PROCEEDINGS OF SPIE
SPIEDigitalLibrary.org/conference-proceedings-of-spie

Defect structure of high-resistivity
CdTe:Cl crystals according to the
data of high-resolution x-ray
diffractometry

Fodchuk, I., Kuzmin, A., Hutsuliak, I., Solodkyi, M.,
Dovganyuk, V., et al.

I. Fodchuk, A. Kuzmin, I. Hutsuliak, M. Solodkyi, V. Dovganyuk, O.
Maslyanchuk, Yu. Roman, R. Zaplitnyy, O. Gudymenko, V. Kladko, V.
Mоlоdkin, V. Lizunov, "Defect structure of high-resistivity CdTe:Cl crystals
according to the data of high-resolution x-ray diffractometry," Proc. SPIE
11369, Fourteenth International Conference on Correlation Optics, 113691H
(6 February 2020); doi: 10.1117/12.2553970
Event: Fourteenth International Conference on Correlation Optics, 2019,
Chernivtsi, Ukraine
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 20 Nov 2020 Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

Defect structure of high-resistivity CdTe:Cl crystals according to the
data of high-resolution X-ray diffractometry
I. Fodchuka, A.Kuzmin a, I. Hutsuliaka, M. Solodkyia, V. Dovganyuka, O. Maslyanchuka,
Yu. Romana, R. Zaplitnyya, O. Gudymenkob, V. Kladkob, V. Mоlоdkinc, V. Lizunovc
a

Chernivtsi National University, Kotsjubynskyi str. 2, Chernivtsi, Ukraine
Institute of Semiconductor Physics of NASU, Nauky str. 41, Kyiv, Ukraine
c
Institute for Metal Physics of NASU, Vernadskogo, Blvd. 36, Kyiv, Ukraine
b

Abstract. The degree of structural perfection of CdTe:Cl single crystals was estimated by methods of high-resolution Xray diffractometry. Two possible systems of dislocations that consists of two sets of complete 60-degree dislocations and
Frank partial dislocations were investigated with the use of Krivoglaz kinematic theory and Monte Carlo method. The
density of dislocations that provides correspondence between experimental and simulated reciprocal space maps is
determined.
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1
Introduction
Crystalline cadmium telluride compounds have a wide range of electrophysical properties that have
been widely used in recent decades, in particular, they are opaque in visible spectrum and have a
significant transmittance (~ 70%) of electromagnetic radiation for wavelengths 2–30 μm. It allows the
use of these compounds to design filters for specified spectrum and electron-optical modulators in
near and far infrared regions.1 In addition, cadmium telluride is a promising material for fabrication
of solar cells and solar cells based on CdTe with an efficiency of up to 16.5% are today an alternative
to Si and GaAs-based structures.2, 3
Cadmium telluride has the Gunn effect similarly to gallium arsenide. Although CdTe-based
Gunn diodes parameters are slightly worse than GaAs diodes have, but they can be successfully used
in certain areas, in particular, to generate microwave oscillations.4
Cadmium telluride crystals, doped with chlorine, are promising material for the production of
X-wave and -radiation detectors.5–7 However, the characteristics of such devices are highly dependent
on the structural perfection of CdTe crystals.
Cadmium telluride has cubic syngony lattice with the space group F3m. It has a sphalerite-type
lattice with parameter а=6,481 Å and is polar. In this case, this means that the nuclei of complete
dislocations can end in Cd or Te (metallic and non-metallic types) atomic planes. Sphalerite usually
has high concentrations of different types of complete and partial dislocations (in particular, Shockley
and Frank - and -dislocations), whose orientational characteristics can be described with use of
Thomson tetrahedron, as also helicoidal dislocations are possible.8 Dislocations, due to their specific
nature, play an important role in reaction of the material to external stresses9 and affect electronic and
mechanical properties of devices.
The concentrations of microdefects, their type, as well as the symmetry of the fields of static
distortions, created by these defects, are possible to estimate according to the angular distributions of
intensity, obtained by the method of three-axis X-ray diffractometry. Information on microdefects is
usually found from the "tails" of rocking curves (RCs) and diffraction curves (DCs), which mainly are
Fourteenth International Conference on Correlation Optics, edited by
Oleg V. Angelsky, Proc. of SPIE Vol. 11369, 113691H · © 2020 SPIE
CCC code: 0277-786X/20/$21 · doi: 10.1117/12.2553970
Proc. of SPIE Vol. 11369 113691H-1
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 20 Nov 2020
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use

