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The defect structure of crystalline compounds is investigated using the total 
integrated-reflectivity method. For interpretation of the experimental data, 
a generalized dynamical theory of x-ray diffraction is applied to real crystals 

containing randomly distributed microdefects of various types and a dis-
turbed surface layer. The dynamics of the concentration and size variations 

are analysed for several types of interconnected dominant defects, including 

spherical and disk-shaped clusters, as well as dislocation loops. 
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Досліджено дефектну структуру кристалічних сполук методою повної 
інтеґральної відбивної здатности. Для інтерпретації експериментальних 

даних використано узагальнену динамічну теорію дифракції Х-променів 
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у реальних кристалах з хаотично розподіленими мікродефектами різних 

типів і порушеним приповерхневим шаром. Досліджено динаміку зміни 

концентрацій і розмірів декількох типів взаємопов’язаних домінуваль-
них дефектів (сферичні та дископодібні кластери, дислокаційні петлі). 

Ключові слова: повна інтеґральна відбивна здатність, високороздільча Х-
променева дифрактометрія, динамічна теорія, кінематична теорія, криві 
дифракційного відбивання, кристалічні сполуки. 

(Received 3 March, 2026; in final version, 16 April, 2026) 
  

1. INTRODUCTION 

This article is dedicated to the memory of Prof. V. B. Molodkin, Corre-
sponding Member of the National Academy of Sciences of Ukraine. 
 Over the recent decades V. B. Molodkin and his colleagues working 

at G. V. Kurdyumov Institute for Metal Physics, NAS of Ukraine have 

demonstrated the possibility of radically increasing the sensitivity and 

information capacity of defective structure diagnostics. This was 

achieved through the application of dynamical diffraction, the theo-
retical foundations of which were established by V. B. Molodkin [1–4]. 
 Modern non-destructive structural diagnostics is based on the ex-
perimental study of how structural imperfections influence the dif-
fraction scattering pattern of the investigated object using various x-
ray wavelengths, followed by the structural characteristics decoding 

based on the pattern parameters. The kinematical theory of Bragg and 

diffuse scattering in crystals with defects, developed by M. O. Krivo-
glaz, has been and remains the theoretical basis for quantitative re-
search on defect characteristics and their distribution [5, 6]. However, 
the single-scattering approximation, which underlies the kinematical 
theory, leads to significant limitations in its application. Specifically, 

the kinematical theory is effective for polycrystals and single crystals 

highly distorted by defects, but it becomes largely inapplicable when 

the dimensions of the crystals and coherent scattering regions exceed 

the extinction length. In such cases, the theory of multiple dynamical 
scattering is required [7–9]. 
 Another drawback of the kinematical theory is that it allows for the 

investigation of defect characteristics only if a single dominant type is 

present in the crystal. This is due to the fact that the kinematical pat-
tern remains virtually identical across all diffraction conditions; it re-
flects experimental measurements of the defects’ influence on a single 

scattering pattern, from which characteristics of only one defect type 

can be determined. Currently, most modern devices are multi-
parametric, and single-crystal components simultaneously contain 

multiple types of defects. Furthermore, the sensitivity of kinematical 
scattering is insufficient for the quantitative diagnostics of even a 
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single defect type in structurally perfect single crystals. In this case, 

coherent scattering can be correctly described only within the frame-
work of the dynamical theory of x-ray scattering [10–12], accounting 

for multiple scattering processes. 
 In addition, it was predicted and experimentally confirmed by dou-
ble-axis and triple-axis diffractometry methods that dynamical effects 

also occur with diffuse x-ray scattering near Bragg reflections from 

imperfect single crystals [13–15]. In the case of Bragg diffraction ge-
ometry, these effects cause a significant reduction in diffuse scatter-
ing intensity within the total reflection region (the extinction effect) 

and its redistribution near the Bragg peak (anomalous transmission 

and absorption effects) [8, 9]. During the dynamical x-ray scattering in 

crystals with defects, much like in the dynamical theory for ideal crys-
tals, the boundary conditions and diffraction geometry of the investi-
gated crystal exert a substantial influence on the distribution and 

