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Abstract
Objective: Substantiation of the result of the interaction of thermal neutrons with CdTe crystals by quan-
tum-chemical methods and comparison of the experimental results with the results of quantum-chemical 
calculations.

Methods: Single crystal samples of cadmium telluride (CdTe) were obtained by a modified Bridgman 
method. The plates cut from the single crystal were subjected to mechanical grinding with abrasive paper 
of the type P1,200-P4,000, mechanical polishing with silver paste. To clean the surface of the plate from 
contamination, it was washed in ethyl alcohol. In the experimental part of the work, the influence of low 
thermal neutron fluxes on the structural parameters of CdTe was studied. The samples were irradiated with 
a thermal neutron flux in the range from 2.64×107 neutron/cm2 to 1.85×109 neutron/cm2. To study the struc-
ture of CdTe crystals, the method of X-ray structural analysis was used, using a DRON-3 X-ray diffractom-
eter. In the second part of the work, computer modeling of the process of interaction of thermal neutrons on 
CdTe crystals was carried out.

Results: X-ray diffraction analysis of the crystals showed that as a result of irradiation with low thermal 
neutron fluxes, the structural parameters of CdTe improve, as evidenced by the ordering of the crystallites. 
In addition, in this region of the thermal neutron flux the resistance of the crystals decreases.

Conclusion: Calculations of the crystal lattice parameters of CdTe are in good agreement with experimental 
data. The electronic and optical properties of CdTe have been studied. A decrease in the band gap after 
irradiation with thermal neutrons has been shown.
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1 INTRODUCTION
The possibilities of converting solar energy into 

electricity are considered in the context of projected global 
energy needs for the 21 century. Therefore, a very urgent 
task facing scientists and engineers is the study of a number 
of electronic, optical, thermal and other characteristics of 
new materials for the purpose of their application in solar 
energy. The huge scientific and practical interest in these 
processes is due to the fact that they are aimed at solving 
global problems of energy saving. The study of material 
properties opens up the possibility of synthesizing and 
developing materials with optimal characteristics for use 
in solar energy. Thin film solar cells are becoming an 
increasingly popular and viable alternative to crystalline 
silicon in the photovoltaic industry. In the thin film category, 
the most promising technology is cadmium telluride (CdTe), 
whose light conversion efficiency exceeds 21.6%[1,2]. 
Increasing efficiency from < 1% to viable levels with record 
research cell efficiency of > 20% requires processing of the 
crystal structure using modern manufacturing processes[3-7]. 
The attractiveness of this material is due to many reasons: 
high absorption, optimal direct energy conversion band gap 
of 1.5eV[8], ease of fabrication and scalability, as well as low 
rates of device performance degradation in harsh climatic 
conditions[9], especially in hot and humid environments. 
CdTe, a p-layer in a pn-junction device due to the 
naturally contained Cd vacancies that enhance its p-type 
characteristics, is also an absorbing material because it 
captures a high percentage of photons in the solar spectrum 
at a small thickness[10].

CdTe, being thin film semiconductors, is polycrystalline 
in nature, meaning there are very small crystallites within 
the material, about a micron in size, and between the 
crystallites there are grain boundaries. In addition, various 
photovoltaic materials are deposited on CdTe, forming a 
multilayer superstrate configuration. When we connect all 
the layers together, we essentially have multiple interfaces. 
The study of interfaces where one material must match 
another has been a focus of research for many years.

Along with modern methods of modifying the structure 
of crystals, treatment using irradiation is a promising 
method. In the recent past, a significant amount of work 
has been carried out to study radiation damage to various 
materials and solar cell devices[11-14]. In most cases, high-
energy radiation damages the material, creating a large 
number of radiation defects[12], but low-energy and low-
flux radiation is suitable for creating and modifying its own 
defects[14,15]. Irradiation treatment leads to the appearance 
of additional energy levels in the band gap, which in turn 
facilitates the transition of electrons from the valence band 
(VB) to the conduction bands. In traditional semiconductor 
photovoltaic cells, electrons are directly excited from the 
VB to the conduction band (CB). The introduction of a 
partially occupied intermediate band into the bandgap (BG) 

provides two additional transitions to unoccupied bands, 
allowing the absorption of subband photons.

