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With the massive breakthrough recorded in the power conversion efficiency (PCE) of perovskite solar cells (PSCs) from 3.8 % 
to > 25 %, PSCs have attracted considerable attention in both the academia and industries. However, some challenges remain as barrier 
in realizing its deployment. To develop a highly efficient PSCs as well as environmentally benign device, simulation and optimization 
of such devices is desirable. Its impractical as well as wastage of time and money to design a solar cell without simulation works. It 
minimizes not only the risk, time and money rather analyzes layers’ properties and role to optimize the solar cell to best performance. 
Numerical modeling to describe PV thin layer devices is a convenient tool to better understand the basic factors limiting the electrical 
parameters of the solar cells and to increase their performance. In this review article, we focused on the recent advances in modelling 
and optimization of PSCs using SCAPS-1D with emphasis on absorber and electron transport medium (ETM) thickness. 
Keywords: perovskite solar cells, absorber, electron transport medium, SCAPS 
PACS: 41.20.Cv; 61.43.Bn; 68.55.ag; 89.30.Cc; 68.55.jd; 73.25.+i; 72.80.Tm; 74.62.Dh; 78.20.Bh;  
 

INTRODUCTION 
Perovskite solar cells, as a promising class of device belonging to the third-generation solar cell, have gained global 

interest due to their simple processing procedure and low cost [1]. Hybrid perovskite are defined on the basis of AMX3 
crystal structure, where A is an organic cation, for example, methylammonium or formamidinium, M is a metal and X is 
a halogen atom. The combination of amazing advantages, such as excellent tolerance for perovskite crystal defects, 
availability for superior light absorption efficiency, efficient carrier mobility and enough carrier diffusion lifetimes 
promote this as a candidate for outstanding solar cell photovoltaic performance [1-7]. In general, the competitiveness of 
solar cells is evaluated by efficiency, cost and lifetime, where scalability is closely related to cost and lifetime has much 
to do with stability [8]. Achieving a balance of efficiency, cost and lifetime is the key to promote the commercialization 
of PSCs to grab a share of the energy market. Therefore, several research efforts are addressing these issues that are 
important for commercialization. A few unprecedented achievements have been made that are highly beneficial for the 
large-scale commercial application of PSCs in the future [9-11]. 

In PSCs, the absorber layer, which is used for harvesting photon energy is crucial. It is the central part of PSCs 
mostly determines the overall device performance. Many studies have demonstrated that the PCE of PSCs is generally 
dependent on thickness of the perovskite absorber [12-15]. Thickness of electron transport layers are also crucial for better 
efficiencies [13-17].  

In this article, the progress of PSC development is reviewed, concentrating on the perovskite and electron transport 
functional layer, and valuable insights are provided. Other sections discussed the effect of thickness of absorber and ETM 
on the photovoltaic properties of perovskite solar devices. 
 

OPERATION PRINCIPLE OF A PEROVSKITE SOLAR CELL 
The working principle of the PSC is described in Figure 1. Photons from the light source reach the perovskite layer 

via glass (TCO) and transparent electrodes. In the active perovskite layer, photons are absorbed and excitons are excited 
when the incident energy of the photon is greater than that of the perovskite material. The exiton is split into electrons 
and holes by an internal potential created by the difference in the work function between the transparent electrode and 
metallic electrode. Electrons are transferred to Electron Transporting Layer (ETL) and holes are transferred to Hole 
Transporting Layer (HTL). From there, the electrons move to the transparent electrode and the holes move to the metal 
electrode. Next, the electrons travel through a network that connects the two electrodes, and the traveling electrons 
produce an electric current. For the PSC to function properly, the energy levels in each layer must be carefully configured 
to prevent the recombination of excited charge carriers. However, since they are also energy conservers, they always 
follow the path of least resistance [18]. The correct structure of the layers prevents recombination within the cell as the 
charge carriers pass through different paths. This is achieved by creating an ETL Lowest Unoccupied Molecular Orbital 

                                                            
† Cite as: E. Danladi, D.S. Dogo, S.U. Machael, F.O. Uloko, and A.O. Salawu, East. Eur. J. Phys. 4, 5 (2021), https://doi.org/10.26565/2312-4334-2021-4-01 

https://doi.org/10.26565/2312-4334-2021-4-01
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https://periodicals.karazin.ua/eejp
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(LUMO) lower than the perovskite LUMO layer. This creates a more attractive way for electrons to move. The same 
applies to HTL Highest Occupied Molecular Orbital (HOMO). HTL HOMO must be higher than the perovskite HOMO 
layer. This creates a more attractive path for holes to go. This is the same for each layer in the cell. Each layer has a higher 
HOMO or lower LUMO for the normal operation of the charge carrier transport chain, as shown in Figure 1. 