formed by the diffuse component of X-radiation.10, 11 Central region of rocking curves (FWHM of the
peak) contains information on such defects as dislocations and corresponds to the diffuse scattering
component from randomly distributed dislocations according to Krivoglaz kinematic theory. The
analysis of reciprocal space maps (RSMs) makes it possible to assess qualitatively the degree of
defectiveness of the structure.12 The analysis of RCs and DCs gives an opportunity to obtain
quantitative estimates of the degree of structural perfection – dislocation densities, integral and local
values of deformation, angular misorientation between individual fragments of structure, and bending
radius of atomic planes.13,14
This paper presents the results of investigations of a possible dislocation system in high
resistance Cl-doped CdTe single crystals by means of high-resolution X-ray diffractometry and
simulation based on Krivoglaz kinematic theory.
2
Experimental investigations
The object of study is a set of single crystal (111) CdTe samples from Acro-rad Co., Ltd, grown by
the Bridgman method, with size of 5×5×0,5 mm3 .15, 16 Experimental studies were performed using
Panalytical Philips X'Pert PRO diffractometer with CuK1 radiation. The divergence of the primary
beam and the angular acceptance of the analyzing crystal used in front of the detector were estimated
as i,f  12.

(a)

(b)

(c)
(d)
Fig. 1. Experimental Ih(, 2  ) distributions; reflexes (333) (a, b) and (331) (c, d); CuK1 radiation. Sample
№1 – (a, c); sample №2 – (b, d).
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The intensity distributions Ih(), Ih(2  ) and Ih(, 2  ) in Figures 1 and 2 (θ is diffraction
angle) are obtained using symmetric and asymmetric diffraction schemes., Cross sections of RSMs
were studied for more detailed analysis of the defective structure of the samples, namely, the intensity
distribution in the region of reciprocal space lattice nodes for the cross section, parallel to Qx axis
corresponding to RC, and parallel to Qz axis for DC.

(a)
(b)
Fig. 2. Experimental Ih() distributions (RC) (a), Ih(2  ) (DC) (b); samples № 1 (1) and № 2 (2); (333)
reflex; CuK1 radiation.

All studied sapmles has well-defined defective structure. This is evidenced by the presence of
a strong diffuse background from microdefects in Ih(, 2  ) distributions and blurring due to the
dislocations of quasibragg peaks in Ih() and Ih(2  ) distributions (Fig. 2). The structural perfection
of the studied samples was evaluated according to the values of half-width W of quasibragg peak
regions (Table 1). The correspondence between the experimental and theoretical values of the halfwidths of RC is one of the criteria for assessing the degree of structural perfection of crystals. Analysis
of RSM showed that sample №1 is the most perfect in this set (Fig. 1(a)), since the central region is
characterized by the smallest value of W along the directions Qx and Qz. The presence of additional
peaks on RC (Fig. 2(a)) indicates the mosaic structure of the samples, as soon as their intensity and
distance between them – the size and angular orientation of grains, respectively.
Table 1. Dislocation densities determined from experimental data (NG, NS, NL) and calculated using the Monte Carlo
method (NF and NМ)

Sample
№
1
2
3
4
1
2
3
4

reflection
333

331

NG, (cm-2)
105
3,4
5,8
6,3
2,9
1,3
13,1
10,3
1,3

NL, (cm-2)
106
–
5,12
4,5
2,1
–
5,58
4,72
1,3

NS, (cm-2)
105
4,8
4,9
11,32
8,1
–
–
–
–
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NF, (cm-2)
105
2,4
8,2
7,3
1,8
2,8
12,3
11,1
2,2

