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Section methods of X-Ray diffraction topography
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X-ray topography is a group of methods for obtaining diffraction images of structural defects in crystals. Among

them, section topography techniques are distinguished by their abilities in acquiring quantitative information about

defects based on the analysis of the images. For this purpose, special applications of the dynamic theory of X-ray

diffraction are being developed. The interference of wave fields excited in a crystal by an X-ray beam is the basis of

the section methods. Their sensitivity to weak lattice distortions is much higher than that of other X-ray methods.

This review describes the physical foundations and implementation of the section topography techniques, as well

as the results of computer simulating the wave field in a crystal. We present some examples of solving materials

science and microelectronics problems and briefly describe the section topography using synchrotron radiation.
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Introduction

Section methods occupy a special place in X-ray diffrac-

tion topography, since they allow one to obtain quantitative

information about local deformations of the crystal lattice

caused by defects. They make it possible to study the

structure of the X-ray wave field formed inside the lattice

scattering triangle near the Bragg reflection. In turn, the

analysis of the structure of the wave field in the scattering

triangle reveals information about local deformations associ-

ated with the crystal lattice defects. High sensitivity to local

deformations is based on the analysis of the geometry of

the Kato interference fringes formed on section topograms

in the scattering triangle. The X-ray wave field arising

in a crystal lattice near the Bragg position is described

in detail by the dynamic scattering theory. This is the

theoretical basis of X-ray section topography. Essentially,

section topography is a single-crystal X-ray interferometer

method. (The Kato fringes are the result of the interference

of normal and anomalous waves.)

Section methods of X-ray topography (XT) are imple-

mented in two geometries — diffraction according to Laue

and according to Bragg. In the second case, due to the

features of the wave field reflection by the crystal surface,

it is difficult to observe the Kato fringes. However, even

a slight bending of a crystal with a radius of curvature

of hundreds of meters leads to the formation of another

type of interference fringes, the geometry of which makes it

possible to determine very weak deformations.

Section XT is used to study various defects of the crystal

lattice, their geometry and type of elastic fields; decomposi-

tion of solid solutions; impurities in doped crystals; impurity

gettering effects; detection of defects with weak deformation

fields, which are insufficient for the formation of a direct

(kinematic) image, etc. In this review, we consider the

possibilities of section XT methods usage to study the actual

structure of crystals.

1. Physics of section methods

The idea of X-ray diffraction topography was first for-

mulated in 1931 in the papers of V. Berg [1,2]. During

the following years many different XT schemes were

developed (the schemes of Berg−Barrett, Schulz, Fujiwara,

Bormann, etc.), but most of them only made it possible to

visualize large defects and grain boundaries and to reveal

the geometric and spatial position of defects in a crystal.

In 1954 A.R. Lang [3] proposed and published a fun-

damentally new scheme (Fig. 1) of XT, on the basis of

which modern quantitative methods of X-ray diffraction

topography were created, which make it possible to measure

local deformations associated with the crystal lattice defects.

In Lang’s original scheme (Fig. 1) a narrow X-ray beam

is incident on the crystal from a
”
point source“formed

by a narrow slit, so that the crystal singles out only one

characteristic line of the spectrum from the entire white

spectrum, for example, Kα . With the help of a special

goniometer the crystal is placed in a reflective position for

some system of planes (hkl). The scheme provides for one

more collimator, which makes it possible to single out a

diffracted or passing beam for subsequent registration. In

Lang’s geometry three options for obtaining images are pos-

sible: topograms with scanning, when a diffraction image of

the entire crystal is recorded in diffracted or passing beams

due to the continuous movement of the crystal and detector

under the X-ray beam; limited topograms, when only the

part of the diffracted or passing beam singled out by the

second collimator is recorded (this makes it possible to
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Figure 1. X-ray optical scheme of the Lang method: 1 — point

source of X-rays; 2 — slit forming the X-ray beam; 3 — crystal

under study; 4 — slit separating the beams diffracted (8) or passed
through the crystal in the direction of the incident X-ray wave (9);
5 — detector registering a topogram; 6 — scanning mechanism;

7 — scattering triangle.

obtain information about the depth of defects in the crystal)
and, finally, section topograms, when scanning is stopped

and a stop-frame is recorded, i.e., the image formed at the

base of the scattering triangle on the exit surface of the

crystal. Such topograms fundamentally differ from all others

by the possibility of obtaining quantitative information about

local distortions of the crystal lattice due to defects.

1.1. Conditions for implementing section methods

For the practical implementation of section topography, a

point source of a divergent X-ray wave on the crystal surface

is required. The point source can be obtained in two ways:

a) a narrow slit is placed in front of the crystal;

b) the incident wave is focused on the crystal surface by

a special X-ray optical device.

In section topography on a laboratory source the narrow

slit in front of the crystal is a secondary source of X-ray

radiation. It should be located as close to the crystal as

possible. The parameters of the secondary source determine

the geometric resolution of the method and depend on the

focus and distance to the primary source and its spectrum.

The second option of the secondary point source obtained

by focusing is possible only on a synchrotron source [4].

The section methods implementation in the spherical

wave approximation in practice means the collimation of

the incident beam. The width of the slit in front of the

crystal must be much smaller than the width of the base of

the scattering triangle, a ≪ 2t tg θB, where t is the crystal

thickness, and θ B is the Bragg angle of reflection used.

Usually, the a order parameter is λ tg θB, where λ is the

extinction length. For a silicon crystal and MoKα1 radiation,

this is about 10µm in the reflection (220) and 15−20µm

in the reflection (440).

Note that various modifications of Lang’s section method

in which these conditions are not met (for example, when

using laboratory radiation sources they include the stop-

frame method, the method of limited projections, etc.) are

not considered in this review [5].

The degree of absorption of X-rays is of particular

importance. The Kato interference fringes are clearly

observed only at low absorption µt/ cos θB < 3 (when both

waves, i.e., normal and anomalous, reach the base of the

scattering triangle) and only in perfect crystals. Here µ is

the photoelectric absorption coefficient [6]. Therefore, when

using laboratory sources of radiation by section methods

the crystals of silicon, diamond, silicon carbide, and quartz

were mainly studied. It was possible to expand this list by

using synchrotron radiation. Note that if section methods

are used only to estimate the defects position through the

crystals thickness, the limitations on X-ray absorption are

not fundamental.

In the crystal located near the exact Bragg reflection,

a region limited by the directions of the wave vectors of

the incident K0 and diffracted KH waves of the scattering

triangle is illuminated. According to the dynamic scattering

theory the wave field in this triangle is formed as a result

of the interaction (interference) of normal and anomalous

waves arising from the splitting of the dispersion surface in

the vicinity of the exact Bragg position (at the boundary

of the Brillouin zone). The form of such wave fields is

shown in Fig. 2 [7,8]. This is an analytical calculation of

the wave field inside the crystal, obtained by solving the

Takagi−Topen equations [9–13].

On section topograms (at the base of the scattering

triangle on the exit surface of the crystal) these wave field

oscillations lead to the formation of intensity interference

fringes. In literature these fringes are called the Kato

fringes [14]. Fig. 3 shows typical experimental section

topograms of the ideal crystal (µt < 1) [15].

KH K0

E0E1

H
E

Figure 2. Analytical calculation of the amplitude of the diffracted

and passing waves in the scattering triangle. K0 and KH are wave

vectors of the incident and diffracted waves, H is the diffraction

vector (vector of reciprocal lattice) perpendicular to the reflecting

planes (hkl) [7,8].
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200 mm

t = 0.42 mm t = 0.75 mm t = 1.40 mm

Figure 3. Experimental section topograms of defect-free silicon

single crystals of various thicknesses obtained in a diffracted beam.

MoKα1 radiation, reflection plane (224) is perpendicular to the

crystal surface, t — crystal thickness [15].

1.2. Methods for describing and modeling the
wave field in a crystal

The interaction of X-ray radiation with crystal lattice is a

complex physical process that manifests itself in the form

of numerous diffraction effects. The propagation of X-ray

wave field in crystal lattice is described by the dynamic

scattering theory developed by P. Ewald and M. Laue

(1926−1931). This theory is based on the analysis of

dispersion relations obtained by solving the wave equation

of Maxwell’s electromagnetic theory. In the two-wave

approximation (only the incident and one diffracted waves

are considered in the experiment) the dispersion surface

in the vicinity of the Bragg reflection is splitted into two

sheets, which are described by a system of two dispersion

equations. The analysis of these relations is quite clear

and is used to study and describe wave fields in ideal

crystals. Another approach was developed much later by

S. Takagi [9,10] in Japan, by D. Topen [11,12] in France,

by A.M. Afanasiev and V.G. Kon [16] in Russia. The

direction developed by S. Takagi and D. Topen turned out

to be universal, since it makes it possible to study not

only ideal crystals, but also crystals with local distortions

of the crystal lattice. This approach is based on solving a

system of differential equations describing the propagation

of a self-consistent wave field in the crystal lattice that has

local distortions associated with defects. These equations

are called the Takagi−Topen equations.