magnitude of the diffracted x-ray intensity, in contrast to the kine-
matical theory. Furthermore, the thickness of the crystal and the radi-
ation energy significantly affect the behaviour of diffracted intensi-
ties in both perfect and defective crystals. Isolating and utilizing the 

diffuse scattering component under dynamical diffraction conditions 

enhances the informative potential of these methods, as diffuse scat-
tering carries the most comprehensive and direct information regard-
ing the structural perfection of the objects. At sufficiently high defect 

concentrations, they can contribute significantly to the diffuse scat-
tering intensity in the Bragg peak region. A correct description of dif-
fuse scattering is provided by the dynamical theory of x-ray diffrac-
tion in crystals with randomly distributed defects. 
 The primary advantage of angular intensity distributions is the abil-
ity to determine the concentration and size of defects, as well as their 

type (interstitial or vacancy) and the symmetry of the static distortion 

fields they create. Among these highly informative methods is the to-
tal integrated reflectivity (TIR) method, where information about de-
fects is extracted from the full diffraction curves, which represent the 

distributed scattering intensity. Consequently, when considering rela-
tively perfect single crystals with defects, it is necessary to apply diag-
nostics based specifically on the dynamical scattering theory [16, 17]. 
 This approach is based on the analysis of the TIR from investigated 

crystal. In Refs. [18–22], the dislocation structure of crystalline com-
pounds was studied based on the kinematical theory of x-ray scatter-
ing. In contrast, the TIR method employs the dynamical theory to ob-
tain more comprehensive information about the defective structure. 
We have approved this method for crystalline compounds with a well-
developed defective structure. Its application enables the estimation of 

the concentrations and sizes of several defect types, namely, disloca-
tion loops, disk-shaped formations (extended blocks) and spherical 
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formations (grains). This method allows for the most complete and ac-
curate diagnostics of defects within the bulk of single crystals and the 

determination of the parameters of disturbed surface layers. 
 Cadmium telluride CdTe crystalline compounds are widely used in 

the fabrication of x-ray and γ-ray detectors [23, 24]. However, CdTe 

crystals are characterized by a well-developed defect structure (vari-
ous types of dislocations, dislocation loops, foreign phase inclusions, 
cluster formations, etc.), which subsequently has a negative impact on 

their sensing properties. Although the methods for growing high-
perfection crystalline compounds improve every year, the influence of 

the defect structure on the electrical and spectroscopic properties of 

detectors remains an ever-present and relevant problem. 
 In the article, the using of TIR method is illustrated by the example 

of semiconductor materials. Nevertheless, the appropriateness of us-
ing such methods in the researching of metallic single crystals with 

microdefects is even higher than for semiconductors. This is due to the 

fact that an approximate description of the effects of radiation scatter-
ing (including dynamical effects) in such crystalline compounds can 

lead not only to a quantitative, but also to a qualitatively incorrect de-
scription of the defect structure. For example, the kinematical theory 

of scattering for single crystals with dislocations assumes a complete 

absence of a coherent component of the intensity. However, in the dy-
namical approach, taking into account the effects of multiple scatter-
ing, leads to an effective cut-off of the contribution of distant disloca-
tions to the scattering characteristics and, as a result, even with a suf-
ficiently high concentration of dislocations in the crystal, coherent 

peaks are observed. 
 This paper presents the results of testing the method of total inte-
grated reflectivity and computer simulation of the defect structure for 

several types of defects in cadmium telluride crystalline compounds. 

2. OBJECTS OF RESEARCH 

The objects of research are a set of (111)CdTe crystalline compound 

samples from Acrorad Co., Ltd., grown by the traveling heater meth-
od, with dimensions of 5×5×1 mm3

 [25, 26]. Experimental studies were 

conducted on a Panalytical Philips X’Pert PRO diffractometer using 

radiation CuKα1. The divergence of the primary beam and the angular 

acceptance of the analyser crystal used before the detector is ∆α ≅ 12″. 