 

Figure 1. Schematic of the operational principle of perovskite solar cell [18] 

Device Structure 
The architecture of the device is a fundamental tool in evaluating the PCE of PSCs. Perovskite solar cells are 

generally classified into regular (n-i-p) and inverted (p-i-n) structures depending on which transport (electron/hole) 
material is present on the exterior portion of the cell/encountered by incident light first [19]. These two design are sub-
divided into two classes: mesoscopic and planar structures. The mesoscopic structure is made of a mesoporous layer 
whereas the planar structure consists of all planar layers. Some design does not involve electron and hole-transporting 
layers. Summarily, about six types of perovskite solar cell architectures have been designed and tested by several 
researchers thus far: the mesoscopic n-i-p configuration, the planar n-i-p configuration, the planar p-i-n configuration, the 
mesoscopic p-i-n configuration, the ETL-free configuration, and the HTL-free configuration [19]. 
 

Regular n-i-p structure 
The conventional n-i-p mesoscopic structure was the first structure developed and tested, it involves the replacement 

light-harvesting dye with lead halide perovskite absorber in a traditional dye sensitized solar cell (DSSC)-type 
architecture [20]. The interest was sold to many researchers when the initial structure (Fig. 2a) were built by replacing 
the liquid electrolyte with a solid-state hole-conductor [21]. This breakthrough in the architecture has created a pathway 
for photovoltaic scholars and consequently led to the development of other PSC device structures (Fig. 2b–d). The planar 
architecture is an evolution of the mesoscopic structure, where the perovskite light-harvesting layer is sandwiched 
between the ETM and HTM. The absence of a mesoporous metal oxide layer leads to an overall simpler structure. 

 

Figure 2. Schematic showing the layered structure four typical of perovskite solar cells (a) n-i-p mesoscopic, (b) n-i-p planar, 
(c) p-i-n planar, and (d) p-i-n mesoscopic [19,22] 

 
Inverted p-i-n structure 

The p-i-n perovskite solar cells design was first derived from the organic solar cell reported [23]. In the case of the p-i-n 
planar perovskite structure, the hole transport layer (HTL) is first deposited followed by the electron transport layer (ETL). 
It was discovered that perovskites absorbers can simultaneously absorbs photon energy and transport the holes 
themselves [19,24], and this led to the development of planar hetero-junction PSC with an inverted structural design [25]. 
With this record breakthrough, the inverted p-i-n structure has expanded the horizon of photovoltaics and permits mesoscopic 
p-i-n device architecture [19]. The device structure of the inverted p-i-n planar and mesoscopic PSC is shown in Fig. 2c, d. 
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Effect of thickness of absorber 
The absorber layer of the perovskite solar cell plays an essential role in device performance and outcome. Therefore, 

the proper choice of thickness of the absorber can considerably affect the performance and results of a solar cells. Thickness 
of absorber is an essential factor to be considered in a solar cell device as such a comprehensive understanding of its role in 
solar cell is necessary. Eli et al. [26] investigated the effect of thickness of absorber with TiO2 and inorganic cuprous oxide 
(Cu2O) as ETM and HTM ranging from 0.2 to 0.9 m . The influence of thickness of absorber on the solar cell parameters 

(VOC, JSC, FF and PCE) were evaluated. PCE is lower when thickness of the absorber is 0.2 m  which can be attributed 

to the poor light absorption by the layer. However an increased in PCE was observed as a result of increase of the absorber 
layer thickness from 0.20 to 0.40 m , thereafter, it starts decreasing. For thickness beyond 0.4 m , the collection of photo 

generated carriers decreased because of charge recombination [26]. The best performing device was observed with 
thickness of 0.40 m  which gave optimized parameters (PCE of 12.83%. Jsc of 21.43 mA/cm2, Voc of 0.86V, and FF 

of 69.51%). The JV curve and variation of the thickness with parameters is as shown in Fig. 3 [26]. Their studies 
demonstrate that careful selection of absorber thickness results to good performing PSCs. Similar studies with variation 
in absorber thickness from 0.1 to 1.0 m  was carried out [27]. Short circuit current (Jsc) increases from 12.33 to 