In the two-wave approximation, when two strong waves,

i.e., passing and reflected, propagate in the crystal, the

system of equations has the form:







∂E0

∂s 0
= −iπKCχ−HEH

∂EH
∂s H

= −iπKCχHE0 + i2πKβHEH

. (1)

Here E0 and EH are the amplitudes of the passed and

diffracted waves; K = 1/λ; χH , χ−H are Fourier components

of the crystal polarizability for the reciprocal lattice vectors

H, −H, respectively; s0 and sH are coordinates along the

directions of the transmitted and reflected waves; C are

polarization factor equal to one, and | cos 2θB| for σ

and π — polarization. The function βH describes the local

deviation of the reflected wave from the exact Bragg angle

θB and is related to the displacement field inside the crystal

u(x , y) by the relation

βH = −1θ sin θB − 1

K
∂(Hu)

∂sH
, (2)

where 1θ is the angular deviation of the incident wave from

the exact Bragg angle.

The applicability condition for the Takagi differential

equations system: the amplitude of waves in a crystal is

a slowly varying function at a characteristic distance

L =
√
λ3, where 3 = λ cos θB/CReχH is the Laue pe-

extinction length [10,17].
In the X-ray wavelength range this characteristic distance

is about 0.05µm, which is much less than the resolution

of the XT method, which is rarely better than ∼ 1µm,

because it is limited either by the detector resolution, or by

point scattering function in diffraction topographic imaging.

Consequently, the Takagi equations describe the dynamic X-

ray diffraction in crystals with practically any kind of defects.

In the case of an ideal crystal and point source on the

crystal surface, the solution of system (1) corresponds to the

Kato theory of spherical waves. Then the radiation in the

crystal propagates only inside the scattering triangle, limited

by the refracted and reflected rays. In the transmission

geometry (Laue geometry) with symmetric diffraction the

intensity of the reflected wave in the crystal is described by

the expression (3) [18,19]:

IH(x) = P
∣

∣

∣
J0

(

πz (1 + iδ)
√

1− s2/3
)
∣

∣

∣

2

. (3)

The condition 0 < z < t corresponds to the crystal

region, and the coordinate x is measured from the point O

on the input surface of the crystal, for which the Bragg

equation is exactly satisfied. Jn(ξ) are the Bessel cylindrical

functions of n-order; δ = Im(χH)/Re(χH), s = x/(z tg θB) is
the dimensionless parameter changing within the energy

flow of triangle from −1 to 1. Normal absorption is

described by the parameter P = exp(−µz/ cos θB), where

µ is the linear photoelectric absorption coefficient. The

intensity distribution of the reflected wave observed at the

exit surface of the crystal at low absorption (µt < 3) has an

aperiodic oscillating nature with pronounced edges. In the

center of the image there are slow oscillations. Towards the

edges of the image the frequency of oscillations increases

with the amplitude increasing up to P2. This pattern is well

known in section topography as the pendulum Kato fringes

in spherical X-ray wave diffraction.

In Bragg geometry the situation is different. The intensity

of the scattered wave on the crystal surface is described by

the formula (4) [16,20].

IH(x) = P|J0(πx(1 + iδ)/3) + J2(πx(1 + iδ)/3)|2, (4)

where the x coordinate is measured along the crystal

surface, P = exp(−µx/ cos θB). The intensity distribution

described by expression (4) has a main maximum with

amplitude 1, the width at half the height equal to 0.53, and
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a first minimum at a distance of 1.253. Lateral maxima

are located only on the right side and rapidly decrease in

amplitude. Thus, the intensities of the first three lateral

maxima with respect to the main maximum are 1.5, 0.3,

and 0.1%, respectively. The matter is that the functions

J0(χ) and J2(χ) differ significantly only in the region of

the first oscillations. Experimental observation of these

fringes is possible only with significant overexposure of

the image [20,21], as well as in the case of asymmetric

reflection [22]. At present, some authors call these fringes

”
the Uragami fringes“.

An exact analytical solution to the Takagi equations

system with an arbitrary displacements field cannot be

obtained. The exception is the crystal with a constant defor-

mation gradient [23]. The solutions are quite complex and

can only be analyzed in their asymptotic form. Therefore,

the theory of diffraction contrast develops in two directions.

The first approach is associated with approximate methods

for solving the system of equations and with the qualitative

analysis of the main image details. In is way, the method of

dominant functions and the method of geometrical optics

are effective methods for image interpreting [7]. The

second approach is associated with the use of numerical

mathematical methods for solving equations for defects of

various types and arbitrary form of the front of the incident

X-ray wave.

1.3. Section method in Laue geometry

In the crystal lattice local deformation fields associated

with defects will affect the nature of the trajectories of

normal and anomalous waves in the scattering triangle.

As a result, the interference fringes will shift, and new

interference fringes will appear. The analysis of the resulting

interference pattern makes it possible to obtain quantitative

information about the parameters of the deformation field

associated with the defect. This idea was first practically

realized in N. Kato paper [14]. Fig. 4 shows the results of

this experiment. A crystal was used in the form of a silicon

plate, on one side covered with oxide film. A window

is etched in the film (Fig. 4, a), and a section topogram

is taken at the edge of the oxide film (Fig. 4, b). The

image clearly shows how the interference fringes (Kato
fringes) are displaced near the edge of the film, where

local deformations of the near-surface layer of the crystal

are formed. The displacement of the fringes can be used

to determine the magnitude of local deformations. Due to

large local deformations a bright spot appears at the edge of

the oxide film, which is caused by the scattering of a wide

spectrum of waves 1λ (not only Kα1, on which section

topogram is formed) and is called as direct or kinematic

image.

Most quantitative methods of X-ray diffraction topogra-

phy are based on the analysis of the displacements of such

interference fringes in section topograms. This makes it

possible to determine the parameters of local deformation

fields associated with defects in the crystal lattice.

1

2

3
4

5

6

a b

Figure 4. Section topography at the edge of the oxide film,

silicon single crystal. a — experimental scheme: 1 — crystal

under study, 2 — oxide film, 3 — etched window in the oxide film,

it4 — incident X-ray beam, 5 — base of scattering triangle, 6 —
detector registering the diffracted beam. b — experimental section

topogram, MoKα1 radiation, the region of the crystal displayed

on the section topogram is outlined in the scheme by a dotted

line [14].

a b c

Figure 5. X-ray topograms with stacking fault image: a —
projection X-ray topogram of stacking fault in a silicon single

crystal. Radiation CuKα , reflection plane (111); b — experimental

section topogram with stacking fault; c — numerical simulation of

stacking fault image on a section topogram [24].

In 1975 A. Autier published interesting studies of stacking

faults in single crystals of silicon using section topography

methods. Fig. 5 shows some of these results [24]. Note

that the interference fringes on the section topogram in the

vicinity of the stacking fault do not shift and bend, and this

confirms the absence of local deformations associated with

stacking faults. In the described experiment the stacking

fault is located obliquely to the system of reflecting planes.

Section topograms show two triangular regions with new

interference fringes touching the vertices. Such a contrast

arises due to the formation of interbranch scattering on the

stacking fault plane. On one and the other sides of the plane

in two scattering triangles the two wave fields are formed,

i.e., normal and anomalous, the interference between which

forms the contrast observed in Fig. 5.

The first systematic studies of the diffraction image of de-

fects in section topography (on the example of dislocations)
were started by a team headed by prof. A. Autier [25,26].

Technical Physics, 2022, Vol. 67, No. 10
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Fig. 6 shows diffraction images of D dislocation located

obliquely in a silicon single crystal, which has the form of a

rectangular prism with a thickness of 0.8mm. Radiation

MoKα1 reflecting planes (220), µt = 1.12. The analysis

of the experimental section topograms and the results of

numerical simulation showed that the obtained dislocation

images have a complex structure. It consists of at least

three components of different physical nature. According to

A. Autier terminology the part of the image marked as i1
was named

”
direct or kinematic image“. The contrast is

formed as a result of the scattering of a wide spectrum

of X-ray wave in a strongly distorted region near the

dislocation core. The light part of the contrast i2 (light
shadow),

”
dynamic image“, is the result of transferring a

part of the wave field energy to the direct image. The

oscillating part of the contrast i3, ”
intermediate image“, is

formed as a result of the interference of the main wave

field in the scattering triangle and interbranch scattering

waves generated by scattering on elastic distortions of the

dislocation field [13,27,28]. The Kato fringes are weakly

traced in the experimental topogram, which is apparently

due to the low linear resolution of the experiment.