It is known that degradation processes in optoelectronic 
devices that occur during the introduction of heavy par-
ticles, as well as as a result of nuclear reactions with the 
possible subsequent decay of their products, are associated 
with the appearance of new atoms in the lattice, and this 
affects the electrical and optical properties of the devices. 
The radiation resistance of CdTe semiconductor structures 
that operate in a radiation field is the main criterion for 
choosing a material. In addition to radiation resistance, high 
resistivity and low concentration of free carrier traps are 
considered important parameters. Active radiation defects 
arising during irradiation affect the electrophysical and op-
tical properties of the material and the processes of capture 
of charge carriers by deep levels[16-20]. It is indicated that 
the influence of γ-irradiation leads to a radiation enhance-
ment of electron-phonon interaction, with a decrease in the 
concentration of donor-acceptor pairs. It was also noted 
that γ-irradiation of undoped CdTe at a dose of more than 
10kGy leads to photoluminescence quenching. The ob-
served features are explained by a decrease in the concen-
tration of isolated donors, presumably due to the formation 
of complexes with intrinsic defects generated by γ-rays[16].

Due to the special characteristics, the interaction mecha-
nism of neutron radiation is completely different from other 
radiation. It is known that when irradiated with thermal 
neutrons, Frenkel defects appear in the CdTe structure as a 
result of radiative capture of thermal neutrons by cadmium 
nuclei. It is noted that the radiation of detectors based on 
CdTe with neutrons from a flux from 1.3×109 to 1.6×1010n/
cm2 leads to a decrease in the height of the gamma radiation 
registration pulse. The mobility of electrons gradually de-
creased under neutron irradiation, but the ability to transport 
holes remained virtually unchanged. Neutron irradiation 
leads to the introduction of electron capture centers, which 
will affect the properties of the detector[21]. A decrease in the 
threshold pump current of heterolasers based on InGaAs/
AlGaAs was discovered after irradiation with low fluxes 
(107n/cm2) of thermal neutrons. With a further increase in 
the thermal neutron flux to values of 1.35×108n/cm2, an 
increase in this current and degradation of the heterolaser 
structure are observed. Such processes in heterolasers were 
also observed during irradiation with γ-rays of various dos-
es. At low doses of γ-quanta, an improvement in the char-
acteristics of heterolasers based on InGaAs/InP is observed, 
and the degradation process was noticed at doses exceeding 
1014quanta/cm2[22,23].

From a review of the data, it can be concluded that 
irradiation of materials using a high radiation flux leads to 
the appearance of structural defects. It should be noted that 
low-flux nuclear radiation can improve the characteristics 
of the material.
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Computer simulation is a very useful tool for studying 
these interfaces, and a variety of computational methods 
are used around the world today. Currently, using the 
simulation method in combination with semi-empirical 
methods, various properties of materials are being studied. 
This series also includes CdTe, the advantage of which 
was clarified above. As part of this work, computer 
simulation of the process of interaction of thermal 
neutrons with semiconductor CdTe crystals was carried 
out.

2 MATERIALS AND METHODS
2.1 Experimental Part

After selection, the CdTe samples obtained in stud-
ies[24-26] were irradiated with thermal neutrons from a Pu-
Be neutron source (neutron energy from 0 to 10MeV) at 
different neutron fluxes (from 2.64×107neutron/cm2 to 
1.85×109neutron/cm2). The neutron source is made of an 
intermetallic compound of plutonium with beryllium – 
PuBe. Crystals of the PuBe compound with geometric 
dimensions of 2-10µm are located in a beryllium matrix. 
To obtain thermal neutrons, a stream of fast neutrons was 
directed into a 5-centimeter layer of paraffin (Figure 1)
[27,28]. The experiments were carried out in triplicate. Irradi-
ation of semiconductor crystals with thermal neutrons was 
carried out at a temperature of 28℃.