3. TOTAL INTEGRATED REFLECTIVITY METHOD 

The generalized dynamical theory of x-ray diffraction in real crystals 

with randomly distributed microdefects of various types and a dis-



CHARACTERIZATION OF THE DEFECT STRUCTURE OF CRYSTALLINE COMPOUNDS 453 

turbed surface layer was used to interpret the experimental results 

[27]. The best results were obtained for a model containing the follow-
ing dominant types of microdefects: disk-shaped clusters, small spher-
ical clusters, and dislocation loops. The presence of thermal diffuse 

scattering was accounted for by scattering on point defects, represent-
ed by spherical clusters with sizes equal to the covalent radii of cadmi-
um and tellurium atoms. The strain distribution in the disturbed sur-
face layer was represented by a multistep profile corresponding to the 

so-called ‘layer-by-layer approximation’. Within this approximation, 

the disturbed layer is represented as a set of sublayers with thickness 

ti, in each of which the strain epsilon is constant. 
 Unlike the kinematical theory, the dynamical theory introduces two 

additional structurally sensitive parameters (which in several cases 

are significantly more informative than the Krivoglaz’s factor (static 

Debye–Waller factor E2): these are the integrated extinction coeffi-
cients of the coherent ( 0

dsµ ) and diffuse (µ*) components of TIR. This 

provides an opportunity, unavailable in the kinematical case, to de-
termine unambiguously the parameters of several defect types simul-
taneously using TIR measurements [8, 9]. 
 In the case of a uniform distribution of bounded defects with radius 

R0 and concentration c, the following expression is valid [28]: 

 
20 2 2 2 2

ds 0 0 c r

2 2
1 2 0 1 1 2 2 1 B 2

, (2 ),

ln( / ), /3, cos /2,

cE C m B m v H

B b b e r b B B b B B

µ = = π χ λ

= + = + = + θ
H  (1) 

where r0 = R0/Λ, Λ = λ(γ0γH)1/2/(CχHr) is the extinction length, H is the 

diffraction vector, e is the base of the natural logarithm, and it is as-
sumed that r0 < 1. 
 For spherical clusters: B1 = 0, B2 = (4πAcl/vc)2, 

3
cl 0A R= Γε  is the clus-

ter strength, ε is relative strain at the cluster boundary, and 

Γ = (1 + ν)/((3(1 − ν)). For disk-shaped clusters: B1 = B2 = (4πAcl/vc)2, 
2

cl p pA h R= Γε  is the cluster strength. For randomly distributed disloca-
tion loops: 2 2 2 2

1 0 c 2 14( / ) /15, , (3 6 1) /(4(1 ))B b v B bB= π = β = ν + ν − − ν , 

vc is the unit cell volume, ν is the Poisson’s ratio, and b is the Burgers 

vector. 
 If 

0
ds 0µ << µ  and r0 << 1, the following approximate relationship is 

valid [29]: 
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The relationship between the Krivoglaz’s factor exponent LH = −lnE 

and the defect characteristics is described by the following expres-
sions: 

 1 3 3/2
c 00,5 ( ) for dislocation loopsL cv R Hb−≈H , (3) 

 2 2 2
00,5 (1 /100) for spherical clusters ( <<10)L cn≈ η − η ηH , (4) 

 3/2 2
0 for spherical clusters ( <<10)L cn≈ η ηH ,  

where 
3

0 0 c4 /3n R v≈ π  is the number of matrix unit cells replaced by a 

cluster, 
1/3

0 0n hη = α , α0 = Γε(6π2/n0)1/3, ν0 is the number of atoms in the 

cubic matrix cell, h = Ha/2π, and a is the lattice constant. 
 Through the parameters E, 

0
dsµ , and µ*, the TIR value Ri is linked to 

the defect characteristics (c, R0, ε, b). 
 In the case of arbitrary (asymmetric) Bragg diffraction geometry, 
the expression for the TIR, which combines the limiting cases of ‘thin’ 
(µ0l << 1) and ‘thick’ (µ0l >> 1) crystals, is as follows: 

 dyn 2
i i i (1 )R R PE R E= + Π − , (5) 

dyn
i 016 /3R CQ= Λ πγ , Ri = C2Qt/γ0 is the TIR of a perfectly mosaic crys-

tal, 

 
* 1

0 0*

* 1
0 0

(2( ) / ) , 1,
( , )

(1 ( ) / ) , 1, ,B

t t
t

t t t

−

−

 µ + µ γ µ >>Π µ = 
+ µ + µ γ µ < >> Λ

, (6) 