The analysis of section images of dislocations shows that

the contrast for each particular geometry of the dislocation

position in the scattering triangle is formed due to different

diffraction mechanisms. Therefore, to simplify the analysis

of these mechanisms operation, it is more convenient to

use straight dislocations. As a rule, growth dislocations in

single crystals have a complex structure and shape, which

significantly complicates the analysis of section topograms.

A method for preparing silicon samples with linear single

dislocations (screw and 60◦-degree) was developed at the

Institute of Solid State Physics of the Academy of Sciences

of the USSR under the management of V.I. Nikitenko [29].

Consider the geometry in which the dislocation axis

is oriented along the diffraction vector. Fig. 7 shows

three section topograms with dislocations in this geome-

try [30,31]. For each topogram the numerical simulation

of the dislocation image and the wave field type in the

scattering triangle was carried out. The analysis of the

obtained images by the displacement of the interference

fringes makes it possible to determine the magnitude of the

a b ci2i3

D i1

i1

i3i2

Figure 6. a — schematic representation of crystal with tilted

dislocation D; i1 — direct image of dislocation, i2 — dynamic

image, i3 — intermediate image; b — experimental section

topogram; c — result of numerical simulation of section topogram

by solving the Takagi−Topen equations [28].

Burgers vector b = 3.79± 0.39 Å. For silicon single crystals

this value is in good agreement with the literature data. The

topogram (Fig. 7, b) shows 60◦-degree single dislocation.

The screw component of the Burgers vector, directed along

the diffraction vector and causing the main distortions

of the reflecting planes, is only half of its modulus and

practically does not cause the Kato fringes displacement.

Two other topograms (Fig. 7, c, d) demonstrate noticeable

displacements of the fringes, and these displacements can

be used to determine the magnitude and type of local

deformations of the reflecting planes. Numerical simulation

of the wave field inside the scattering triangle (Fig. 7, e)
shows that the local elastic field of dislocations leads to the

wave field focusing and the direct image formation.

In the papers of E.V. Suvorov, I.A. Smirnova, E.V. Shu-

lakov another type of dislocation orientation in the scat-

tering triangle is given i.e., when the dislocation axis is

simultaneously perpendicular to the diffraction vector and

the input surface of the crystal [32]. Figure 8 shows

the scheme of the experiment (Fig. 8, a), experimental

section topograms (Fig. 8, b; 1), corresponding results

of numerical simulation of topograms (Fig. 8, b; 2) and

the nature of the wave field in the scattering triangle

(Fig. 8, b; 3). Two cases are considered: when the

dislocation axis crosses the incident beam near the edge

of the scattering triangle (D1), and when the dislocation

axis is located along the vertical bisector of the scattering

triangle (D2).

The analysis of section topograms and the results of

numerical simulation makes it possible to understand how

the image of dislocations is formed in this geometry.

The deformation field of the dislocation D1 inside the

scattering triangle forms a new interbranch scattering

field. As a result of this field interference with the

already existing one, a new small scattering triangle arises,

the intense part of which creates a direct image with

a light shadow. For the dislocation D2 located along

the bisector of the
”
scattering triangle“, just as in the

first case, the interbranch scattering field is formed, the

interference of which with the existing field leads to

the effect of wave channeling along the dislocation axis.

The light wings to the right and left of the dislocation

axis are the result of the transfer of the main fraction

of the field energy to the channel on the dislocation

axis.

To ensure complete information on the formation of the

diffraction contrast of dislocations, another geometry of

dislocation position in the scattering triangle is of interest,

when the dislocation axis is parallel to the reflecting planes

(perpendicular to the diffraction vector) and perpendicular

to the scattering plane. Fig. 9 shows the results of the study

of this geometry [33]. Two positions of the dislocation

axis are considered — the dislocation is located outside

the scattering triangle (position D1), and the dislocation

intersects the scattering triangle (position D2) near the

vector K0.

−9 Technical Physics, 2022, Vol. 67, No. 10
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a b c d e

100 µm

D D'
D

A

B C

T

B' C '

D '

A '

Figure 7. Section topograms of screw and 60-degree dislocations in a single crystal of silicon: a — scheme for obtaining a section

topogram (DD′ — dislocation axis, its red dotted part (in the online version) passes inside the scattering triangle, T — topogram);
b 60◦-degree single dislocation; c — single screw dislocation; d — a group of 14 closely spaced screw dislocations; (e) — numerical

simulation of the wave field in the scattering triangle for single screw dislocation. MoKα1 radiation, reflecting plane (202̄), sample thickness

t = 410 µm [30,31].

a b

100 µm

D1D2

D1 D2

1

2

3

X [100]

(110)

Z [110]

0

θB

(110)

K0KH

t

F

Figure 8. a — scheme of the experiment; b — results of the experiment. Section topograms (1); results of numerical simulation of

section topograms (2) and wave field in the scattering triangle (3). D1 and D2 — positions of 60-degree dislocations in the scattering

triangle. The red dotted line (in the online version) marks the dislocation regions located inside the scattering triangle. Silicon crystal

thickness t = 450 µm, MoKα1 radiation, reflection (004) [32].

Here, as in the previous examples, interbranch scattering

waves are formed when the wave field of diffracted or

passing wave interacts with the local elastic field of D2

dislocation. As a result of these waves interference the

maxima and minima of the total field are formed, which

creates a complex diffraction contrast of dislocations.

1.4. Study of weakly distorted crystals by section
methods

The high sensitivity of section topography to local defor-

mations makes it possible to study rather weak distortions of

the crystal lattice associated with various kinds of clusters,

precipitation of impurities, etc. In papers [34–36] various

macrodefects are investigated. Fig. 10 shows a fragment of

section topogram of the silicon single crystal with an image

of a macrodefect.

From the analysis of section topograms, it is possible to

estimate the size of such defect: ∼ 0.25µm. The defect

does not give a direct image, which indicates a very small

amount of local deformations. Apparently, the formation

of such defects is associated with an uneven distribution of

dispersed oxygen-containing precipitates.

Technical Physics, 2022, Vol. 67, No. 10
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a b

200 µm

D1D2

D1 D2

1

2

3

X [224]

(110)

Z [111]

0

θB

(111)

K0KH

t

F

[101]

Figure 9. a — scheme of the experiment. Red dots D1 and D2 — traces of dislocations perpendicular to the Figure plane [101̄]; b —
results of the experiment. 1 — experimental section topograms; 2 — results of numerical simulation — topograms; 3 — view of the wave

field in the scattering triangle [33].

200 mm

Figure 10. Fragment of section topogram of a silicon single

crystal showing a macrodefect. Silicon single crystals are doped

with phosphorus to a concentration of 1.1 · 1020 cm−3 . Radiation

MoKα , reflection (440) [34].

The numerous examples considered above show that the

local deformation fields of the crystal structure violate the

normal pattern of the Kato interference fringes. However,

keep in mind that there is another source of fringes

distortion even in the absence of defects — this is multiple

diffraction. If the angular size of the source along the

fringe is small, then different sections of the topogram

in this direction correspond to different values of the

azimuthal angle. At some values the conditions of multiple

diffraction are realized, and other reflected beams appear.

The distortion of the fringes occurs due to a change in the

nature of the radiation interaction with the crystal.

Such violation of interference fringes in multiwave section

topography was studied in [37] using synchrotron radiation,

but exact theoretical calculations were not carried out. In pa-

per [38] an exact theoretical calculation was carried out for

three cases of multiple diffraction revealed on one section

topogram of the silicon crystal. The calculation results are

in good agreement with the pattern of interference fringes

obtained using the laboratory source.

1.5. Section method in Bragg geometry

Let us consider X-ray scattering on the ideal crystal plate

in reflection geometry (Bragg geometry). Let us choose the

origin of coordinates XZ at the point O on the input surface,

where the Bragg condition is exactly satisfied (Fig. 11). The
plate is limited by the side face BC. The radiation output

through the side face makes it possible to experimentally

study the intensity distribution of wave fields in the bulk

of the sample. The amplitude of the scattered wave on the

crystal surface is described by formula (4). The first term

in (4) describes the scattering of the primary wave in the

bulk of the crystal. The second term corresponds to the

scattered wave specularly reflected from the input face of

the crystal. The function J2(πx/3) differs significantly from

the function J0(πx/3), taken with minus sign, only in the

region x/3 < 1.5. This means that the specularly reflected

wave at x/3 > 1.5 is shifted in phase relative to the primary

one by π. This behavior of the specularly reflected wave

leads to the fact that the resulting amplitude of the scattered

wave on the crystal surface, near the point of radiation

entry into the sample, has a bright burst of intensity with

an amplitude of 100% (main maximum) and width at half-

height equal to 0.53. The first minimum is located at a

distance of 1.253. Other maxima are located only on the

right side and rapidly decrease in amplitude. As a result,
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in the region x/3 ≫ 1.5 we have a zero amplitude of the

scattered wave under conditions when the amplitudes of the

bulk and specular reflected waves differ significantly from

zero. Any defect introduction into this region changes the

phase relationship between the waves of the first and second

types, and the defect image becomes clearly visible [39].