22.36 mAcm-2 with thickness increase from 0.1 to 0.6 m  which is attributed to the increase in carrier generation and 

dissociation, then starts decreasing from 0.7 to 1.0 m . It was also observed that the Fill Factor (FF) decreases with 

thickness increase in the perovskite layer. The PCE increase with increase in layer thickness from 0.1 to 0.4 m  was due 

to the production of new charge carriers. However, PCE decreases from thickness of 0.5 m  to 1.0 m  (Table 1) due 

to lesser electron and hole pairs extraction rate that leads to recombination process [28]. 

Table 1. J-V characteristic parameters with the variation of thickness of absorber 

 

 

Figure 3. (a) Variation in performance parameters of PSC with thickness of Absorber, (b) J–V curves of PSC 
with different values of Absorber thickness [26]. 

Another study that show the beneficial role of absorber thickness on solar cell performance (VOC, JSC, FF and PCE) 
is described in Figure 4 (a). The J-V and QE of the varied absorber thickness is shown in Figure 4 (b) and (c). 
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Figure 4 (c) exhibits the spectral response of the PSCs as a function of wavelength with varied CH3NH3PbI3 layer 
thickness within range of 300 nm to 900 nm. The QE first increases rapidly with the CH3NH3PbI3 thickness increasing 
from 0.1 m  to 0.4 m , and the QE increase slightly after the thickness is greater than 0.4 m , which shows that 0.4 m
thickness of CH3NH3PbI3 layer can absorb most of the incident photons and the part beyond 0.4 m  can only contribute 

little to the PSC performance. Therefore, the optimized perovskite absorber layer thickness is around 0.4 m which gives 

VOC of 0.86 V, JSC of 21.63 mAcm-2, FF of 71.31 % and PCE of 13.21 %. 

 

 

Figure 4 (a) J–V curves of PSC with different values of thickness of absorber layer, (b) QE with different values of thickness of 
absorber layer, (c) Variation in performance parameters of PSC with thickness of absorber layer [27]. 

The effect of thickness on PV and Quantum efficiencies of PSCs with ZnSe as ETL and Cu2O as ETL was also 
studied [29]. The simulation was carried out in the range of 0.03 to 1.5 µm while other parameters are kept constant. 
Table 2 [29] shows the effect with respect to varied absorber thickness.  

Similarly, Muhammad et al. [30] systematically investigated the effect of absorber thickness in lead free PSC with 
copper iodide as HTM and found out that the thickness of absorber affects the performance of perovskite solar cells as 
shown in Fig. 5 [30]. 

Hussain and co researchers [31] also studied the effect of absorber layer thickness on PCE of lead free hybrid double 
PSCs with spiro-meOtad as HTM. In their study, absorber layer thickness was varied from 100 nm to 1000 nm, and the 
effect was observed on the output parameters while all other parameters are set constant. The deviation in device outcomes 
with the thickness of the active layer is depicted in Fig 6 and Table 3 [31]. The simulation results show that with the 
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increase in thickness of the active layer, short-circuit current Jsc increases and approaches to the optimum value 
of ∼39 mAcm−2. 

The influence of thickness of absorber on the performance parameters was also studied by Haider et al. [32]. They 
made used of lead based perovskite absorber with inorganic HTM and ETM as transport medium for holes and electrons. 
The variation of the absorber thickness was from 100 to 1000 nm. PCE is lower when thickness of the layer is too small 
due to the poor light absorption, which means that small thicknesses are not favorable for good light harvesting in PSC. 
PCE of PSCs increases with the increase of the thickness of the absorber before reaching a constant value at 600 nm. For 
absorber thicker than 600 nm, the collection of photo generated carriers decreased because of charge recombination, 
which also shows that thicker absorber layer act as center for recombination of charge carriers. Fig. 7(b) indicates that 
QE increases with the increase of absorber thickness up to 300 nm thickness. After 300 nm thickness, no significant 
increase in QE is observed. Carrier diffusion length is the crucial factor in designing perovskite solar cell structure [32-34] 
which depends on the absorber thickness (Fig. 7c). 

