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Calculated images of dislocations in crystals on section topograms
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Abstract. By means of numerical solution of the Takagi equations, modeling of X-ray
topographic images of deformation fields of the dislocation loops and dislocation of
different types. Diffraction images created by dislocations and dislocation loops of
different size and spatial location are complicated and versatile in their thin structure.
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1. Introduction

X-ray topography methods have gained wide acceptance
for study of various defects in solids [1-3]. However,
there is a problem related to interpretation of observed
defect images (inverse problem solution). Various
defects, being located in different positions with respect
to scattering plane, can create diffraction images that
practically do not differ.

With the advent of a variety of methods for digital
processing of images in the experimental topograms [4],
interest was rekindled to refinement of thin structure of
topographic images of dislocations and their complexes
[5,6].

At the same time, using well-proven methods for
numerical calculation of the Takagi equations [7-9] and
achievements of elaticity theory in description of
deformation fields created by defects, one can improve
considerably the diagnostic possibilities of X-ray
topography.

In this paper, by means of numerical solution of the
Takagi equations, modeling of X-ray topographic
images of deformation fields of the dislocation loops and
edge dislocations is made depending on their spatial
location in the scattering plane with respect to diffraction

vector A .
2. Basic relationships

If a crystal has inhomogeneities in the form of local or
bulk-distributed elastic deformations, then X-ray wave
field propagating in the crystal can be described by a
system of the Takagi equations [1,7]. In the majority of
cases this system of equations in partial derivatives is
solved by numerical methods of finite differences [1,8].
For slowly varying amplitudes DO and Dh in a crystal

that has defects with a weakly varying distortion field
(0Uy/0x;<<1), the combined Takagi equation is written
as a relationship [7]:
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where 1y, 7y, are the Fourier components of
polarizability.

The local misorientation function (x(f) is

proportional to projection of gradient from scalar
product of diffraction vector 4 and displacement vector

U to direction of diffracted rays propagation s ne
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For an isotropic medium in the case of placement
of the dislocation line along the Oz axis expression for
the dislocation is given in [16]:
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where Q — the solid angle of the observation point,
which limits the dislocation segment is selected for
modeling, p — radius vector, v - Poisson's ratio.

Note that the combined equation (1) in the case of
(|a(? ] > | ;(0| ) is easily transformed into a kinematic one.

Areas with different signs of a(F) functions differently
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deflect strongly and weakly absorbing Bloch waves [1].
From the appearance of intensity rosette R(x,)) one can
reproduce local misorientation rosette of o(7) defect and

determine the sign of the Burgers vector [1,10-12].

3. Simulation results
3.1. Dislocation loops

Typical for silicon are the simplest dislocations whose

Burgers vector equals b=al2<110> [15], i.e.: screw
dislocation; 60° dislocation; edge dislocation located in
slip plane {100}; and dislocation loops. Representation
of a dislocation loop as a hexagon, whose segments are
oriented along the <110> directions (60° dislocations),

and Burgers vectors b=a/2<110> of each dislocation
segment lie in the loop plane, is apparently the most
probable model presentation of sliding dislocation loop
[13,14].

However, the simplest model of a dislocation loop
(DL) can be constructed in the form of a spherically
symmetric inclusions of different sizes (R,) and powes
(C)). Geometrically such loop can be represented as a
circle (Fig. 1) [13,17].

Modeling of X-ray diffraction images of sliding DL
(Fig.2) was made for us=1 and ps/>10 (p is photoelectric
absorption coefficient), crystallographic orientation of
entrance surface (111), (440) reflection of MoKy- and
CuK-radiation in the diffraction geometry according to
Laue. Under diffraction conditions uf>10 the case of
anomalous transmission of X-rays is realized (Fig.2b).

Fig.3 shows the calculation of images was
performed for prismatic loop, located at an angle to the
crystal surface (110), whereb=a/3[111], b=a/3[111],
which is typical of Frank dislocation loop [14].
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Fig. 1.. Section topograms of dislocation loops. Si, (440)

MoK,, p=3. C,=10"'°, R,=50 um. a) Depth of occurrence is
1800 pum, 6) arbitrary (random) distribution in the volume.
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Fig. 2. R(x,y) of dlslocatlon loop at the distance of 300 um to
exit surface obtained by means of (440) MoK-, u/=1,2 (a) and
CuKy-radiation pur=12 (b).
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Fig. 3. R(x,y) of prismatic dislocation loops (D=10 um):
z=1000 pm (a,c), z=1800 pm (b,d), p=3. b=1/3 [111] (a,b)
and b =1/3 [ill] (c,d). Occurrence plane (ill).