Fig. 11, b shows the intensity distribution of the diffracted

wave field in the OBC volume for unpolarized radiation.

It can be seen that the main contribution to the intensity

of scattered waves is concentrated along the trace of the

passing beam. Near the surface the intensity has a significant

value only in the vicinity of the point O. As the observation

is shifted deeper into the crystal, the intensity of the

scattered waves increases. The oscillatory nature of the

intensity distribution in the energy flow triangle OBC is

associated with the pendulum effect during dynamic X-ray

scattering in perfect crystals. Thus, the role of the specular

wave comes down not to interference with the main wave,

but only to change in the total amplitude of the scattered

wave. These changes are large in the near-surface layer of

the crystal, in which the total intensity of the scattered waves

is completely extinguished, and decrease as the observation

is shifted deeper into the crystal.

b
O B

C

a

K0

KH

O

BD

C

S

O '

B '

C '

H

Figure 11. Scheme of the experiment: a — a point D on the

crystal surface corresponds to a quasi-point defect caused by a

puncture with an indenter; b — numerical simulation of the wave

field pattern in the bulk of the crystal was performed for the case

of an ideal crystal [39].

100 mm

a b

Figure 12. Experimental section topograms (a) and numerical

simulation of images of silicon crystals (b) with defects deposited

on the input face. The distance to the defect OD in the Figures

from top to bottom is 15, 165 and 315 µm [39].

Fig. 12, a shows the experimental topograms of three

defects located at different distances from the point O.

The left half of the topogram corresponds to the intensity

distribution on the segment OB, the right — on BC. At both

edges of the image the intensity oscillations are observed: on

the left — intensity oscillations during the Bragg diffraction

(Uragami fringles), on the right — in the sample bulk. In

the center of each fragment images of defects are visible —
bright paired images. Defects correspond to the damage

of the crystal surface by a Vickers pyramid with a load of

1 to 6 g at distances of 10 to 400µm from point O. The

image of defects depends on their position relative to the

point O. On the upper fragment the defect is located in the

region x < τ /3, and the image of the defect is formed only

by the wave field J0(x) only. Images of the defect in both

halves of the topogram are formed in the usual way. The

defect image consists of a kinematic part — a local burst

of intensity — and a dynamic
”
tail“trailing after the burst.

The rest of the defects are separated from the region of the

intense Bragg reflection and are located in the zone with

almost zero intensity of the scattered beam. At the same

time, they give a bright contrast image on the topogram.

The topographic contrast of the images of these defects is

related to the phase mismatch in the region of the defect

between the reference wave scattered in the perfect bulk

of the crystal and the object wave reflected from the input

surface of the sample. The results is that the object wave

no longer suppresses the reference wave. This is an unique

type of
”
phase contrast“.

The paper [40] describes a fundamentally different type of

interference fringes in Bragg geometry, associated with the

crystal lattice bending and called deformation interference

fringes. This phenomenon was studied experimentally on

crystals with amorphous oxide film, and the mechanism of

deformation fringes formation [41–43] was described using

geometric X-ray optics. The features of the formation of
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interference defect fringes on uniformly bent crystals are

studied by the methods of section topography and numerical

simulation in Bragg geometry. The role of interbranch

scattering in the formation of defect fringes (bending
contours) in a bent lattice was studied. The possibility of

using
”
bending interference contours“ for measuring very

weak surface deformations caused by quasi-point defects is

shown. It was founded that the differences in the intensity of

the fringes for the positive and negative signs of the bending

gradient are associated with the difference in the focusing

of normal and anomalous waves.

To perform experiments on bent crystals, a special

goniometric device was used for precision bending of the

crystal with bending radii in the range of about 10−300m

(the crystal deflection for this range of bending radii is

approximately 50−300µ m) [44]. As a result of numerous

a

b

K0

KH

A

F

X

Z

S

H

100 mm

0 1 2 3

R = –50 m

qB

t

Figure 13. Scheme of experiment and section topogram with

deformation fringes: a — scheme of experiment: K0, KH —
wave vectors of the incident and diffracted waves, H — diffraction

vector, F — detector, S — collimator, θB — Bragg angle, b —
section topogram of a silicon single crystal, obtained in Bragg

geometry (numbers on the topogram are numbers of the first three

bending contours; bending radius: −50m; sign minus corresponds

to the deformation gradient decreasing along the axis Z; the bright

line with index 0 corresponds to the edge of the topogram.) The

topogram was obtained in MoKα1 radiation [44].

a b

R = –54 m R = +54 mR = 0

c

Figure 14. The intensity distribution of the wave field in

the scattering triangle in Bragg geometry. Reflections Si(004),
radiation MoKα1, the Bragg angle is 15.141◦; height of each image

900 µm, width 3326 µm; a — ideal crystal, bending radius R = 0;

b — bent crystal, the bending radius is R = −54m; c — bending

radius R = +54m [45].

experiments and numerical simulations, it was established

that the bending contours are formed as a result of the

interference of reflected wave and interbranch scattering

waves, which are generated due to the deformation gradient

directed along the bending radius of the crystal, i.e., along

the diffraction vector. Fig. 13 shows the scheme of the

experiment and the example of an experimental topogram.

In the section topogram in Bragg geometry along with the

usual interference contours, which are located on the left

edge of the topogram in Fig. 13, b and merge into one bright

line with index 0, the bending contours (1, 2, 3 etc.) are

formed.

Numerical simulation of the X-ray wave field (solution of

the Takagi−Topen equations) makes it possible to see the

geometry of the wave field formation on the crystal surface

and to understand the mechanism of the section topogram

formation. Fig. 14 shows the wave fields in the ideal crystal,

in the crystal with bending R = −54 and +54m [45] of the
first and second types

Ordinary interference fringes in Bragg geometry decay

rapidly and are practically invisible in the experimental

topogram (Fig. 13). When the crystal bending radius

decreases the
”
fringes“ shift towards smaller distances from

the Bragg maximum. On the contrary, the bending radius

increasing leads to the interference fringes shift away from

the Bragg maximum. In this case their brightness decreases,

and the fringes gradually merge with the background

(at bending radii greater than 500m). The unusually

high sensitivity of bending interference contours to local

deformations makes them extremely attractive for studying

weak local surface deformations [46]. Fig. 15 shows the

image of the quasi-point defect in the uniformly bent

crystal.

The defect image consists of a kinematic intensity burst

in the form of a black spot to the right of the Bragg

maximum and a white trace perpendicular to the interfer-

ence fringes. The experimental and calculated topograms

demonstrate the displacement and bending of the contours

in the deformation field of the defect. Estimates of the

displacement of the first interference fringe near the defect

correspond to the local bending radius of the reflecting
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a

b

300 mm

Figure 15. Section topograms of the silicon single crystal with a

quasi-point defect on the surface: a — fragment of experimental

section topogram, silicon single crystal, Bragg reflection (400),
radiation MoKα1, crystal bending radius 150m, the distance from

the defect to the trace of the Bragg reflected beam x = 190 µm;

b — the corresponding numerical topogram obtained by solving

the Takagi−Topen equations [46].

plane R ≈ 540m [39,46]. The quasi-point defects were

created by puncture by a Vickers indenter at loads of 1

to 5 g. In this model, it is assumed that the displacements

under the surface of the sample are radial with respect to

the contact point, and the surfaces of equal deformations

have a hemispherical shape. The size of the hemispherical

core was estimated based on the Vickers microhardness. For

example, at a load of 5 g the core radius was 1.45µm and

agreed well with optical measurements. The example given

shows that this method can be used to measure very slight

surface deformations.

From experiments it was found that when the sign of the

crystal bending changes, the brightness of the deformation

fringes changes strongly. Comparison of Fig. 16, a and b also

clearly shows that at positive bending radius the contrast of

deformation fringes is much lower [45].

