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Abstract—The average strain in local regions of synthetic diamond was determined using the energy
Fourier-transform spectrum in the analysis of digital Kikuchi patterns. The degree of broadening of
the diffraction bands and their intersections in the images caused by deformations is quantitatively
described through the average spatial period and the area of the radial distribution of the energy spec-
trum. The planar distribution of local strains made it possible to determine their anisotropy in the
crystal in magnitude and direction.

Keywords: synthetic diamonds, Kikuchi lines, backscattered electron diffraction, Fourier transform,
Fourier-transform energy spectrum

DOI: 10.3103/S1063457620010049

INTRODUCTION

Great interest in natural and synthetic diamond crystals is caused by their unique physical and chem-
ical properties, in particular, high thermal conductivity at room temperature, hardness, wear and radiation
resistance, chemical inertness, and exceptional optical and electrical characteristics (for example, high
resistivity) [1, 2].

A large number of different methods are known for studying the defective system and structure of dia-
monds or diamond-like crystals [3—12]. In particular, to determine the degree of homogeneity and per-
fection of crystalline materials, the use of diffraction of backscattered electrons (the Kikuchi method) is
rather promising [7—9]. In the Kikuchi method, an electron diffraction image can be recorded from indi-
vidual sections of a sample, several tens of nanometers in size. This enables one to determine the crystal-
lographic orientation of the grains, the angular misorientation between them (<0.1°), and the strain state
in individual grains [3—6]. The prospect of wider use of the Kikuchi method may be associated with the
improvement of computer methods of data processing [§—10]. Some of them have already been used to
obtain the average local strains in crystals, in particular, by using the two-dimensional Fourier transform
of the Kikuchi patterns and by analyzing the band intensity profiles and the displacement of the axis of the
zones [10—13].

In this work, we tested and used a new approach to estimate the strain in individual local regions of
diamond crystals. To analyze the changes in the shape and area of the intensity profile of the Kikuchi
bands, we used a discrete two-dimensional Fourier transform of the Kikuchi patterns and their Fourier-
transform energy spectrum. This significantly increased the information content and unambiguity of the
interpretation of changes in the profile geometry of the Kikuchi bands and, therefore, made it possible to
assess changes in the fine structure of diamonds quantitatively.
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Fig. 1. Fragment of the surface of a diamond, 170 %< 120 um in size, obtained using cathodoluminescent topography:
(a) markers indicate sections 1—15 in which the Kikuchi patterns were obtained; (b) markers V1—V8 indicate the indices
of the axis of the zones and the nodes between which the intensity profiles of the Kikuchi bands were determined.

EXPERIMENTAL

To determine the strain state of synthetic diamonds, studies were carried out using a Zeiss EVO 50 XVP
scanning electron microscope (Carl Zeiss, Germany) equipped with a CCD detector. The angle of inci-
dence of the electron beam on the crystal surface was 70°.

Synthetic diamonds were obtained by the temperature gradient method in the Fe—Al—C system at high
(~6 GPa) static pressure and high (~1700 K) temperature; the growth time was ~48 h [ 14—16]. The surface
(100) of diamond synthesized in the Ni—Mn—C system was used as a substrate.

For different sections of the test sample (indicated by numbers in Fig. 1a), the Kikuchi patterns were
obtained (Fig. 1b). The position of each of the Kikuchi bands was determined using conventional software
that yields information on the crystallographic orientation of the axes of zones (the region of intersection
of the Kikuchi bands) [17].

We note that the Kikuchi patterns (Fig. 1b) obtained from different regions of the sample demonstrate
(at a fine level) the imperfection of the structure of the diamond lattice and its structural heterogeneity in
local areas.

DETERMINATION OF LOCAL STRAINS BY ANALYSING THE INTENSITY PROFILES
OF KIKUCHUI BANDS

The problem of analyzing Kikuchi patterns is that the intensities of the profiles of the Kikuchi bands
and the coordinates of their sections (nodes) depend not only on the structural parameters of the crystal
under study but also on the experimental conditions. Depending on the experimental conditions (the
angle of incidence of electrons on the sample, the distance from the sample to the electron detector, etc.),
we can observe a shift in width and height of the node, compression or stretching of the image along dif-
ferent directions, rotation, change the average brightness, and other distortions. Therefore, to compensate
for these effects, the Kikuchi patterns in sections 2—15 were aligned with a reference image in section 1
using genetic algorithms [18]. To increase the accuracy of image alignment, noise filtering was performed
for the Kikuchi patterns [19, 20]. The task is to minimize the discrepancy (difference) between the image
of the Kikuchi lines of the reference region of the sample and the images obtained from other regions of
the crystal [19, 20].

Markers V1—V8 in Fig. 1b indicate the indices of the crystallographic axes of zones and nodes, between
which the intensity profile of the Kikuchi bands was determined (Fig. 2).