The next step of the research is to measure and 
determine the magnitude of the thermal neutron flux. The 
activation method is considered the simplest and most 
convenient method for this purpose. The manganese 
isotope 55Mn was used as a target detector. Its advantages 
as an activation detector of thermal neutrons are a large 
effective activation cross-section and a simple scheme 
for the decay of the artificial isotope. When measuring 
neutron fluxes of low intensity, the comparatively short 
half-life of the artificial radioactive isotope of manganese 
allows for measurements of the detectorʼs activity after 

short-term irradiation.

The thermal neutron flux density is determined by the 
expression:

It should be noted that the effective activation cross-
section of the manganese isotope 55Mn for thermal neutrons 
is 13.3 barns. The mass of the target detector was 10g.

In the second part of the work, an X-ray diffraction 
analysis of CdTe crystals obtained by the Bridgman method 
was carried out before and after irradiation with thermal 
neutrons, which are used in nuclear detectors with high 
radiation resistance. X-ray diffraction analysis of CdTe 
crystals was performed on a DRON-3.0 diffractometer 
(Figure 2).

The instrumental error is checked by measuring X-ray 
pulses for 100s upon reflection of a powder sample of KP-3 
(every hour in series of 11 measurements) for 6h.

The samples were studied in the range of angles from 
20° to 50° in 2θ. The X-ray source operated with an emis-
sion current of 6mA, and the voltage between the cathode 
and anode in the X-ray tube was 36kV. Ordinary water was 
used to cool the anode. Since single crystals were used in 
the X-ray diffraction analysis, the maximum direction of 
X-ray diffraction is determined from the Wulf-Bragg condi-
tion:

The wavelength of the X-rays was 0.154nm.

2.2 Computer Calculations and Modeling
The structural, electronic and optical properties of 

CdTe are investigated based on density functional theory. 

Figure 1. Block for producing thermal neutrons.
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Figure 2. Scheme of X-ray diffraction analysis.

Calculations were carried out in the VASP plane wave 
package[29]. For the first time, the crystal structures of the 
cubic phase were fully optimized taking into account the 
relaxation of lattice parameters and atomic positions.

To simulate the effect of irradiation on the properties of 
CdTe, a supercell consisting of 216 atoms (108 cadmium 
and 108 tellurium) was created. Then, one cadmium atom 
was removed from the supercell as the equivalent of a 
defect that appears after irradiation with a flux of thermal 
neutrons. Next, the structures were relaxed using the 
GGA functional[30]. After a series of convergence tests, the 
kinetic energy threshold was set at 450eV. The band gap 
values of the materials under study were also calculated 
and compared using the GGA exchange-correlation 
functional.

3 RESULTS AND DISCUSSION
3.1 Structural Properties of CdTe

Figure 3 shows the three-dimensional optimized 
structures of CdTe.

From Figure 3A it is clear that the initial CdTe cell 
has a cubic structure in the form of “zinc blende”. 
Cadmium atoms are located at the tops and faces of 
the crystal lattice. Tellurium atoms are located inside 
a crystal cell. As can be seen from the Figure 3, each 
cadmium atom is connected to four tellurium atoms. 
Figure 3B shows the structure of the modified cell 
of Cd107Te108, which consists of 107 cadmium atoms 
and 108 tellurium atoms. It is clear from the Figure 3  
that one tellurium atom, after tearing out one cadmium 
atom, does not form a bond with the remaining atoms of 
the crystal cell. The released free atoms of cadmium and 
tellurium manifest themselves as defects in the crystal 
lattice and affect the structural and electrical parameters of 
the material.

Table 1 shows the results of calculations and 
experiments on measuring the parameters of the CdTe 
crystal lattice.

Table 1 shows that the results of modeling and exper-

Figure 3. Three-dimensional optimized CdTe structures. A: initial cell; B modified cell Cd107Te108.