If the crystal thickness, where the DL is placed, is
large enough then only one weakly absorbing Bloch
wave comes to it. In strongly distorted defect region

(ou(¥) >>|Xh|) a weakly absorbing Bloch wave is

subject to interband scattering [1]. As a result, a new
wave filed is excited that is composed of two types of
Bloch waves. At point of existence of both Bloch waves
their interference takes place and as a result extinction
intensity modulations can be observed (Fig.3).
Depending on the plane of dislocation loop
occurrence and its type, diffraction image can be
changed not only the distribution of black-white contrast

to the opposite (in Fig.3 for the (111) and (111) planes,
respectively), but it also become considerably weaker or
stronger. On the whole, except for separate details, this
variety of DL diffraction images depends on the

contribution of scalar products (};I;) of individual

dislocation loop segments to total local misorientation
function [1,17,19], whereas DL occurrence plane and its
orientation with respect to diffraction plane are "hidden"
in these products.

3.2. Inclined to the surface 72 °and 60 °dislocations

In the case of inclined to the entrance crystal surface
dislocations (Fig.4, 5) intensity modulations, which cau-
sed by overlapping of normal and abnormal refracted
Bloch waves are observed on topograms. For all
possible cases of placing the input and output points of
dislocations through the Bormann fan, the section
images of dislocation, which parameters are defined by
the spatial orientation of the Burgers vector with respect
to the diffraction vector, are obtained. Crucial for the
formation of a clear contrast for 72° dislocation in Fig.4
is a cross section of the Bormann fan in the direction of
incidence X-ray s .

As the distance from the dislocation location to the
exit surface is increased, X-ray diffraction image of
dislocation expands due to divergence of rays within
Bormann fan. As a result the interferention interaction of
newly created and existing wave fields is weakened.
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In the case of pr=1, the positive contrast region
(dark relatively background) around dislocations begins
where there is a noticeable interbranch scattering of
Bloch X-wave. Depending on the geometry of location
of dislocation and its orientation characteristics
interference fringes can take diferent forms. For the case
of dislocation lines inclined orientation relative to the
diffraction vector in the plane of scattering (Fig. 4),
interference pattern on appearance reminds sectional
image of the inclined stacking fault [1]. A somewhat
different situation is observed for 60° dislocation in
fig.5. Its image essentially depends on where the
dislocation is located - near the entrance, in the center or
far from the exit surface of the crystal.

Overall, the picture of display of interbranch
scattering essentially depends on the type of defect. In
particular, for thick crystal on fig.4c under the formation of
dislocation image dynamic part of the image dominates,
while its direct (kinematic) image is hardly noticeable.

Direct image of the sectional topographs (Fig.4, 5)
is formed by the crystal with a few microns thickness,
while the misorientation value of reflecting planes in this
area is about twice bigger than the width of the reflection
curve of a perfect crystal. This image is formed mainly
by the kinematic scattering with indirect influence of
dynamic effects.

The basic law of contrast change and the formation
of diffraction images in the case of projection and
section topography for thin (put=1) and thick(ut=10)
crystals are the same [1]. However, the thin structure of
image is very different: the intensity oscillations are less
contrast.

X,um IIOO 0

100

x,um 1000 0 ~1000
d)

Fig. 4. Section topograms of inclined 72° dislocations: Si,
MoK, (220), pr=1 (ab), ur=10 (c,d). Output point of
dislocations to the exit surface is at the center (a,c) and closely
to the edge of the Borrmann fan (b,d).
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Fig.5. Section topograms of 60° dislocations, whih are parallel
to the exit surface. Si, MoK, (220): u=1 (a-c), u=6 (d-f). The

depth of location : a) z=240, b) 360, c) 600, d) 500, ) 2000, )
3000 pm.

3.3. Edge dislocation with a dislocation line
perpendicular to the sample surface and Burgers vector
parallel to diffraction vector

The features of formation of images in section
topographs of edge dislocations that are perpendicular to
the surface of the crystal are investigated. This
orientation of dislocations is interesting that the function
o(7) does not depend on the thickness of the crystal and

the formation of X-wave diffraction image is due to
specific effects of channeling [3, 18].