The intensity of band profiles is usually normalized and analyzed when their shape changes [21]. In
Fig. 2, there are differences not only in the area under the averaged profile but also in the form of intensity
distributions, which indicates the presence of inhomogeneous (both in magnitude and direction) strains
and, consequently, stress in the given sample of synthetic diamond.
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Fig. 2. Averaged profiles (1) pl, (2) p2, (3) p3, and (4) p4 of the intensity of the Kikuchi bands in sections 1—4 between
nodes (a) VI-V2, (b) VI-V5, and (c) V1-V7 (Fig. 1b).

The local strain g, for a certain crystallographic direction (plane) can be calculated from the analysis
of changes in the area under the intensity profile of the Kikuchi band using the relation [13],

S
g =kyIn| =L, (1)
where coefficient k, = 4.33 x 1073; .S, is the area under the profile of the band in the region with deforma-
tion; and S}, is the maximum §; value for all regions.

Figure 3 shows the distribution of strains €, in the local regions (#,) of a synthetic diamond crystal, cal-

culated using Eq. (1), and g, that is, the average values of strains (e%}, 85, e%]) for all crystallographic
directions.

The strains €, obtained for different crystallographic directions correlate well with each other (Fig. 3).
A regularity is revealed in the dependence of the average values of strains €, (for all regions of the crystal)

on the crystallographic direction: the minimum value is E,ls = 0.1255 x 103 for the direction [511] and

511,2 = (.1837 x 1073 for [31 1]; the maximum value is 5;7 =(.2443 x 1073 for [211]. The detected depen-
dence of the strain on the crystallographic direction indicates a significant anisotropy of the strains for the
studied diamond crystals.

Characteristic oscillations with maxima for sections 5, 7, and 9 and minima for sections 4, 6, 8, and 10
were also found for the strains €4 (Fig. 3). The maxima of such oscillations correspond to Fig. 1a (the
bright sections 5, 7, and 9) and indicate the periodicity in the change in the structural properties of the
crystals.

Based on the obtained strains €g, the planar distribution of strains for the studied diamond crystal was
calculated by approximation (Fig. 4). The planar distribution of strains also confirms the periodicity in
the change in the structural properties of crystals, especially for local maxima in sections 5, 7, and 9.
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Fig. 3. Anisotropy in the distribution of strains € (n4) in directions (Fig. 1b) of the strains calculated based on the profiles

of the Kikuchi band (/) between nodes VI-V2 [311], £/?; (2) between nodes VI—V5 [5T1], €); and (3) between nodes
VI-V7[21]], 8%/7. (4) Average strain value for all directions, €.
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Fig. 4. Planar distribution of the g4 strain in the local regions 1—15 of the synthetic diamond crystal (Fig. 1a).

An analysis of the features of the distribution of local strains in the crystal regions marked in Figs. 3
and 4 gives a qualitative idea not only of the nature of their anisotropy but also of the heterogeneity of the
crystal growth conditions and the distribution of dopants [15, 16].

ANALYSIS OF KIKUCHI PATTERNS USING THE PARAMETERS
OF THE FOURIER-TRANSFORM ENERGY SPECTRUM

The degree of broadening of the bands in the Kikuchi patterns, obtained from different sections of the
crystal, varies significantly; therefore, a quantitative assessment is based on analyzing their Fourier-trans-
form energy spectra. Image processing is performed in the MatLab software environment [22, 23].

The Fourier spectrum F of the digital image of the Kikuchi bands f was calculated using the two-
dimensional discrete fast Fourier transform according to the relation [14]

M N .
Flmm =33 flikyexp (-2 (M0 22D 2)
i=0 k=0

where m and » are the numbers of the spectrum frequencies in height and width, respectively; m = 1, 2,
..M;n=1,2,..., N; Mand N are the sizes of image fin pixels; and j is the imaginary unit.
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Fig. 5. (a) Energy spectrum Pg of the image of the Kikuchi bands and (b) its radial distribution Py in a logarithmic scale;
Tr is the average radial spatial period of the image for section 1.

The energy spectrum Pg of image fis the square of the module of the centered Fourier-transform spec-
trum Fg, that is,

R =|R[. 3)

For further processing, the energy spectra Pg of the Kikuchi patterns are presented in a logarithmic
scale as

B =In(C, + F), 4

where C| is a constant by which contrast and color gamut can be adjusted during visualization (by default,
C.=1).

Logarithmic scaling enables efficient processing of the components of the Pg; spectrum even with a
small amplitude. The obtained Pg energy spectra substantially depend on the degree of broadening of the
Kikuchi bands, and, accordingly, on the value € of local strains. To determine €, we used the frequency
characteristics of images, which depend only on the parameters of the studied objects [14].