The analysis of this interesting phenomenon shows that

it can be associated with the features of the trajectories

spreading of normal and anomalous waves. It is known

that interbranch scattering waves generated due to the

deformation gradient in the bent crystal have significantly

different absorption coefficients. In addition to this effect,

there is also focusing [7,47]. As a result, at a positive bend

the anomalous waves are focused, i.e,. are concentrated,

and at a negative bend, they are defocused (weakened).
Fig. 16 shows the result of numerical simulation of this

process.
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Figure 16. Simulation of the intensity distribution of deformation

contours on the exit surface of the crystal. Unpolarized radiation.

x — coordinate in the registration plane, x c — along the crystal

surface x = x c sin θ B [45].

2. Solution of applied problems based
on section topography methods

2.1. Study of nearly perfect crystals

With the help of section methods almost perfect crystals

are effectively studied. Two types of problems are solved:

the study of individual defects and the perfection assessment

of the crystals structure as a whole. The possibilities of

the methods in the study of individual dislocations and

stacking faults are described in the first part of the review.

Examples of characteristic images of screw, 60◦-degree, and

edge single dislocations of straight form at their different

orientation in the scattering triangle, as well as a group of

14 closely spaced screw dislocations, are given. The analysis

of the interference fringes in the vicinity of the dislocation

images made it possible to determine the magnitude of

their Burgers vectors. The calculation of section images

and check of models of dislocation loops are known, as

well as inclusions in the form of pores and precipitates

of impurities [32,48,49]. Section images of defects differ
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significantly from their images on projection topograms and

require interpretation. However, they are so characteristic

that they can be used to identify defects [50].

The second type of problems is associated with the

perfection evaluation of crystals as a whole. They are

solved on the basis of the interference fringes observation.

With a distinct manifestation of fringes on the Lang section

topograms, the deformation of the crystal lattice is less

than 10−6 . Such crystals are considered perfect. In

this case, the estimate refers to the bulk of the crystal,

limited by the height of the topogram and its width. The

topogram width is a scan of the crystal image through

the thickness in the scattering triangle. If the topogram

contains kinematic images of defects, then during its filming

in symmetrical reflection and the film location perpendicular

to the reflected beam at the near possible distance from

the sample, it is possible to determine the position of

defects through the crystal thickness based on a simple

formula x = (L/2) × sin θB, where θB — Bragg angle, L —
distance from the edge of the topogram, opposite to the

direction of the diffraction vector, to the image of the defect.

Due to the wide images of defects in this method the

accuracy of such measurement is small, about 10%, but the

method is non-destructive, and this is important for many

problems. If it is necessary to assess the perfection of the

structure of the large crystal, a series of section topograms

is taken, moving the crystal after one topogram filming by a

distance equal to its width. This method was tested with a

synthetic diamond in the form of a thick plane-parallel plate

10× 10× 1.5mm3 and proved to be an excellent method

for assessing the structural perfection of crystals, which

are a new material in physical materials science, necessary

in the manufacture of X-ray optics elements, for example,

synchrotron radiation monochromators. The feature of this

paper is that with the help of a powerful laboratory source

18 kW a series of section topograms superimposed on the

projection topogram was obtained from a diamond plate,

and thus the structural perfection of the plate was assessed

not locally, but as a whole (Fig. 17). The exposure to obtain

one section topogram was half an hour, while when working

with conventional radiation sources it would take several

hours.

It is interesting to note that, according to the results of this

method applying the synthetic diamond crystals containing

microdefects were assessed as less perfect than crystals

with dislocations. It can be seen that interference fringes

are observed over a large extent of the section topograms,

indicating a high structural perfection of most major portion

of the plate bulk. These areas of the plate meet very high

requirements during the X-ray optics manufacturing [51,52].

In addition to perfection assessment of the crystal

structure as a whole on the basis of the interference fringes

visibility, Fig. 17 makes it possible to observe how various

defects affect the fringes, distort them, and even extinguish

them in some places. Defect images can be used to

determine whether they are surface or bulk: the width of

Figure 17. A series of section topograms superimposed on

the Lang projection topogram of a synthetic CVD diamond plate

10× 10× 1.5mm3 . AgKα -radiation, reflection 220.

the section topograms shows defects lying at different levels

through the crystal thickness in the scattering triangle.

At present, silicon remains the most perfect structure.

But recently it was found that it also can have defects,

even large ones. However, if they are characterized by

a weak elastic field, then they can only be detected by

the section method (Fig. 10), they are not detected by

other methods. Dislocation-free silicon is still in demand

in microelectronics, but interest gradually moves towards

heavily doped silicon, which can contain many microdefects.

Exactly this material is now the most actual for enhanced

study and use. But it is characterized by the phenomenon

of decomposition of solid solutions of impurities.

2.2. Investigation of the decomposition of solid
solutions of impurities

The Lang section method was actively used to study

the decomposition of solid solutions of impurities in semi-

conductor crystals after their technological treatments, for

example, annealing. The papers [53,54] show how the

defects formed as a result of silicon annealing affect the

visibility of interference fringes in topograms. The annealing

duration increasing led to a complete loss of fringes visibility.

First, the decomposition of solid solutions of impurities

was studied in silicon crystals grown by the Czochralski

method under conditions when it is already well expressed,

and there are many defects [35,55,56]. With interest

increasing in heavily doped semiconductor crystals, which

are actively used in power electronics, the section method

began to be used for their diagnostics in the as-grown
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state. The developing semiconductor instrument engineering

required large-diameter crystals with a high concentration of

impurities, approaching the solubility limit, and, at the same

time, with high structural perfection. Crystals containing

practically no dislocations were obtained. But there was a

problem of microdefects generation in them. It turned out

that the decomposition of solid solutions of impurities in

the form of cluster formation is possible in such crystals

already during growth. In the future, it develops with the

formation of secondary defects — small dislocation loops,

their accumulations, preprecipitations, and precipitates of

a new phase. To study these defects the sensitivity of

traditional methods for their study was not enough, and

more sensitive methods had to be used. The combination of

the Lang section method and X-ray diffractometry based on

the Bormann effect, i.e., anomalous transmission of X-rays,

turned out to be especially effective [57,58]. The beginning

of the process of decomposition of solid solutions of

impurities can be noticed from the visibility deterioration of

the Kato fringes on section topograms and the suppression

of the Bormann effect in diffractometry studies. Since the

forming defects determine the degradation properties of

devices based on these crystals, it is important to control

their presence and distribution.

When comparing the results of the Lang section method

use together with diffractometric measurements under con-

ditions of the Bormann effect, it was found that in the

presence of statistically distributed microdefects in silicon

crystals, the fringes in the section topograms disappear at a

Debye−Waller factor of L > 0.017 [34]. The Debye−Waller

factor has the same value when the main defects in silicon

are dislocations with the density of 103−104 cm−2, and

fringes are not observed. This value of the Debye−Waller

factor can be considered as a measure of the Lang

section method sensitivity to the violation of the average

lattice due to the presence of microdefects in the crystal.

Thus, a qualitative test for the structural perfection of

crystals, i.e. observation of the Kato fringes on section

topograms, acquires a quantitative expression through the

value of the Debye−Waller factor and indicates the absence

of microdefects in the crystal in a noticeable amount.

Based on the analysis of the data obtained, the following

general conclusions can be made. The presence of

statistically distributed microdefects in crystals affects the

periodicity change, shape, and intensity of fringes in section

topograms. In theory the structure factor Fh is replaced by

FhEh, where Eh = exp(−Lh). Here Lh — the Debye−Waller

statistical factor, X-ray intensity is multiplied by E2
h , the Kato

fringes period decreases as 1/Eh, since the argument of the

Bessel function is multiplied by Eh. These conclusions are

the key to understanding how the presence of statistically

distributed microdefects in crystals affects the periodicity

change, shape, and intensity of fringes in section topograms.

The Lang section method can be recommended for the

diagnostics of heavily doped crystals that do not contain dis-

locations or contain few dislocations before heat treatments,

in the as-grown state. Paper [59] describes a study that

showed how, using diffraction methods, one can choose

the best heat treatment mode for silicon in terms of the

formation and distribution of defects in boron-doped crystals

when creating various devices based on them. We studied

silicon crystals with a diameter of 150mm, doped with

boron in the process of growing by the Czochralski method

to a concentration of (4−6.5) · 1018 cm−3, subjected to two

standard heat treatment modes: ASTM, A and C. Here A is

annealing at T = 1050◦C for 16 h at 5% nitrogen in oxygen

atmosphere. Mode C is slow heating up to 800◦C for

4 h plus annealing according to mode A (the stage of low-

temperature nucleation is added). ASTM is an international

standardization system (American Standard Test Method).
Its requirements are specified in the description of the

treatment modes of silicon samples. Projection topograms

and a set of section topograms obtained from samples

processed according to A and C modes were compared.