NM, (cm-2)
105
7,2
9,3
8,4
7,8
7,3
9,6
8,6
7,9

As a rule, significant changes of the shape of RC, which are often observed, are interpreted
within the so-called phenomenological model of "blocks" and "distortions" of the lattice.17 However,
this approach is largely formal.
It is known that the contribution to the change in shape and half-width of RC is made by:
structural imperfections of the crystal, width of angular intervals of reflection from monochromator
and sample, geometric factors.18 The contribution of each component can be distinguished in different
ways. For example, if the shape of RC is described by the Gaussian distribution, then the part of
defective component WG, which depends on the density of dislocations and packaging defects, is
determined by the relation
2
Wexp = √WG2 + Wteor
,

where Wteor =

(1)

2C|χh |
sin 2θ

, χh is the Fourier component of crystal polarization, C is the polarization factor.

In particular, for the symmetric (333) reflex Wteor  4, and for the asymmetric (331) – Wteor  6.
Equation (1) allow us to obtain a quantitative estimate of the increase in the half-width of RC
(WG) due to integral effect of various types of defects in crystal. In the case of chaotic distribution of
dislocations, which is often found in real crystals, the average dislocation density can be estimated19
as
NG =

W2G

2

⃗|
9|b

,

(2)

where 𝑏⃗ is the Burgers vector of crystal dislocations.
If the crystal consists of blocks separated by small angular boundaries, formed by one dislocation
system, then the dislocation density NL in the direction perpendicular to the dislocation lines can be
estimated by the angle  of disorientation between the two blocks19:
NL =

∆θ

(3)

⃗ |T
3 |b

where T is the average block size.
Table 1 shows estimation of NG for all samples. The value of NG was determined for the most
perfect grain, Since characteristic fragmentary (mosaic) structure appears for samples № 2 and № 3
on Ih() distributions (Fig. 2). In addition, possible densities NL of dislocations, located at the
boundaries of grains, were also taken into account for specimens № 2, № 3 and № 4 (Table 1). At the
same time, Table 1 also shows the possible densities NS of screw dislocations, which were estimated
from the Williamson-Hall plot by the slope angle α of mosaic grains (Fig. 3)20, 21:
NS =

α2
2

⃗|
4,35∗|b

(4)

The values NG and NS obtained in Table 1 confirm that sample №1 is the most perfect, sample
№2 is the least perfect, and samples №3 and №4 occupy an intermediate position. They are
characterized by complex fragmentary (mosaic) structure and considerable dislocation densities.
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Fig. 3. Williamson-Hall plot for a series of symmetric (hhh) reflexes of ω-scans for evaluation of NS in samples
№1-№4.

(a)
(b)
̅ 11
̅ ) and
Fig. 4. (a) Schematic layout of two dislocation systems with Burgers vectors and lines located in (1
̅1
̅ ) planes (a); Thomson tetrahedron and dissociation of complete dislocations CD and DB on partial Shockley
(11
dislocations Dα and αC, vertex dislocation BC, and CD on Frank Dδ and Shockley δC dislocations (b).25
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In general, cadmium telluride crystals, in addition to dislocations, are characterized by the
presence of a whole spectrum of microdefects, inclusions of another phase, stoichiometry
disturbances, etc. Such defects are usually evidenced by asymmetry in the form of RC, namely of their
tails. In this case, the analysis of the diffuse scattering component allows us to estimate the size and
concentration of microdefects.22
At the same time, it is of great interest to study the influence of the dislocation system on the
increase in the values of widths W and the influence of X-ray scattering effects on the shape of RSMs
and RCs, using theoretical concepts developed in works23 and24.
It should be noted that the orientational characteristics of the Burgers vectors of dislocations
in corresponding {111} planes for CdTe are described by the Thomson tetrahedron.26 – 28 Figure 4
shows probable dissociation of complete 60-degree CD and DB dislocations to partial with next
Burgers vectors: Frank edge dislocations ⃗⃗⃗⃗
b𝐹 = a⁄3 < 111 >; Shockley screw dislocations ⃗⃗⃗⃗
b𝑆 =
a⁄ < 112 >; vertex edge dislocations b
⃗⃗⃗⃗𝑉 = a⁄ [101] and Lomer-Cotrell dislocation barriers,
6
6
consisting of one vertex and two Shockley dislocations. In particular, in Fig. 4(b):
a⁄ [011] → a⁄ [112] + a⁄ [121]
2
6
6
a⁄ [011] + a⁄ [1
̅1
̅ 0] → a⁄ [121] + a⁄ [121] + a⁄ [101]
2
2
6
6
6
a⁄ [011] + a⁄ [01
̅ 1] → a⁄ [112] + a⁄ [11
̅ 2] + a⁄ [001]
2
2
6
6
3