A B
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Table 1. Results of Calculations and Experiments for the Structural Parameters of CdTe

Parameter Original CdTe cell Modified cell Cd107Te108 Experiment

α=β=γ, degree 90.0 90.0082 90.0

a=b=c, Å 6.51 6.50 6.50-6.36

V, Å3 275.79 275.19 274.625-257.259

iments[31] for the structural parameters of CdTe coincide. 
The calculation results show that after the removal of one 
cadmium atom from the Cd107Te108 structure, a decrease 
in the parameter a and the volume of the unit cell is ob-
served. This trend can also be seen in the experimental 
results. The decrease in parameter a and the volume of 
the crystal cell of CdTe in the fourth column is associated 
with irradiation of the crystal with thermal neutrons.

Previously, the structure of CdTe crystals after irradi-
ation with thermal neurons was studied experimentally. 
Since cadmium is a good absorber of thermal neutrons, 
the main nuclear reactions occur with this element. As a 
result, the number of cadmium atoms in the material de-
creases and new isotopes appear. Thus, the structure of the 
material changes, which is reflected in its X-ray patterns. 
It has been experimentally shown that in the region of low 
thermal neutron fluxes the reflections narrow and shift 
to small angles. Figure 4 compares the obtained X-ray 
diffraction patterns from the experiment and the X-ray 
diffraction patterns obtained from the optimized geometry 

Figure 4. Results of X-ray diffraction analysis of CdTe. A: comparison of experimental X-ray patterns of unirradiated (top) 
and irradiated samples with a flow of 1.3∙108 n/cm2 (bottom); B: calculated X-ray diffraction patterns of the original CdTe and the 
modified Cd107Te108 cell.

A B

using the REFLEX program included in the Materials 
Studio software package.

The reflections that are observed in the X-ray diffraction 
pattern are the result of the reflection of X-rays from 
the (111), (220) and (311) crystal planes, respectively. 
Based on the results of quantum chemical calculations 
for CdTe, one can notice a change in the lattice parameter 
and interplanar distance, since the X-ray patterns show a 
shift of X-ray reflections towards small angles, which is in 
good agreement with previous experimental data[32]. The 
shift of X-ray reflections towards small angles occurs due 
to fluctuations in the electron density inside the material.

3.2 Electronic Properties of CdTe
The electronic properties of CdTe were assessed by 

the band gap shape, energy band distribution and other 
parameters. These parameters are important parameters 
of semiconductor crystals that are used to create 
photoconverting devices. Table 2 shows the values of the 
Fermi energy, the band gap of the unit cell and supercell 
of Cd107Te108.

Table 2 shows that when moving from the original cell 
to the modified cell, the band gap is halved. A decrease in 
the value of the total energy per unit cell is also observed.

The partial and total density of electronic states was 
calculated for the system of the original and modified Cd-
107Te108 cell (Figure 5). The calculated density of states of 
these systems is discussed from the point of view of the 

Table 2. Quantum-chemical Parameters of the 
Unit Cell and Supercell of CdTe

Parameter Original CdTe cell Modified cell Cd-
107Te108

Fermi energy eV 1.81 2.69

BG eV 1.5 0.75

Total energy per 
unit cell

4.80 4.76
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Figure 5. Density of electronic states of the original CdTe cell.

contribution of the s-, p-, d-states of the constituent atoms.

Analysis of the density of states of the initial CdTe 
cell shows that in the formation of electronic states of the 
VB in the energy range -5 to -3eV, the contribution of 
the s-states of the cadmium atom is significantly large. 
As one approaches the band gap, the contribution of the 
p-states of the tellurium atom increases. In the formation 
of electronic states of the CB in the energy range up to 
5eV, the contribution of the s-states of the cadmium atom 
is very large, then the initiative to a small extent passes 
to the p-states of the tellurium atom. Figure 6 shows the 
density of electronic states of the modified Cd107Te108 cell.