 

Figure 5. Variation of Absorber thickness with photovoltaic performance [30] 

Table 2. Dependence of solar cell performance on absorber layer [29]. 
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Figure 6. (a) Short-circuit current density as a function of absorber thickness. (b) Fill factor as a function of absorber thickness. 
(c) Open circuit voltage as a function of absorber thickness. (d) PCE as a function of absorber thickness [31]. 

Table 3. Device Performance at a different absorber layer thickness [31] 

 

 

Figure 7. Variation in (a) performance parameters and (b) quantum efficiency of PSC with different thickness of absorber layer (c) 
variation in PCE with various diffusion lengths and thickness of absorber layer [32]. 
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Also, a simulation was done by changing the absorber thickness from 0.1 μm to 2 μm and maintaining all the other 
device parameters constant [35]. As shown, Jsc increases with the increasing thickness (Fig. 8a), which is attributed to 
the generation of more electron-hole pairs in the perovskite leading to an efficiency enhancement. The highest efficiency 
of 21.42% is obtained at an optimum thickness of 0.5 μm. However, a decrease in efficiency in the thicker absorber layer 
is due to a reduced electric field, which affects the charge carriers' recombination behaviour within the absorber [36]. This 
statement has been confirmed in the recombination profile with an increasing recombination at the 
perovskite/Spiro-meOtad junction with a thickness (Fig. 8c). FF is inversely proportional to the perovskite thickness due 
to an increased series resistance and an internal power dissipation in a thicker absorber layer (Fig. 8b). The decrease in 
Voc with the thickness (Fig. 8b) is attributed to the increment in the dark saturation current, which increases the 
recombination of the charge carriers. That can be explained by the dependency of open-circuit voltage on the photo-
generated current and dark saturation current, which is written as [37]: 

 
0

ln 1SC
OC

JkT
v

q J

 
  

 
, (1) 

where kT q  is the thermal voltage, Jsc is the photo-generated current density, and J0 is the saturation current density. 

 

 

Figure 8. The variation of (a) Jsc, PCE, (b) FF, Voc as well as (c) total recombination profile versus the thickness of MAPbI3 [35]. 

Soucase et al. [38], also studied the effect of thickness of absorber from 50 nm to 700 nm under 1 Sun (AM1.5G) 
illumination without considering interface trap density of states but consideration of inputs value of band tail density of 
states, and Gaussian acceptor/donor states of MAPbI3 to be 10×1014 eV-1cm-3 and 10×1014 cm-3 respectively. The short 
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circuit current and PCE both are found to be increased sharply with increase in thickness up to 500 nm (Fig. 9a) [38]. 
After this, increment is very slow and reaches to almost optimal efficiency 25.22%, VOC 1.2 V, JSC 25.49 mA/cm2 and FF 
82.56% at 700 nm [38]. The quantum efficiency curves as a function of wavelength of incident light for different thickness 
of the absorber (Fig. 9b) also verifies the above mentioned upshot. 

Several other authors have also studied the effect of perovskite thickness [39-47] using SCAPS and their studies show 
that, poor film quality can affect the coverage of perovskite on ETL. If the quality of film is poor, then defect density increases 
and recombination rate of carriers becomes dominant in absorber layer which determine the Voc of the solar cell [32]. 
Therefore, substantive studies should be carried out to determine the best thickness for optimum PSC performance. 

     

Figure 9. (a) JSC and PCE vs Thickness, (b) Variation of quantum efficiency with thickness of absorber [38]. 

 
Effect of ETL thickness 

The thickness properties of the ETM affect the conduction of charge carrier between the front and back contacts [48]. 
Efficient collection of the charge carriers depends on work function of the front contact material and rear 
metallization [60]. And most importantly, the selection of the appropriate ETM plays a significant role on the design and 
implementation of high efficiency perovskite solar cell as the energy band alignment between absorber and ETM layer is 
a crucial factor for the efficiency improvement of PSCs [48,49]. 