(5)
(6)
(7)

It is known that vacancies can form a disk, whose flat surfaces are {111} planes. If the disk is
slammed with displacement of flat surfaces along the direction, perpendicular to the surface, then a
Frank-type dislocation loop, which limits the packing defect of the fall type, is created.
3
Theoretical relations
Different approaches of kinematic (Krivoglaz theory29) and dynamic diffraction theories30-32 can be
used to simulate RSMs.
If one limits himself to the case of distortions, when atomic planes are displaced relatively to
the positions in ideal crystal without changing their scattering ability, then the polarization of the real
crystal χ(r) can be decomposed into a Fourier series33, 34
χ(𝑟) = ∑g χg (𝑟)eig⃗(𝑟−δ𝑢⃗(r)) = ∑𝐠 χ𝐠 (𝑟)eig⃗def (𝑟−δ𝑢⃗(r)) ,

(8)

where g⃗ is the reciprocal lattice vector, χg(g⃗) is the gth component of Fourier polarization, 𝑢
⃗ (r) is the
field of random displacements in crystal, in particular:
𝑢
⃗ (r) = 〈𝑢
⃗ (r)〉 + δ𝑢
⃗ (r), g⃗ def = g⃗ − ∇(g⃗ ∙ 〈𝑢
⃗ (r)〉).

(9)

Here g⃗def is a vector of averaged reciprocal lattice. In the following we denote "def".
In the presence of a high concentration of dislocations in crystals, a complete differential
scattering cross section (coherent + diffuse components) will be35
dσ

K4

2

= 16π4 |χg | ∭ d3 𝑟 ∭ d3 𝑟 ′ Gg (𝑟, 𝑟 ′ )e−ig(𝑟 −𝑟
dΩ

′)

(10)

where V is the volume of the sample, Ω is the form function and the Green function Gg is
′

′

′

−T (𝑟,𝑟 )

α

Gg (𝑟, 𝑟 ) = 〈e−ig(𝑢⃗(𝑟)−𝑢⃗(𝑟 )) 〉 ≡ e g
, а 𝑢⃗ (𝑟n ) ≡ 𝑢⃗n = ∑α ∑m cαm ⃗𝜈nm . (11)
Here 𝑐 is the concentration of α-type dislocations, 𝜈 𝛼 is the displacement field from α-type
dislocations, T is scattering operator, which in the kinematic approximation is T  V, where V is the
scattering potential.
In the kinematic approximation of the scattering theory, amplitude of coherent part of scattered
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wave is proportional to
〈E〉∞ ∭ d3 𝑟〈χg (𝑟)e−igδ𝑢⃗ (𝑟) 〉e−ig𝑟 .