The samples were round disks, which are cross-sections

of a silicon ingot. The photographs were taken near the

side surface of the disks, in areas where the decomposition

of solid solutions of impurities is most pronounced. For

mode A the main details of the images of the Kato

fringes were preserved on section topograms, despite the

superposition of images of microdefects on them, and for

mode C they were absent. One can also clearly see the

difference in the distribution and size of microdefects after

two modes of crystal treatment (Fig. 18).
This showed that in the samples processed according to C

mode there are many small defects, and there are practically

I

1

2

3

II

4

5

a

b

Figure 18. A series of topograms of crystals processed according

to A (a) and C (b) modes. I, II — fragments of projection

topograms, 1−5 — section topograms corresponding to projection

topograms in the direction from left to right. All topograms were

obtained in reflection 220 and radiation MoKα . The diffraction

vector is directed vertically from top to bottom. Section topograms

are magnified by two times (30×) in comparison with projection

topograms (15×).
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no large defects, with the exception of a circular zone near

the side surface of the ingot. The qualitative characteristics

of the samples structure were supplemented by quantitative

data obtained from the analysis of diffuse scattering. The

concentration and average size of dislocation loops along

the growth axis and along the diameter of the ingot [59,60]
were calculated.

The results obtained made it possible to make a confident

choice between two modes of silicon heat treatment in

terms of the formation and distribution of microdefects.

Considering the non-destructive nature of the methods used

in the study, they can be recommended for improving the

growth and more rational use of crystals in the production

of semiconductor devices.

2.3. Investigation of technological defects in
crystals

The Lang section method is long been used to study

technological defects in crystals that occur during their

treatment, and use in semiconductor instrument engineering.

At the same time, computer simulation of images of

crystal lattice violations is rarely, but still, used to obtain

quantitative information about them. In paper [61], based
on the analysis of the interference fringes distribution on the

Lang section topogram, the force of surface compression

in an ion-implanted silicon layer was determined. Boron

ions with the energy of 50 keV at a dose of 103 mcc · cm−2

were implanted into a triangular region on the surface of

the silicon crystal. The best agreement between experiment

and calculation was obtained at a compression force of

3.5 · 104 dyn·cm−1. However, in most papers the study

of technological defects in crystals by the section method

is not associated with the observation of interference

fringes, but with the possibility of determining the position

of individual defects, as well as any boundaries in the

bulk of crystals and through their thickness. The use

of this method in such aspect is especially effective

when studying the effect of impurities gettering. This

effect is actively used in the creation of semiconductor

devices and can be of two types: external and inter-

nal.

The external effect is achieved by the targeted deterio-

ration of the structural state of the surface (for example,

by grinding it) and subsequent annealing, as a result of

which, due to the formed sinks for point defects, the near-

surface region of the crystals is excused from defects. It is

important to determine its thickness and
”
cleanliness“ (i.e.,

whether single defects remain in it). The internal effect of

gettering is achieved by the special technological treatment

of crystals without disturbing the surface. Paper [62]
reviews the typical technological problems when using XT

section methods in their solution. The advantages and

disadvantages of the methods in two diffraction geometries,

i.e. transmission and reflection, are discussed (see below).
The use of Lang section method is often effective in

studying systems substrate−epitaxial layer, especially if

a

b

c

SF

PL

PL SF

Figure 19. Fragments of section topograms of the composition:

substrate 4H-SiC — porous layer — homoepitaxial layer in

transmission (a, b) and reflection (c) geometry. Radiation MoKα .

Reflections 303̄0 (a), 224̄0 (b), 0006 (c). SF — stacking faults,

PL — porous layer. Positive contrast, magnification 30×.

the substrate contains many defects, and there are no

interference fringes in the topogram (Fig. 19). On the

shown topograms of the system consisting of the substrate

4H−SiC — porous layer−homoepitaxial layer, the layer

boundaries are visible. It is clearly seen that the structure

of the homoepitaxial layer is much more perfect than the

structure of the substrate, but the layer contains large

stacking faults that originate at the interface with the

substrate and grow through the entire thickness of the layer.

Such results could only be obtained by section methods

due to the ability of these methods to identify the position

of defects and boundaries through the thickness of the

samples [63,64]. To analyze the perfection of the structure

of objects with epitaxial layers, the section method in Bragg

geometry is successfully used. With its help, the structure of

near-surface layers is characterized, and the bending radius

of objects as a whole is determined. In some problems

this method has advantage over the Lang section method.

This is demonstrated in Fig. 20 [62] using the example

of studying the external and internal effect of gettering in

silicon crystals. Due to the lower sensitivity of this method

to crystal lattice stresses and, accordingly, the smaller image

width of individual defects, the accuracy of determining the

position of defects and boundaries turns out to be much

higher, up to 0.1a , where a is the width of the incident

beam [65]. Besides, it is possible to determine whether

there is a bend in such objects.

The authors of this work used in their studies a special

device i.e., the so-called slitless collimator. It made it

possible to form very narrow ray beams being incident

on the objects of study. With its help they solved many

applied problems of microelectronics: determination of the

structure of the stress field in crystals as a result of scribing;

study of the growth of substrate defects in the autoepitaxial

layer on silicon; detection of defects resulting from the

surface diffusion of impurities; detection of defects in thin

membranes, etc.

It is well known that with significantly different treatment

of opposite surfaces of a thin crystal plate (for example,

polishing one and grinding the opposite), it acquires a bend.
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a b c d

Figure 20. Fragments of section topograms in the Bragg

geometry of silicon samples with external (a, b) and internal (c, d)
effects of impurity gettering. The topograms were obtained from

opposite surfaces of the same sample (a, b) in reflection 333 and

from the one surface in different reflections: 800 (c) and 440 (d).
Radiation MoKα . Magnification 30×.

It is very small, no deformation fringes are observed in the

topogram, and it is not possible to measure its magnitude,

but it is possible to determine the sign of the bend from

the characteristic contrast of the defects image in the near-

surface region of the plate. It corresponds to the convexity

of the ground surface and the concavity of the polished

one. The defects image contrast in near-surface regions has

the opposite sign in topograms obtained by the reflection

of X-rays from opposite crystal surfaces. Fragments of

topograms in Fig. 20 can serve as an example. They are

presented in positive contrast: most of the defect images

have a white contrast, as the boundaries of the topograms,

which correspond to the total reflection of the incident

beam from the crystal surface. In negative contrast it is

black. And on the topogram in Fig. 20, a the main contrast

of defects preserved in the
”
defect-free zone“is opposite.

This observation is characteristic for samples with external

effect of impurity gettering due to the significantly different

treatment of opposite crystal surfaces. The possibility of

determining the sign of the crystal bending from the contrast

of the defects image relates to the effect of different focusing

of waves propagating in the crystal with bending of the

opposite sign, which was described above in the first part

of the review.

Interference fringes on section topograms in Bragg

geometry were experimentally observed for the first time

in bent silicon crystals in [40], then in [66] and in the

studies of other researchers. In [42,43] the formation of

fringes is explained on the basis of the theory of Bragg

a

b

Figure 21. Fragments of section topograms in the reflection

geometry of a silicon crystal after local implantation of oxygen

ions (a) and a series of post-implantation annealings (b). MoKα ,

reflection 333, magnification 30×. The diffraction vector is

directed vertically from top to bottom.

reflection of X-rays in crystals with a constant deformation

gradient. It is proposed to call these fringes as deformation

fringes. This name is now established. It was shown that the

deformation fringes appear on section topograms, starting

from a certain threshold distance from the main maximum

of X-ray reflection from the crystal surface in the form of

a fringe of intense black contrast: the first at a distance of

x1 = (16π/5B2)1/3, and the subsequent ones — according

to the law xn ∼ (n−1/2)1/3 . Thus, the law of periodicity of

fringes was established. The deformation gradient relates to

the curvature of the crystal by the relation

B ≈ 32

d
cos2 θ

2πγ0γh

1

R
, (5)

where 3 — extinction length, d — interplanar distance,

θ — Bragg angle; γ0, γh — direction cosines of the

incident and reflected beams. For symmetric diffraction

γ0 = |γh| = cos θ. Based on formula (5) it is possible to

determine the radius of curvature of the crystal. It is also

shown there that in silicon crystals with a constant defor-

mation gradient the bending manifests itself as deformation

fringes on section topograms in Bragg geometry at a critical

value of the deformation gradient Bcr = 16π/5t30)
1/2, where

t0 is the absorption length. These formulas can be used to

quantify the bending of the crystal.