Soucase et al. [38] studied the effect of thickness of two ETMs (TiO2 and ZnO) with spiro-meOtad as HTM. In both 
cases VOC, JSC and PCE gradually decreases due to fractional absorption of incident light by the ETMs layer, the bulk 
recombination and surface recombination at the interface and change in series resistance [38, 49]. The thickness of ETMs 
was varied from 50 nm to 450 nm to make the practical devices. Results from the studies showed that TiO2 is more 
sensitive than that of ZnO due to its high absorption coefficient and reflectance and less transmittance than ZnO [38]. 
This shows that, increase in thickness of ETM lessen the performance of solar cells due to increase in partial absorption 
of photons and resistance of the device. Also, study was carried out by simulation by the same group of researchers with 
practically viable thickness of TiO2 – ETM (Fig. 10).  

 

Figure 10. Variation of PV cells parameters with thickness of ETMs [38]. 
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In a HTM free PSCs, where the absorber is simultaneously absorbing light and transporting holes, the thickness 
of ETM was varied from 0.02 to 0.10  m. The results show that both the PCE, Jsc, Voc and FF decrease with the 
thickness of ETM (Fig 11, Table 4) [27]. Fig. 11b, shows the QE of the PSCs as a function of wavelength in the range 
of 300-900 nm with varied ETM layer thickness. The studies show that QE maximum value was obtained in the 
wavelength range of 380−570 nm and gradually decreases at longer wavelengths until 800 nm, which corresponds to 
its absorption spectrum. 

 

Figure 11. (a) J–V curves of PSC with different values of thickness of ETM, (b) QE with different values of thickness of ETM [27]. 

Table 4. J-V characteristic parameters with the variation of thickness of ETM [27] 

 

Effect of ETL layer thickness in PSC with ZnSe and Cu2O as ETM and HTM was explored in the range of 0.005 to 
0.080 µm. The results after the simulation show that when there is an increase in the thickness of electron transporting 
material it results in decrease in JSC, FF and PCE of the device while VOC decreases but remain invariable from 0.89 V at 
the thickness of 0.010µm (Table 3).  

Table 2. Dependence of solar cell performance of the thickness of ZnSe (ETL) [29]. 

 

Their study signifies that when the material is thicker, it provides a longer diffusion path for the electron to reach 
the electrode which limit (solar cell parameters) the charge collection efficiency and transmitting of incident photon 
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decreases with increasing thickness. The optimized device performance was obtained, when the thickness of ETL was 
0.005µm with JSC of 33.13mA/cm2 VOC of 0.90 V, FF of 68.16% and high PCE of 20.44% [29]. Also, different ETMs 
(TiO2, ZnO and SnO2) were simulated in PSCs with thickness variation from 90 nm to 200 nm. It was observed that with 
the increase of thickness >90 nm, a decrease in Voc, Jsc and thus PCE in case of TiO2 and ZnO, was observed 
(Fig. 12) [50], while in the case of SnO2, there was no noticeable change in its value. It was found that TiO2 was more 
affected than ZnO and SnO2 due to its lower transmittance in 300-400 nm range and possesses low electron mobility, thus 
reduction in Jsc value occurs as a function of increased ETM thickness, which can be ascribed to the partial absorption of 
incident light by thicker TiO2 and ZnO layer.  

 

Figure 12. Effect of different ETM thickness on photovoltaic parameters of MAPbI3 based planar perovskite solar cells 
using Spiro-OMeTAD as HTM [50]. 

Hence it decreases the rate of charge 
generation and collection and consequently 
short circuit current (Jsc) decreases [50-53]. 
However, in case of SnO2, due to its high 
transparency, active layer absorption is less 
affected and Jsc did not decrease significantly 
up to a certain thickness of 150 nm thus rate of 
charge generation rate increases as compared to 
the recombination. Moreover, due to high 
carrier mobility and high carrier concentration 
of SnO2, the series resistance decreases with the 
thickness due to increase in conductivity and 
thus fill factor also increases up to certain 
thickness of 150 nm and beyond this 
insignificant changes occurs. Some notable 
achievements in PSCs using SCAPS has been 
reported too [30,54-57]. Also, a studies with 
variation of thickness of ZnO as ETM was 
conducted by Aseena et al. [58]. The study 
explains the effect of ETM layer thickness on 
the PSC parameters. The results showed that the 
efficiency decreases slightly from 15.84% to 
15.24% as thickness is increased from 20 nm to 
90 nm (Fig. 13). This confirms that the electron 
transport layer does not have much effect on the 
electrical parameters of the perovskite solar 
cell [58]. An ETM free perovskite planar 
structure solar cells was designed and 
implemented [59]. This is explained on the basis 
of the fact that perovskite material itself could 
help the generation of charge carriers by photon 