(12)

If sample is statistically homogeneous, then
where

〈χg (𝑟)e−igδ𝑢⃗(𝐫) 〉 = χg e−D

0  eD  1

(13)

is static Debye-Waller factor.
Usually, dislocations positions in real crystals are highly correlated.36, 37 In this case, the
expression for T will be
(1)

(2)

Th (𝑟n , 𝑟m ) ≡ T𝐡nm = T𝐡nm + T𝐡nm ,

(14)

where
α

(1)

α

α
α
Thnm ≈ ∑α,k c α Φnmk
; Φnmk
= 1 − e−iℎ⃗ (𝜈⃗nk−𝜈⃗mk) ; ρα = c α ⁄an

(15)

is uncorrelated addition, and
1

(2)
β
β
α
Thnm ≈ − ∑(α,k)≠(β,δ) 〈δckα δcs 〉 Φnmk
Φnms , δckα = ckα − c α
2

(16)

includes two-point correlation, described by correlation function
αβ

β

εks = 〈δckα δcs 〉,
(17)
where n is a dimension of dislocation array, ρis n-dimensional dislocation density, and it is also assumed that
c  1.

Within this theory, using the Monte Carlo method, based on relations (14)–(17), one can
calculate the intensity of scattered radiation 𝐼(𝑄𝑥 , 𝑄𝑧 ) in the case of a possible dislocation system in
cadmium telluride crystals.38
4
Simulation results
In our case, simulation of RSMs (Fig. 5) was performed using relations (8)–(17) of kinematic
Krivoglaz theory29, which well describes coherent and diffuse scattering of X-waves in crystals that
contain high concentrations of screw and edge dislocations. Since the dislocation density in the crystals
is quite high (~ 105–106см- 2), the Monte Carlo method was used to simulate RSMs taking into account
relaxation of surface stresses (Fig. 5).
Two model systems of dislocations were selected to determine the influence of structure
imperfections on the formation of RSMs: a) complete 60-degree dislocations with Burgers vectors
⃗⃗⃗⃗
̅ ) and (1̅11̅) planes (Fig. 4a); b) partial
b1 = a⁄2 [1̅1̅0] and ⃗⃗⃗⃗
b2 = a⁄2 [011], whose lines are in (11̅1
Frank dislocations ⃗⃗⃗⃗
b𝐹 = a⁄3 < 111 >, whose lines are oriented in < 01̅1] and [1̅01 > directions
(Fig. 4(b)). Such dislocations may also be located within low-angle boundaries between blocks.39
Monte Carlo calculations were performed until coincidence of half-widths of experimental and
theoretically calculated distributions of RSMs along Q x and Qz directions for symmetric and
asymmetric reflexes (Fig. 5). The densities NМ and NF of complete and partial dislocations of two
model systems, determined during the simulation process, are different (Table 1). This may be due to
the choice of geometry of the dislocation systems, and obviously to different influence of screw and
edge components of complete and partial dislocations, as well as to the fact that the influence of
dislocations located at the boundaries of grains has been partially taken into account.
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0,0050

0,018
25,15

26,70

23,19

25,00

21,22

0,0025

20,00
18,00
14,01
10,73

0,0000

8,450

-0,0025

19,26

0,009

21,50

Qz (1/angstrom)

Qz (1/angstrom)

23,50

17,30
15,34
13,38
11,41

0,000

9,450

-0,009

-0,018

-0,0050
-0,0050

-0,0025

0,0000

0,0025

-0,010

0,0050

-0,005

0,000

Qx(1/angstrom)

Qx (1/angstrom)

(a)

0,005

0,010

(b)

0,008

23,10

0,010

25,25

22,34

23,80

21,59
20,38

20,10

0,004

18,40
17,00
13,51
11,56

0,000

9,600

Qz (1/angstrom)

Qz (1/angstrom)

21,99

0,005

18,13
16,97
15,16
14,26

0,000

11,85

-0,005

-0,004

-0,010
-0,008
-0,010

-0,005

0,000

Qx (1/angstrom)

0,005

-0,010

-0,005

0,000

0,005

Qx (1/angstrom)

0,010

0,015

(c)
(d)
Fig. 5. Simulated Ih(𝑄𝑥 , 𝑄𝑧 ) distributions, (333) and (331) reflexes, CuK1 radiation, samples №1 (a, c) and №2
(b, d).