The section method in Bragg geometry was actively used

in the study of crystal lattice stresses associated with the

implantation of high-energy ions and particles. In [67], in
the region of local implantation of oxygen ions with the

energy of 5.15MeV into silicon, two systems of deformation

fringes were found, against the background of which images,

after a series of heat treatments, the characteristic images of

precipitates appeared as a result of the decomposition of

a solid solution of impurities. They had a conical shape

elongated in the direction of the diffraction vector (Fig. 21),
which is typical for images of point defects in crystals with

a bend (see Section 1). Such images can be calculated in

the stress field estimated from the bending radii measured

on the topograms. This is a rare case of coincidence of
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favorable conditions for this kind of studies using numerical

simulation.

3. Examples of use of synchrotron
radiation in section topography
methods

There is an opinion that the use of synchrotron radiation

(SR) has radically changed the methods of XT. However,

section methods fundamentally changed very little, although

they have benefits from the occurrence of intense radiation

sources with small angular divergence and transverse coher-

ence. Collimation in the vertical plane, achieved due to the

parameters of the SR source, in combination with the small

angular size of the source in the horizontal plane makes

it possible to use large distances from the source to the

sample to increase the illuminated area without the loss of

the intensity available near the beam extraction systems. At

that, the angular width of the source, visible from a point on

the sample, is close to the width of the dynamic diffraction

region of the crystal. Owing to the long coherence length

on synchrotrons of the third generation, a narrow beam

retains the properties of coherence and parallelism within

a slit several tens of microns in size. Moreover, it is

possible to register topograms at two meter distances from

the sample with a high spatial resolution of about few

microns. On synchrotrons of moderate brightness section

methods began to be used, including in polychromatic

radiation.

With the use of polychromatic SR, relatively few studies

have been performed relating computer simulation of defect

images. Paper [68] describes the application of the section

topography method in Bragg geometry to study dislocations

in silicon substrates and epitaxial layers. The white SR

beam from the source DORIS-III, HASYLAB in Hamburg

was limited by a slit 5µm wide. The thickness of the

samples (plates of Si crystals grown by the Czochralski

method) was 700µm.

The Uragami fringes [20] were clearly visible in most of

the reflections registered in the images. The amplitude of the

fringes rapidly decreased with the distance from the main

fringe corresponding to the narrow beam reflection from the

sample surface. Section topograms with images of rectilin-

ear 60° dislocations inclined to the surface were compared

with calculated images. The calculations were performed by

the numerical integration of the Takagi−Topen equations us-

ing computer programs whose algorithms used a constant or

variable integration step. The images of dislocations looked

like rosettes with black contrast. The calculation results

quite well reproduced the features of the rosettes. However,

in the bent crystal the calculated patterns did not exactly

correspond to the experimental ones. Computer simulation

of dislocation images against the background of the fringes

caused by bending showed significant differences, namely,

in the presence of dislocations the deformation fringes were

distorted much more strongly than the Uragami fringes.

The authors concluded that the use of the narrow slit

in a white SR beam makes it possible to reveal many

characteristic details and observe interference fringes. The

Uragami fringes, which are practically invisible in the

radiation from laboratory sources, are less sensitive to

microstresses around defects than the deformation fringes,

and, on the whole, they are less intense.

The study of images of 60◦ dislocations in bent substrates,

misfit dislocations, and precipitates in layered structures sug-

gests that computer simulation of Bragg section topograms

provides at least qualitative agreement with experiment. As

a result of dislocation rosettes simulation, i.e., images of

dislocations emerging on the surface of flat Si plates at a

right angle or close to it showed that the contrast is formed

due to the additional intensity caused by the decomposition

of the wave field around the dislocation core.

K. Veteska et al. [69] studied the effects of germanium

segregation in silicon on DESY-HASYLAB source using

the SR section method. On the projection topograms

the researchers observed a characteristic contrast associated

with growth fringes in single crystals of the Si : Ge solid

solution. Section topograms of plates 400µm thick were

recorded in a white SR beam limited by a slit 5µm wide.

On the topograms obtained in Bragg geometry at glancing

incidence angles 4−8◦, a cross pattern was clearly visible.

It was formed by growth stripes at the places where they

intersect with the SR beam and stop fringes at the exit

surface of the sample. In this case, the contrast brightness

varied from high to low, indicating that the narrow beam

penetrated almost the entire thickness of the sample. By

double exposure on the same film the combined images

were obtained, which were a superposition of section

images on projection ones. The photos were registered

for different positions of the sample relative to the beam

direction, when the sample was rotated by 180◦ around

the normal to the surface, parallel to the growth axis

〈111〉. In another case, the sample was rotated around

the [11̄0] axis perpendicular to the incident beam. In this

case, the images of the growth fringes were rotated with

respect to the crystal boundary. This made it possible to

establish a compliance between the sample surface and the

convex-concave growth surface. By comparing the section

topograms of samples with higher (3%) and lower (1.2%)
Ge concentrations, the authors estimated the range of Si

lattice misorientations that contribute to the image contrast

of segregation fringes. It was concluded that the contrast

well approximated the germanium distribution in Si : Ge

ingots grown by the Czochralski method.

In the early 2000s great interest was shown in crystals

of indium antimonide (InSb), the direct bandgap zone of

which is the narrowest in comparison with other A3B5

semiconductors. On the basis of InSb, IR detectors are

made, the parameters of which are affected by structural

defects. InSb strongly absorbs radiation from X-ray tubes,

which makes the topogram registration process long. The

acceptable exposure time and obtaining a large number of
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topograms on one film at once is ensured by the use of

polychromatic SR.

Using ANKA SR source in Karlsruhe, Germany, p−i−n-
structures based on InSb were studied. Samples fabricated

by metal organic vapour phase epitaxy had n-type InSb

epitaxial layer on one side of InSb substrate, and a similar

p-type layer on the other side. In this case, the layer

thickness was 200−300 nm, and the substrate thickness was

600µm [70].

The section method in Laue geometry revealed the

disappearance of the Kato interference fringes pattern in

the topograms of samples with a high concentration of

impurity atoms. Instead of fringes, black-and-white rounded

images of defects in the epitaxial layers appeared on the

images. These images were absent on the topograms of the

substrates.

To explain the nature of the defects the researchers used

the projection topography. By calculating the anomalous

absorption coefficient (multiplied by the thickness of the

sample), they concluded that for the selected reflections the

diffracted beam met the anomalous transmission conditions.

The black-and-white contrast of images was explained on

the basis of dynamic theory, assuming lattice deformations

around pores and precipitates. The lattice bending towards

the pore, caused by the tensile deformation, forms an

increase of the reflected intensity on one side of the pore

and a decrease on the other one. Images of defects near the

exit surface of the sample with a white part on the positive

side of the diffraction vector g correspond to pores. The

precipitates have reverse contrast.

This paper was one of the first proofs of the existence

of precipitates and pores in InSb epitaxial layers with an

estimate of their number. It was concluded that small

deviations from the equilibrium ratio of Sb and In atoms

in vapor flows during epitaxy cause the atoms clustering on

the layer surface. Impurity atoms induced during doping

can enhance this effect.

For many years silicon is in the focus of interest in X-

ray topographic studies. The focus shift from the study

of growth and technological defects to the problems of

packaging the integrated circuits is caused by the need to

develop devices with increased reliability. A number of

problems arise during the operation of microchips fabricated

by mounting on contact pads (bumps), for the study of

which the authors of paper [71] used the section topography

method. The aim of the paper was to evaluate the

effectiveness of the method for the detection and analysis

of mechanical stresses in Si substrates under contact pads.

The samples for study consisted of the elements shown

schematically in Fig. 22, a and listed in the text under the

Figure. In the course of experiments in white SR beam, the

high-resolution film installed behind the sample recorded

rays diffracted in the reverse direction. On the projection

topograms the regions with mottled contrast corresponded

to different levels of deformation of the Si lattice under the

pads, which is caused by intermetallic subgrains in the Ni(P)

Silicon1

2

3
a

b

a

bcc

Figure 22. a — circuit of one contact from a series of contact

pads distributed over the surface of the chip crystal. Above the Si

substrate with an oxide (1) and aluminum (2) layer a platform with

Ni(P) (3) metallization layer protrudes; b — section topogram in

reflection 11̄5 from the area with a diameter and thickness of 600

and 2.9 µm, respectively [71].

metallization layers. The greatest distortions were localized

near the periphery of the pad.

To make section topograms the beam was limited by a

slit 20µm wide. Each reflection on the Laue photograph

indicated deformations distributed through the thickness

of the substrate. By comparing reflections with different

penetration depth of radiation into the sample, it was found

that strong long-range stresses (arrow a , Fig. 22, b) come

from the regions under the periphery of the pad, where

the deformation centers have a reduced (black) contrast

(arrows b and c).
The authors determined the maximum misorientation

angle of Si lattice under the pads. The deformation

was converted to stress under the assumption that the

misorientation is caused by shear stresses near the interface.