By linear interpolation of the energy spectrum Pg, we calculated its radial distribution Pr(d), where d
is integer values of the distance from the spectrum element (m, n) to its center (M¢, Np); d =1, ..., Ng;
Nr = Noin/2; Npin = min (M, N) is the minimum size of image f. The values of Pr(d) are the arithmetic
mean Pg(m, n) for discrete values of d. Each value of the distance d corresponds to the value of the spatial
radial frequency v,.

The obtained Pg spectra and their distribution Pg(Vv,) have a characteristic shape for each studied
region (Fig. 5). The Py distributions, as well as the Pg spectra, contain information on the value of € in the
studied local regions.

As a rule, the Kikuchi experimental patterns exhibit significant high-frequency noise, which appears
in the Py distributions as a background, especially at high spatial frequencies v, > 0.2 pixel~!. Such a noise
component of the Py distributions leads to a distortion of the mean spatial radial frequency Vv, (Fig. 5).

Therefore, to clarify the average frequency V,, the noise component of Py is removed. An additive
white Gaussian noise was used as a noise model [19, 22]. The level of Gaussian noise is described by its
mean square deviation Oyg.

The average spatial frequency V, of image f'is calculated based on the radial distribution Pr(d), where
d=1, ..., Ny, without taking into account the constant component (zero frequency with number d = 1)
according to the equation
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Fig. 6. Diagram of mean strain values in local regions of the diamond, calculated by various methods: strains calculated
based on the radial distribution Py area (g,) and average radial period 7, (€7); average strains calculated based on the
Kikuchi ¢pband profiles (gg).
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which is calculated based on the radial distribution Py in the range from 7,™" to 7™, where 7,"" = 25

max min

pixels and 7,7 = 75 pixels. The minimum period value 7, is determined as the average half-width of
the Kikuchi bands, since the band profiles have clear minimums and maximums (smaller spatial periods

max

correspond to the noise component). The maximum period value 7" = 75 pixels is three middle half-

widths of the bands. The spatial periods smaller than T,min correspond to the noise component. Periods

max

that are larger than 7, describe primarily the background of the images rather than the brightness dis-
tribution of the Kikuchi band.

The strain of crystals Ad/d can be determined by changing the periods €, and the area €, of the radial
distributions Py of their energy spectra according to the relations [13]

e, = k; In (&) 7)
S
e, =k ln(—"j, (8)
A A SPM

where coefficient k; = 4.33 X 1073 (as in the determination of strains €, see Eq. (1)), k, = 1.4 x 1073
(selected by minimizing the mean square difference between €, and €y); Tr is the average radial spatial

period for the crystal region (for example, regions 1—15 in Fig. 1a); 7_",0 is the maximum value for all sec-
tions; Sp is the distribution area of Py for each local section (for example, sections 1—15 in Fig. 1a); and
Spu is the minimum Sp value for all sections.
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Figure 6 shows the average strain values in each section of the sample. The resulting strains €, and €,
are consistent with the strains €4 calculated based on the band profiles.

To accord the results of determining the strain €4 of the crystals based on the intensity profiles of the
Kikuchi bands, a constant component Ae = 0.5 X 10~*is added to the values of ¢,and €.

The insignificant difference between the values of &, €,, and €5 can be explained by different
approaches to their determination. The strain value € depends on the individual components of the strain
tensor and is associated with the crystallographic orientation of the bands. The consistency between the
values of &, €4, and €y indicates the prospect of using the Fourier-transform energy spectrum for the anal-
ysis of the Kikuchi patterns.

CONCLUSIONS

The use of the Fourier-transform energy spectra in addition to the method of discrete two-dimensional
Fourier transform of backscattered electron diffraction patterns has created additional possibilities for
determining the average strain values in local regions of synthetic diamonds. This improved the informa-
tion content and unambiguity of the interpretation of changes in the geometry of the Kikuchi bands.

The Kikuchi experimental patterns from different regions of the same sample are characterized by
varying degrees of broadening of the diffraction bands. The degree of broadening of the bands in the Kiku-
chi patterns is associated with strains €;and €4, which can be quantitatively described through the average
spatial period and the area of the radial distribution of the energy spectrum of the Kikuchi pattern.

Aligning the Kikuchi patterns using genetic algorithms and filtering white Gaussian noise to analyze
the obtained Kikuchi patterns with varying degrees of broadening enable taking into account the effect of
instrumental factors on the formation of backscattered electron diffraction patterns.

An analysis of the characteristics of the distribution of average strains in local regions of the crystal on
planar distributions gives not only a qualitative idea of the nature of their anisotropy but also a qualitative
idea of the possible nature of the effect of technological parameters on the inhomogeneity of crystal
growth conditions.
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