Calculated NM values are higher than the experimental ones for the first model. Probably, in
the case of symmetric diffractions, both screw components of 60-degree dislocations (in particular,
partial Shockley dislocations ⃗⃗⃗⃗
b𝑆 = a⁄6 < 112 >) and edge components (Frank dislocations Dδ (Fig.
4)), whose components of Burgers vectors ⃗⃗⃗⃗
b𝐹 = a⁄3 [111] are parallel to the diffraction vector g⃗.
Vertex edge dislocations can also contribute to the formation of RSMs of asymmetric (331) diffraction.
The best correspondence of calculated NF values with the experimental ones is obtained from
the model of two sets of partial Frank dislocations (Table 1). It should be noted that such defects are
characteristic for CdTe.40
At the same time, not only the possible dynamic processes of X-ray scattering, but also more
complex, characteristic for CdTe defect structure, must be taken into account for a more complete
coincidence of experimental and simulated RSMs, especially of the areas of diffuse scattering.
Conclusions
1. The degree of structural perfection of CdTe:Cl single crystals was estimated with use of
high-resolution X-ray diffractometry. A possible dislocation structure in CdTe single crystals has been
experimentally and theoretically investigated, and its effect on the formation of RSMs has been
analyzed.
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2. Estimates of dislocation densities NG, obtained from the analysis of the FWHM values of
experimental rocking curves, as well as NS, obtained from Williamson-Hall plot as a function of the
slope angle α, are shown. The most perfect crystal has the dislocation density within 10 5 см- 2. Other
samples have a complex mosaic structure and considerable dislocation densities ~ 106 см-2.
3. A model dislocation system of two sets of dislocations was investigated on the basis of
Krivoglaz kinematic theory and using the Monte Carlo method: 60-degree dislocations with Burgers
̅ ) and (1̅11̅) planes; partial Frank
vectors ⃗⃗⃗⃗
b1 = a⁄2 [1̅1̅0] and ⃗⃗⃗⃗
b2 = a⁄2 [011], whose lines are in (11̅1
dislocations ⃗⃗⃗⃗
b𝐹 = a⁄3 < 111 >, whose lines are oriented in < 01̅1] and [1̅01 > directions. The
calculations were performed till the coincidence of FWHM of experimental and theoretically
calculated intensity distributions of RSMs along Qx and Qz directions for symmetric and asymmetric
reflexes. The best fit of calculated dislocation densities with experimental ones is given by a model
representation of two sets of partial Frank edge dislocations.
4. At the same time, dynamic processes of coherent and diffuse X-ray scattering, as well as a
more complex structure with a whole spectrum of high microdefect concentrations (with spherical,
cylindrical or prismatic shapes), need to be taken into account in order to achieve a more complete
correspondence between experimental and theoretical RSMs, especially of the diffuse scattering
regions.
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Caption List
Fig. 1. Experimental Ih(, 2  ) distributions; reflexes (333) (a, b) and (331) (c, d); CuK1 radiation.
Sample №1 – (a, c); sample №2 – (b, d).
Fig. 2. Experimental Ih() distributions (RC) (a), Ih(2  ) (DC) (b); samples № 1 (1) and № 2 (2);
(333) reflex; CuK1 radiation.
Fig. 3. Williamson-Hall plot for a series of symmetric (hhh) reflexes of ω-scans for evaluation of NS
in samples №1-№4.
Fig. 4. (a) Schematic layout of two dislocation systems with Burgers vectors and lines located in (1̅11̅)
and (11̅1̅) planes (a); Thomson tetrahedron and dissociation of complete dislocations CD and DB on
partial Shockley dislocations Dα and αC, vertex dislocation BC, and CD on Frank Dδ and Shockley
δC dislocations (b) [41].
Fig. 5. Simulated Ih(𝑄𝑥 , 𝑄𝑧 ) distributions, (333) and (331) reflexes, CuK1 radiation, samples №1 (a,
c) and №2 (b, d).
Table 1. Dislocation densities determined from experimental data (NG, NS, NL) and calculated using
the Monte Carlo method (NF and NМ).
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