Figure 13. Variation of efficiency, fillfactor, Jsc, and Voc with respect to 
thickness of ETM layer [58]. 
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excitation and ETM layer is just a charge transport layer. Even in the absence of the ETM, the transparent conducting oxide 
(Fluorine doped tin oxide) layer will act as charge transport layer without affecting the efficiency [58,59]. But however, fill 
factor could be improved by the application of an optimal layer of ETM [60]. But the gradual increase in ETM layer thickness 
can also reduce the performance of PSC by increasing photon absorption and resistance of the cell [38]. 

Sultana et al. [49] also shows how the thickness of ETM affects photovoltaic parameters (Fig. 14). It was shown 
that, the variation of thickness towards getting optimum performance influence the performance of PSCs. From the three 
different ETMs (TiO2, ZnO and SnO2) used, 400 nm thicknesses are taken for both MAPbI3(absorber) and 
spiro-OMeTAD (HTM) layer. 

 

Figure 14. Photovoltaic performances of three models by varying thickness of ETM (a) Open circuit voltage; 
(b) Short circuit current density; (c) Photovoltaic conversion efficiency [49]. 

Their ETM layer thickness was varied from 10 nm to 450 nm and a gradual decrease of Voc, Jsc and PCE was 
observed. The overall performance of solar cell with SnO2 as ETM is higher than other two models for the entire thickness 
range. At lower thickness (10 nm to 180 nm), TiO2-based model gives better performance than ZnO based cell, but for 
thickness higher than 250 nm ZnO-base model shows better efficiency than TiO2 [49]. The observation showed that TiO2 
is more responsive to sunlight than that of the other two electron collecting materials as it has higher absorption coefficient 
and reflectance and less transmittance [48, 49]. It was shown from their work that the increase in thickness of ETM result 
to poor performance of the solar cells. This can be ascribed to fractional absorption of incident light by ETMs and variation 
in series resistance of the device with increasing thickness of ETM layer [26,49]. Efficiencies of 27.6 %, 27.5% and 
28.02% are found for TiO2, ZnO and SnO2-base cell respectively at 90 nm thickness of electron collecting material [48]. 

 
CONCLUSION 

We have summarized and discussed recent developments in simulation of perovskite solar cells using solar 
capacitance simulator software with emphasis on thickness of absorber and ETM and its influence with variation on the 
photovoltaic performance of perovskite solar cells. The review shows that the proper choice of thickness of the absorber 
can considerably affect the performance and results of solar cells. Also, selection of the appropriate ETM and its 
thicknesses plays a significant role on the design and implementation of high efficiency perovskite solar cells as the 
energy band alignment between absorber and ETM layer is a crucial factor for the efficiency improvement of PSCs. 
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ОСНОВНІ УСПІХИ В МОДЕЛЮВАННІ ПЕРОВСКІТНИХ СОНЯЧНИХ ЕЛЕМЕНТІВ 
З ВИКОРИСТАННЯМ SCAPS-1D: ВПЛИВ ПОГЛИНАЧА ТА ТОВЩИНИ ETM 

Елі Данладіа, Дуглас Сейвіор Догоb, Семюел Уде Міхаелc, 
Фелікс Омачоко Улокоd, Абдул Азіз Омейза Салавуe 

aКафедра фізики, Федеральний університет медико-санітарних наук, Отукпо, штат Бенуе, Нігерія 
bКафедра фізики, Федеральний освітній (технічний) коледж Омоку, штат Ріверс, Нігерія 

cКафедра фізики, Нігерійська академія оборони, Кадуна, Нігерія 
dКафедра фізики, Федеральний університет, Локоджа, штат Когі, Нігерія 