Analysis of the calculated and experimental
topograms (Fig. 6) reveals some features of formation of
the thickness oscillations (Fig. 7) and topographic
images of elastic deformation fields in a strongly
distorted crystal regions. In general, the distribution of
intensities of Ry(x,y) in the large deformation areas
repeats a function of da(x,y)ox (Fig. 6a,c). From the

analysis of topograms on Fig. 6, it follows that scattering
areas with large intensity are observed in places where
changing of values of the strain is non-significant along
the diffraction vector (the central region of topogram).

However, in the crystal region where deformations
are changing rapidly, "specific" effects of channeling X-
waves along the reflecting planes are completely
inhibited.

On the distributions Ry(x,z) (Fig. 7a-c) as distance
from the gliding plane the asymmetrical inhibition of
extinction oscillations of intensity in the base of Bormann
fan and intensity concentration in the center are occur. In
fact a quasi-periodic standing wave with macroperiod
order of 7-10 A° which extends as through the waveguide
in large values of function a(x,y) is arising.

The amplitude of new intensity oscillations at the
thickness distributions in the scattering plane in the areas
of tensile strain under dislocation extra plane
dramatically increases when approaching to the line of
dislocation (Fig.7a).
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Fig. 6. Section topograms of edge dislocations: Si, MoKj,-
radiation: a), ¢) (220); b), d) (004). (a, b) — experimental
image [5], (¢, d) — calculated image.
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Fig. 7. Distributions R, (x, z) , where indent from the line of
dislocation parallelly to the glide plane is equal to y,=— 1 (a, d,
€), yo=>5 (b), yo=10 um (c) for MoK, -radiation. (2 2 0) (a-c),
(44 0)(d), (004) (e).

Period of new intensity oscillations exceeds the
extinction period A (5-10 times) and non-linearly
increases with decreasing of value

_ sin(0)(hb) ((HMJ' 1
‘ﬂn 20-v)) vy’

a(x=0,y)= “)

Xpme (g —100

Fig. 8. Section topograms of diffraction contrast from screw
dislocation pt~1, MoKy (220) respective diffraction sections

(a) and planes (y=10 um) (b).

This is due to increase of the effective thickness of
the crystal, where accumulation of the phase of newly
interfering fields in the strongly deformed crystal region
is equal to 27w. The same pattern is observed in the area
of compressive strain (above the glide plane). At the
same time period and amplitude of mode oscillations are
significantly lower. On the topographs in tension areas
under the extra plane the dark (positive to the
background) contrast is formed.

Similar regularities of intensity propagation along
the dislocation line are inherent and for other reflections
(fig.7d,e).

3.4. Screw dislocation

In Fig.8 diffraction image for screw dislocations, whose
axis is oriented parallel to the diffraction vector is given.
Depth of occurrence of dislocations is equal to half the
thickness of the crystal p/=1. This case of the orientation
of dislocation is also "special”, since the displacement of
the reflecting planes #,; do not depend on coordinate x.

Features and mechanisms of formation of
diffraction images for described case of screw
dislocation orientation are well studied in [1,8].

In [19] the features of the impact of acoustic strains
on formation as X-ray topographic screw dislocation
contrast in general, and the formation extinction
oscillations in particular are investigated. It is noted that
with a small acoustic deformations significant changes
in image of screw dislocations occur near the output

point of kinematic image on the surface of the crystal.
4. Conclusions

1. The variety of X-ray images of dislocation loops on
section topographs depending on crystalographic and
spatial location was explaned by the combined

contribution of products (/;Z;)of each of the loop

segments to total local misorientation function oc(? )
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2. The features of formation of the diffraction
images on section and projection topograms of screw,
edge, 60° and 72° dislocations depending on their
location in Bormann fan in thin and thick crystal were
established.

3. In the case of a special (perpendicular to
surface) location of edge dislocations in the Bormann
fan specific effects of channeling and complete external
reflection of X-waves were observed. In strongly
distorted crystal region near the dislocation line the
spatial quasi-periodic wave field with macroperiod in
several extinction distances A° which extends as through
the waveguide in large values of function local
misorientations a/(x,y) is arising.
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