It can be noted that the main contribution to the 
formation of electronic states of the modified Cd107Te108 cell 
in the VB region is made by the s-states of cadmium atoms 
and p-states of tellurium atoms. In contrast to the electronic 
states of the original cell, in this case the density of p-states 
of the tellurium atom is much higher. This indicates a 
decrease in the concentration of cadmium atoms in the 
material, as indicated by the experimental results.

In the band gap, due to the p-states of the tellurium 
atom, new electronic states appear, which lead to a 
decrease in the band gap. One can notice the predominant 
contribution of the s-states of cadmium atoms to the CB. 
Another important aspect is the sharp increase in the den-
sity of electronic states of Cd107Te108 relative to pure CdTe. 
It is usually assumed that an increase in the density of the 
state to increase the vacancy in the crystal, which in our 
case is justified by the appearance of defects after irradia-
tion of CdTe with thermal neutrons. Such a phenomenon 
can be accompanied by an increase in the absorption ca-
pacity of the material, which is a very favourable effect.

3.3 Optical Properties of CdTe
In addition to the electronic properties, several optical 

parameters such as absorption coefficient, loss coefficient 
and photoconductivity of the crystals were also evaluated. 
The optical absorption band α (Figure 7A) of the original 
CdTe and modified Cd107Te108 begins at 0.1eV. For the 
original CdTe, the absorption band has a maximum at a 
photon energy of 3.9eV (emission wavelength 318nm), 
and for the modified Cd107Te108 the absorption maximum 
is observed at 2.6eV (emission wavelength 477nm). This 
means that the absorption band shifts from the ultraviolet 
region towards the visible part of the spectrum (more 
precisely blue) and the absorption coefficient increases 
by 20%. Further, a sharp decrease in the absorption 
coefficient is noticed at photon energies from 6 to 8eV for 
both crystals studied, since the density of electronic states 
decreases in this region.

In the photon energy range from 1 to 4eV, one can 
notice an improvement in the conductivity coefficient 
(Figure 7B) of the modified Cd107Te108. The listed changes 
make it possible to widely use these semiconductor 
crystals to create photoconverting devices.

In the photon energy range from 0.1 to 3eV, the loss 
coefficient (Figure 7C) of both structures has the same 
behavior. For high-energy photons, this parameter gradually 
increases. Calculations show that the influence of thermal 
neutrons has a positive effect on the optical properties of 
CdTe crystals. According to Figure 7, irradiation increases 
the absorption capacity and photoconductivity of CdTe in 
almost all energy ranges. In addition, the absorption peaks 
of CdTe after irradiation shifts towards lower energy, which 
indicates a decrease in the width of the forbidden zone and 
confirms the results given in Table 2.

4 CONCLUSION
The effect of the influence of small fluxes of thermal 

neutrons on changes in the geometry and electronic properties 
of CdTe has been studied. The changes occurring in the 

Figure 6. Density of electronic states of the modified Cd-
107Te108 cell.
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Figure 7. Optical characteristics of original CdTe and modified Cd107Te108. A: absorption; B: conductivity; C: energy loss 
coefficient.

A B

C

crystal structure were investigated by X-ray phase analysis, 
and the results were compared with data from quantum-
chemical calculations. The results of quantum-chemical 
modeling of the process of interaction of thermal neutrons 
with CdTe crystals lead to a shift of peaks in the X-ray 
diffraction pattern of the samples, and also accompanies to a 
decrease in the width of the forbidden zone and a change in 
the electrical properties of the crystal. It is revealed that due 
to the occurrence of nuclear reactions of thermal neutrons 
with cadmium atoms the role of p-states of tellurium atoms 
in the formation of electronic states increases. The results of 
calculation of lattice parameters and width of the forbidden 
zone coincide with the experimentally calculated values. The 
results of calculations of optical parameters of CdTe showed 
that crystals irradiated with thermal neutrons are quite suitable 
for use in solar cells, since according to the results irradiation 
leads to an improvement in the optical characteristics of the 
material.
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