For pads with a diameter of 200µm, the stress did not

exceed 65MPa. However, for pads with a diameter of

800µm, the stress increased to 260MPa. Thus, with the

help of X-ray topography alone the important conclusion

was made. During the development of integrated circuit

packaging technologies, the benefits and losses must be

compared. On the one hand, the advantage of a large

soldered joint diameter is to reduce the temperature of the

soldered junction. On the other hand, the size increasing of

the contact pads increases the stresses in Si substrates.

The study of plastic deformation processes in the bulk of

large crystals without their destruction is a serious problem.

A group of experimenters headed by J. Baruchel at the

ID-19 beamline of ESRF (European Synchrotron Radiation

Facility) in Grenoble, France, studied growth defects in

4H−SiC crystals by topography in white SR without thin
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plates preparation [72,73]. The samples were ingots with a

diameter of 35mm and height of 12mm. The SR beam was

limited by slit with a width of 50µm, which made it possible

to avoid the superposition of images of many defects in the

sample bulk on one 2D projection [5]. The film registered

images of defects inside the layer corresponding to the

cross-section of the crystal by a narrow SR beam. The

exposure time did not exceed 10 s. The spatial resolution of

the scheme was 5µm. Section topograms in Laue geometry

were obtained at four different positions of the sample.

In particular, the registration of images under conditions,

where the orientation of the growth axis is parallel to the

plane of incidence of the SR beam, identified the defects

propagation during crystal growth. The interface between

the crystal and the seed was barely noticeable, indicating a

smooth start at the beginning of growth. However, with

growth the inclusions of foreign polytypes were formed:

6H−SiC or 15R−SiC. They originated on one side of the

ingot and propagated into the bulk until they reached the

other side. In this case, planar defects of the type of

2D grain boundaries appeared. The study of different

ingots showed that polytype inclusions, as a rule, were

overgrown. However, the grain boundaries had a negative

effect on the structural perfection of a significant part of the

sample bulk. Thus, the XT method identified important

features of the defect structure formation of 4H−SiC

crystals before they were used to prepare substrates for

electronic devices.

For a long time, the reliability of electronic devices

based on SiC was degraded by micropipes i.e. hollow

cores of screw superdislocations with giant Burgers vectors.

These pores were
”
fatal“ for the operation of devices,

causing the breakdown of microplasma [74]. Thanks to the

optimization of the technology for obtaining bulk SiC single

crystals, the industrial production of substrates that do not

contain micropipes [75,76] was successfully implemented.

However, substrates contain dislocations, and it is still

not entirely clear which types of dislocations are most

detrimental to devices operation. A group of researchers

headed by D. Nakamura studied the behavior of dislocations

in 4H−SiC using the direct method for determining the

Burgers vector [77,78]. The scheme of the section method

of topography in white SR beam was similar to that used

earlier to study superdislocations in 6H−SiC [79]. However,
the distance from the sample to the film was increased by

more than 10 times. Due to the high SR brightness and

the small size of the source on the beamline of the SPring-

8 facility, the distance increasing did not lead to quality

deterioration of X-ray topograms.

On the projection topograms the lines of screw dislo-

cations were oriented along the crystal growth direction,

which formed the angle 8◦ with the axis 〈0001〉. Section

topograms in Laue geometry were registered in SR beam

limited by a slit of 30µm onto a film in 2m away from the

sample. The resolution on the topogram calculated from the

angular width of the source was 7 and 1µm, respectively,

in the horizontal and vertical directions. Images of screw

dislocations on section topograms had hyperbolic profile,

which was explained in detail in the paper of A.R. Lang

et al. [80]. The calculated profile of the dislocation

image with the Burgers vector b = 1c , where c is the

lattice parameter 4H−SiC, was in good agreement with the

experiment. The main conclusion of this paper relates to

left and right elementary dislocations. The authors found

that neighboring screw dislocations have a trend to have

different signs. In their opinion, the probable cause of this

effect is the contactless elastic interaction between screw

dislocations separated by a distance of at least 200µm.

Long-range interaction can affect the nature of propagation

and distribution of elementary dislocations.

In this Section we consider the results of studies of

various practically important crystals with structural defects

in order to show the variety of problems that have been

solved till present time with the help of SR. Due to

short exposures, the section topograms were combined

with the projection topograms by double exposure. The

continuous spectrum made it possible to obtain many

topograms on one film at once. Thanks to the sec-

tion method, the structural properties of crystals with

defects were interpreted. Note that theoretical studies

are not limited to the above-described case of computer

simulation of section topograms of an almost perfect

silicon crystal [68]. Our review does not include the

results of analysis of the spherical wave reflection [81]
and two-wave diffraction [82] in elastically bent Si plates,

as well as experimental studies of new almost perfect

single crystals and multilayer structures: vanadites [83]
and InGaAs−InAlAs [84] superlattices. The use of syn-

chrotron radiation can turn section topography into an

express method of non-destructive diagnostics, in particular,

into a method for monitoring the bending and warping

of silicon crystals in fully packaged semiconductor de-

vices [85].
It should be mentioned that a large number of studies

using SR were performed by step-scanning technique stop-

frames in combination with linear and/or angular movement

of the sample. Having processed the topograms using a vi-

sualization program, the experimenters obtained 3D patterns

of the defects distribution in the bulk of the crystals [86–90].
However, this is not a quantitative approach. Methods, in

which the spherical wave approximation was not performed,

were not considered under this review.

Conclusion

Section RT methods are extremely sensitive to weak crys-

tal lattice stresses and have a high potential for developing

means for obtaining quantitative information about them.

These methods are practically ready for solving complex

fundamental and applied problems of materials science.

They are based on a well-developed theory. They are based

on the experience of previous and current studies. The use

of SR increased the possibilities of methods. In particular,
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the range of studied materials was expanded. In some

cases, it was possible to study defects in crystals in the

form of ingots, which allows the experimenter to exclude

the special samples preparation. The spatial resolution and

brightness of defect images increased. This makes it possible

to study the fine details of the technological methods used in

the manufacture of microelectronic devices and to improve

the technology of instrument engineering. Finally, the use

of SR made it possible to clearly observe the Uragami

fringes and use them to interpret section topograms in Bragg

geometry.

However, it should be recognized that the main achieve-

ments in the development and application of section meth-

ods are described in studies performed using laboratory

radiation sources. In addition to section methods, another

method is known in X-ray topography, which is highly

sensitive to weak lattice distortions and makes it possible

to obtain quantitative information about them. This is quasi-

plane wave X-ray topography. The method is so named

because the approach to the plane wave is possible in

synchrotron radiation only. Although this other method,

based on different principles, differs from the section

methods and therefore is not discussed in this review,

we add to the list of references several important studies

performed by quasi-plane wave topography [91–94]. We

also add to the list a link to a new effective method for

studying defects in crystals, called topo−tomography [95].
At present, thanks to RT section methods the images of

many types of defects were calculated, and their models

were made. These are still quite simple defects: straight

dislocations of various types, located in certain positions

in the bulk of crystals, flat stacking faults, etc. The

time of more complex types of defects has come: general

position dislocations, superdislocations, and micropipes in

SiC crystals; bulk stacking faults in SiC and synthetic

diamond crystals, etc.

Growth defects in crystals are often decorated with impu-

rities. This changes the stress field associated with defects,

affects their properties, and can change the properties of the

crystal as a whole. At present, sufficient potential has been

accumulated to study this phenomenon on the basis of RT

section methods with the use of numerical simulation.
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[81] H. Yan, Ö. Kalenci, I.C. Noyan. Appl. Crystallogr., 40, 322

(2007). DOI: 10.1107/S0021889807003160
[82] T. Fukamachi, S. Jongsukswat, D. Ju, R. Negishi, K. Hirano,

T. Kawamura. Acta Crystallogr. A, 75, 842 (2019).
DOI: 10.1107/S2053273319011859

[83] M.B. Kosmyna, B.P. Nazarenko, V.M. Puzikov,

A.N. Shekhovtsov, W. Paszkowicz, A. Behrooz,

P. Romanowski, A.S. Yasukevich, N.V. Kuleshov,

M.P. Demesh, W. Wierzchowski, K. Wieteska,

C. Paulmann. J. Cryst. Growth, 445, 101, (2016).
DOI: 10.1016/j.jcrysgro.2016.04.002

[84] W. Wierzchowski, K. Wieteska, J. Gaca, M. Wójcik,
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