the 
atomic plane on this side near the dislocation tilt in 
the - s  direction. Anbther incident beam which makes 
the part of the crystal nearest the dislocation satisfy 
the Bragg condition will cause a positive deviation 
parameter for the remaining part of the crystal in the 
column. Because the part of the crystal affected by 
the dislocation is usually a small fraction of the whole 
plane, a less-dark line, i . e .  the subsidiary minimum, 
forms in the +s side of the darker line (the major 
minimum). From this simple analysis, it is seen that 
the separation is related to the degree of distortion 
of atomic planes in the vicinity of the dislocation, 
which is also confirmed by the experimental results 
that the separations of split HOLZ lines in Fig. l(c) 
are greater than those in Fig. l(b) and the former is 
produced when the probe is closer to the dislocation 
core, i . e .  the area with stronger distortion, than that 
for the latter. 
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kx/ o 
(a) (b) 

Fig. 7. Changes  in intensity profiles of  the 791 H O L Z  line with increase in dis tance d. The  dis locat ion with b =  ½[101], u = [189] is in 
the middle  of  the co lumn and the thickness is 100 nm. The dis tance between the electron p robe  and the real d is locat ion line changes  
f rom 30 to 150 nm as indicated in the figures. The electron p robe  is focused on the side of  the dis locat ion po in ted  to by vector  u x z 

(a )  or - u x z  (b).  U ~ = O . 1 U ~ .  
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4. Experimental conditions affecting the HOLZ line 
splitting 

Two-beam dynamica l  calculat ions were performed in 
order to study the effect of  the distance d between 
the electron probe and the dislocation line, the thick- 
ness t o f the  sample  and the depth Zo of the dislocation 
in the sample  on the splitt ing of  HOLZ lines. Fig. 6 
shows intensity profiles of  the 791 HOLZ line in BF 
and of the 791 HOLZ reflection, which acts as a 
reference for s tudying the splitting and shift ing of 
HOLZ lines due to the presence of  a dislocation. 

4.1. Distance between the electron probe and the 
dislocation core 

Fig. 7 shows the intensity profiles of  the 791 HOLZ 
line in BF and the corresponding HOLZ reflection 
for different distances d from 30 to 150 nm. The 
electron probe is focused on the side o f the  dislocation 
pointed to by u × z (i.e. - u  x B) (a)  o r b y  - u  x z (u x B) 
(b). Since g .  b < 0  in the present case, the less-dark 
line in BF lies on the s > 0  side for case (a)  and on 
the s < 0  side for case (b),  which obeys the rule 
ment ioned  in § 3. The separat ion decreases with 
increasing distance from the real dislocation line. By 
compar ison  with Fig. 6, it is seen that the shift of  the 
darker  line in BF with respect to the posit ion for a 
perfect crystal also decreases with the increase in the 
distance. Moreover,  for Fig. 7(a) ,  when the distance 
reaches 150 nm, the HOLZ line becomes unsplit ,  but 
the d isp lacement  of  the H O L Z  line is still appreciable ,  
which may cause HOLZ-Iine patterns to be distorted. 
This indicates that the strain produced by a disloca- 
tion changes from nonun i fo rm to uniform and hence 
the HOLZ line changes from split to unspli t  but 
shifted as the distance from the dislocation increases. 

: ........ . ... .., .... .... 

....... ..! ..,;. ;.. ............ 30nm 
f 

~ . .  . . 
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4.2. Depth 

The influence of the depth z0 at which the disloca- 
tion lies under  the top surface of  the sample  on the 
splitting of  the HOLZ lines is shown in Fig. 8. The 
separat ion of  the split HOLZ line decreases and the 
less-dark line gets stronger as the dislocation line is 
closer to the bottom surface. When the dislocation 
lies in the middle  of the specimen,  the splitting of  the 
HOLZ line is seen best. 

4.3. Thickness of  sample 

The intensity profiles of  a split 791 line for different 
thicknesses t from 80 to 200 nm are shown in Fig. 9. 
As the thickness of the spec imen increases, in addi t ion 
to the decrease in intensity due to absorpt ion,  the 
number  of  fringes in the split HOLZ line increases 
and the separat ion of  the main  fringes gets smaller.  
In order to observe splitting of  HOLZ lines better, 
thin specimens  are preferred. 

.. . . . . . . . .  . . . . .  7Onto I 

i ". 
. . . . . ;"  "'... 

.'" '" 80nm ; .......... ~ ". . . . . . . . . . . .  
-0.0f5 -0.020 0.0"15 

kx/go 
Fig. 8. Influence of the depth z o of the dislocation under the top 

surface on the splitting of the 791 HOLZ line. The dislocation 
with b = ½[ 101 ] and u = [ 129] lies on the side pointed to by vector 
-u×z with d =60nm, t= 100 nm, U'JU~=O.05. 
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5. S u m m a r y  

T h e  sp l i t t i ng  o f  H O L Z  l ines  d u e  to t he  p r e s e n c e  o f  

a m i x e d  d i s l o c a t i o n  in Si is s t u d i e d  b o t h  e x p e r i -  

m e n t a l l y  a n d  t h e o r e t i c a l l y  in t he  p r e s e n t  w o r k .  T h e  
s i m u l a t i o n s  o f  H O L Z - l i n e  sp l i t t i ng  d u e  to  a d i s l o c a -  

t ion ,  b a s e d  on  m a n y - b e a m  d y n a m i c a l  d i f f r a c t i o n  

t h e o r y  i n c l u d i n g  t h e  c o l u m n  a p p r o x i m a t i o n ,  a g r e e  
well  w i th  t he  e x p e r i m e n t a l  resu l t s .  T h e  m a i n  p o i n t s  

are as follows. 

I 
-0.055 

. . . . . . . . . .  t=l]Onm 
f . | 

. . . . . . . . . . . . .  lOOnm, 
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Fig. 9. Intensity profiles of the 791 HOLZ line with electron probe 
60 nm from the real dislocation line. The dislocation is at the 
middle of the specimen. The thickness, t, of the specimen changes 
from 80 to 200 nm as indicated in the figures. U'g -- 0.05 U~. The 
intensity scales for different thicknesses as well as for the HOLZ 
line in BF and for HOLZ reflection are different. 

(1) The separation of HOLZ lines increases with 
the magnitude of g .  b. 

(2) The splitting of HOLZ lines with g .  b = 0  but 
g . R # 0  is observed, which corresponds to the 
residual contrast in imaging experiments. 

(3) When the electron probe is positioned on the 
side pointed to by the vector u x B near the dislocation 
line, the subsidiary minimum in BF lies on the s > 0 
side (for g .  b > 0 )  or s < 0  side (for g.  b < 0 )  and vice 
v e r s a .  

(4) The direction of the Burgers vector can be 
determined by checking the sequence of magnitudes 
of g .  b for all the observed HOLZ lines and various 
possible b with the experimental results. The sense 
of b may be identified by examining the relative 
positions of the subsidiary intensity minima of the 
split HOLZ lines. 

(5) The shift and separation of the split HOLZ 
lines can be influenced by the depth zo at which the 
dislocation lies and the thickness t of the specimen 
as well as by the distance d between the electron 
probe and the real dislocation line. 
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