1/γ = (1/γ0 + 1/γH)/2, ΛB = l(/γ0γH)1/2/(2πCχHr) = L/2π, P = 1 − 3πs/4 

with 
0

0 ds( ) /s E C= µ + µ Λ γ , s << 1, P is the polarization factor, 
Q = (πχHr2)/(λsin(2θ)) is the reflectivity per path length unit, χHr is 

the real part of the Fourier component of the crystal polarizability, t is 

the crystal thickness, γ0, γH are the direction cosines of the wave vec-
tors of the plane wave incident on the crystal and the diffracted wave, 

respectively, relative to the inward normal to the entry surface, and µ0 

is the linear photoelectric absorption coefficient. 
 Here, the integrated effective absorption coefficients 

0
dsµ  and µ*

 are 

described by the approximate expressions (1), (2) under conditions 
0
ds 0µ << µ  and R0 << Λ. 

4. RESEARCH RESULTS 

Experimental dependences of TIR, normalized on the reflectivity of 

ideal crystal, on the reflection order (extinction thickness Λhkl) are 

shown in Fig. 1. These dependences are non-monotonic. Samples Nos. 2 

and 4 exhibit higher TIR values than sample No. 2; notably, the maxi-
mum increase in reflectivity is observed at lower reflection orders for 
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sample No. 2. The calculation of the normalized TIR was performed 

with a precision of 0.01, meaning the calculated dependences of the 

normalized TIR on the reflection order will have same shape. 
 We considered several possible combinations of microdefects with 

different sizes and concentrations present in the investigated crystals 

[30]: disk-shaped clusters—relatively large CdTe grains surrounded by 

dislocation loops of corresponding sizes, and small spherical clusters—

 

Fig. 1. Dependences of the normalized TIR ρ on the reflection order (extinc-
tion thickness values) for a set of samples. 

  
a b 

Fig. 2. Dependences of concentrations (a) and sizes (b) of dislocation loops on 

the reflection order. 
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small CdTe grains located in the spaces between large grains; disk-
shaped clusters—relatively large CdTe grains, and dislocation loops. 
 The best agreement between the experimental and theoretical TIR 

dependences (Fig. 1, ρ = ρexp ≈ ρteor, the deviation does not exceed 1%) 

was obtained for the first model, which assumes the presence of three 

types of dominant defects in the crystal. This allowed for the determi-
nation of the characteristics (concentration and size) of the dominant 

defects in the crystals (Figs. 2–4, Tables 1–3). 
 Samples Nos. 2–4 exhibit several characteristic features on C(Λhkl) 
dependences (Figs. 2–4, a). Specifically, the concentration of disloca-
tion loops for all samples (Fig. 2) comparing to the control sample de-
creases sharply from the surface to a depth of ≅ 9 µm, followed by an 

increase. The decrease in concentration at a depth of 9 µm is associated 

TABLE 1. Values of concentrations C and sizes R of dislocation loops depend-
ing on the order of reflection. 

Sample  
Reflection 

111 333 444 

2 

С, cm−3 

5.3⋅1011 8.5⋅108 2.1⋅1011 

3 2.7⋅1014 2.9⋅108 7.2⋅1011 

4 1.5⋅1012 7.3⋅107 5.6⋅1011 

 

2 

R, cm 

8.7⋅10−4 1.3⋅10−6 2.6⋅10−5 

3 1.8⋅10−3 1.3⋅10−6 1.6⋅10−6 

4 6.7⋅10−6 1.1⋅10−5 3.8⋅10−5 

  
a b 

Fig. 3. Dependences of concentrations (a) and sizes (b) of disk-shaped clusters 

on the reflection order. 
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with a possible ordering of the structure, followed by its subsequent 

disordering deeper into the crystal. This is confirmed by the uniformi-
ty of the dislocation loop sizes at this extinction depth in samples 

Nos. 2 and 3. Sample No. 4 is characterized by a nearly monotonic be-
haviour of the R(Λhkl) dependence. 
 A somewhat different trend is observed in the С(Λhkl) dependences 

for disk-shaped clusters. Samples Nos. 2 and 3 are characterized by an 

inflection point in the region of the (333) reflection, followed by an in-
crease toward (444). Sample No. 4 has a monotonic decrease with in-
creasing Λhkl. A notable feature is that at the depth of Λ333, the concen-
tration values for all samples remain within the same order of magni-
tude. A completely different behaviour is observed for the size depend-
ences R(Λ). Sample No. 2 exhibits a monotonic curve within a single 

TABLE 2. Values of concentrations C and sizes R of disk-shaped clusters ver-
sus the reflection order. 