eКафедра комп'ютерних наук Нігерійського університету Нілу 
З великим проривом, зафіксованим у ефективності перетворення енергії (PCE) перовскітних сонячних елементів (PSC) з 3,8 % 
до > 25 %, PSC привернули значну увагу як у наукових колах, так і в промисловості. Однак деякі проблеми залишаються 
перешкодою для реалізації їх розгортання. Для розробки високоефективних PSC, а також екологічно безпечних пристроїв, 
бажано моделювати та оптимізувати такі пристрої. Проектувати сонячну батарею без імітаційних робіт непрактично, а також 
є витрачанням час та коштів. Проектування мінімізує не тільки ризик, час і гроші, а аналізує властивості та роль шарів для 
оптимізації сонячного елемента для досягнення найкращої продуктивності. Чисельне моделювання для опису 
фотоелементних тонкошарових пристроїв є зручним інструментом для кращого розуміння основних факторів, що обмежують 
електричні параметри сонячних елементів, і для підвищення їх продуктивності. У цій оглядовій статті ми зосередилися на 
останніх досягненнях у моделюванні та оптимізації PSC за допомогою SCAPS-1D з акцентом на товщину поглинача та 
електронно-транспортного середовища (ETM). 
Ключові слова: перовскітові сонячні батареї, поглинач, електронне транспортне середовище, SCAPS 
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The dioxide titanium (TiO2) is attracting a great attention as semiconductor photocatalyst because of its high photoreactivity,
non-toxicity, corrosion resistance, photostability, cheapness. It can be used in wide range of applications: air and water purification,
hydrogen (H2) generation, CO2 reduction, in photovoltaic application and others. The efforts of scientists were applied to use solar
light for dioxide titanium photocatalysis and to enhance the photocatalytic efficiency. In this article we review the properties
difference of anatase and rutile modifications of TiO2. The anatase has a higher photoefficiency. The higher photoefficiency of
anatase is due to longer lifetime of charge carriers (lifetime of e-/h+ in anatase on 3 order higher than in rutile). But anatase has
higher band gap energy (3.2 eV or 388 nm) in comparison with rutile (3.0 eV or 414 nm). Thus, anatase becomes photosensitive in
ultraviolet (UV) diapason of light, meanwhile rutile - in violet spectrum of visible light. It is desirable to obtain TiO2 semiconductor
with properties combining best ones from anatase and rutile: higher photoreactivity and smaller band gap. It can be made by
using external factors such as electric or magnetic fields, doping and etc.
Keywords: photocatalysis, dioxide titanium, anatase, rutile, band gap, photoefficiency, electron-hole generation.
PACS: 31.10.+z; 71.20.Nr ; 73.20.-r

INTRODUCTION
The photocatalytic properties of TiO2 was firstly reported in 1972 [1]. After that an interest of researchers

from whole the world to photocatalysis was attracted. On the fig. 1 it can be seen that the number of the
publications from the 70s until 2020 has significantly increased. This can be explained by the following reasons:

• a wide range of TiO2 photocatalyst applications:

– environmental: purification of water and air, CO2 reduction [2–7];

– antibacterial and antimicrobial properties [8–11]

– energy: electricity and hydrogen production [12–16];

– self-cleaning material and antifogging [17–20];

• high photoreactivity (usually up to ζ (photonic efficiency) = 10 %)

• chemically and biologically inert and non-toxic;

• inexpensive;

• corrosion resistant and photostable [21, 22].

On the other hand, the disadvantages are the following [3, 15]:

• low photon utilization efficiency and slow removal rate;

• rapid recombination of photo-generated electron/hole pairs;

• the poor activation of TiO2 by visible light.
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Figure 1: Number of publications of photocatalysis-related and TiO2 photocatalysis-related papers for the period 1976 - 2020 years.
(Source: Web of Science; date: June 9, 2021; keywords: "photocatalytic" and "TiO2 photocatalytic".)

To solve first issue the nanosized particles of photocatalyst are used.
To reduce recombination electron/hole pairs (second items) some investigators added sacrificial reagents

and carbonate salts [15, 23], doped with metals/non-metals [23, 24], loaded noble metal nanoparticles [25, 26]
or applied external electrical field [27, 28].

To use visible light for the enhancement photocatalysis (third issue) some investigations focused on mod-
ification of TiO2 by means of metal loading, metal ion doping, dye sensitization, anion doping and metal
ion-implantation [29–36].