Sample  
Reflection 

111 333 444 

2 

С, cm−3 

2.9⋅1013 4.2⋅109 8.5⋅1010 

3 4.9⋅1012 5.4⋅108 1.1⋅1012 

4 3.8⋅1016 8.1⋅109 3.8⋅109 

 

2 

R, cm 

2.9⋅10−5 3.4⋅10−4 3.2⋅10−4 

3 3.1⋅10−4 2.7⋅10−4 6.6⋅10−6 

4 1.6⋅10−5 5.1⋅10−6 1.4⋅10−4 

  
a b 

Fig. 4. Dependences of concentrations (a) and sizes (b) of spherical clusters on 

the reflection order. 
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order of magnitude. Sample No. 3 shows a gradual decrease toward 

(333), which intensifies down to the depth of (444). The pattern for 

sample No. 4 is fundamentally different: a gradual decrease toward 

(333) followed by an increase toward (444). 
 Regarding the concentration dependences of spherical clusters for 

samples No. 2 and No. 3, a sharp decrease toward (333) is observed, fol-
lowed by an increase in values toward (444). For sample No. 4, the 

curve shows a monotonic decrease in concentration values. The general 
behaviour of the size dependences shares a common feature for all 
samples—the proximity of R(Λhkl) values for higher-order reflections. 
The scatter of cluster size values for the (111) reflection is explained 

by the influence of the disturbed surface layer, with the most favoura-
ble situation observed for sample No. 3. The anomalous deviation of 

the R(Λ111) value can be attributed to the effects of mechanical surface 

treatment. 

5. CONCLUSIONS 

The defective structure of crystalline compounds was investigated us-
ing the total integrated reflectivity method based on the dynamical 
theory of x-ray diffraction. The most optimal combination of microde-
fects was identified during the simulation process: disk-shaped clus-
ters (representing relatively large CdTe grains) surrounded by disloca-
tion loops of corresponding sizes, and small spherical clusters (repre-
senting small CdTe grains) located in the spaces between the large 

grains. The dynamics of changes in the concentration and size of mi-
crodefects as a function of the extinction depth were demonstrated. 
 The general behaviour of С(Λhkl) and R(Λhkl) can be explained by the 

significant influence of the disturbed surface layer in all samples, as a 

TABLE 3. Values of concentrations C and sizes R of spherical clusters versus 

the reflection order. 

Sample  
Reflection 

111 333 444 

2 

С, cm−3 

5.2⋅1015 1.1⋅108 4.4⋅108 

3 7.5⋅1015 3.4⋅108 7.6⋅1011 

4 8.8⋅1014 3.8⋅1010 8.7⋅109 

 

2 

R, cm 

2.9⋅10−6 3.4⋅10−5 9.9⋅10−5 

3 1.8⋅10−8 1.2⋅10−5 3.5⋅10−5 

4 1.4⋅10−4 2.9⋅10−5 2.9⋅10−5 
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scatter in the size values of spherical microdefects is observed across 

all samples, while the range of concentration variations remains mini-
mal. For the complex consisting of a disk-shaped microdefects and a 

dislocation loops, the dynamics of concentration and size changes are 

interconnected in samples Nos. 3 and 4. For sample No. 2, a significant 

deviation in sizes occurs. This can be attributed to the mosaic nature of 

the structure and the influence of the surface and grain boundaries, 
with the impact of the second one increasing with depth. 
 Overall, the considered model of the defective structure requires 

further supplementation with model microdefects that would allow for 

a better interpretation of grain boundary effects. Nevertheless, the 

proposed method for calculating the defective structure yields results 

that correlate well with the results of previous studies of these samples. 
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