The aim of this short review is to summarize what was made in this field and elaborate an direction for
further investigations.

THEORETICAL ASPECTS OF TIO2 PHOTOCATALYSIS
We briefly consider the TiO2 lattice structure and the theory of the photocatalysis. Photocatalysis is

complicated phenomena and even definition this phenomena has several version [37]. IUPAC Commissions
defined photocatalysis as “a catalytic reaction involving light absorption by a catalyst or a substrate” [38]. In
a later revised glossary a complementary definition of a photo-assisted catalysis was also proposed: “catalytic
reaction involving production of a catalyst by absorption of light” [39]. And in version of 2011 definition of
photocatalysis sounds as following "Change in the rate of a chemical reaction or its initiation under the action
of ultraviolet, visible, or infrared radiation in the presence of a substance—the photocatalyst—that absorbs light
and is involved in the chemical transformation of the reaction partner" [40]. But more practical definition is
"Photocatalysis is phenomena that accelerated chemical reaction in the presence of catalyst which absorbed
photons".

A detailed knowledge of the surface structure is the crucial first step in obtaining a detailed knowledge of
reaction mechanisms on the molecular scale.

The crystal structure of pure titanium lattice is hexagonal close-packed. The lattice constants of Ti have
been determined as [41]

a0 = 2.95111± 0.000 06 Å

c0 = 4.68433± 0.000 10 Å
c/a = 1.5873

for a temperature of 25 °C.
Ti hexagonal alpha form changes into a body-centered cubic (lattice) beta form at 882 °C [42].
Titanium dioxide crystallizes in three major different structures:

• rutile (tetragonal, D4h
14-P42/mnm, a=b=4.584 Å, c=2.953 Å [43]);

• anatase (tetragonal, D4h
19-I41/amd, a=b=3.782 Å, c=9.502 Å [44]);

• brookite (rhombohedrical, D2h
15-Pbca, a=5.436 Å, b=9.166 Å, c=5.135 Å [44])
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Other structures exist as well, for example, cotunnite TiO2 has been synthesized at high pressures and is
one of the hardest polycrystalline materials known [45].

However, only rutile and anatase play any role in the applications of TiO2 and are of any interest here as
they have been studied with surface science techniques. Their unit cells are shown in Fig. 2. In both structures,
the basic building block consists of a titanium atom surrounded by six oxygen atoms in a more or less distorted
octahedral configuration. In each structure, the two bonds between the titanium and the oxygen atoms at the
aspices of the octahedron are slightly longer. A sizable deviation from a 90° bond angle is observed in anatase.
In rutile, neighboring octahedra share one corner along 〈110〉 – type directions, and are stacked with their long
axis alternating by 90°. In anatase the corner-sharing octahedra form (0 0 1) planes. They are connected with
their edges with the plane of octahedra below. In all three TiO2 structures, the stacking of the octahedra results
in threefold coordinated oxygen atoms [46].

Figure 2: Unit cells of rutile and anatase [46]

.

TiO2 is a n-type semiconductor [47]. The parameters of TiO2 lattice at different temperatures are given in
Table 1 [48]. Comparison of properties of anatase and rutile is given in Table 2 [49].

TiO2 itself is not a magnetic material, but when it doped by a few percent of Co dioxide titanium becomes
a ferromagnetic [60, 61].

Dark Processes in TiO2
For semiconductor surface in contact with vacuum surface states are formed. These surfaces alter the

electronic structure drastically [47]. As dioxide titanium is covalently bound semiconductor so it has covalent
surface states (Shotkey states). Surface states on clean surfaces originate from dangling bonds [62]. These
surface states introduce additional energy levels in the middle of the bandgap. To achieve electronic equilibrium
between the surface and bulk, a positively charged space charged layer is formed just beneath the surface of
an n-type semiconductor [21]. Also, usually, the defects on the TiO2 surfaces exist in the form of Ovs (s –
means surface) by removing surface lattice oxygen atoms in the preparation procedure, leaving behind unpaired
electrons (in the Ti 3d orbitals) on the surfaces [63]. These two effects gives the band binding as illustrated on
Fig. 3 [46].

Point defects, including Ovs, interstitial titanium ions (Ti3+) and substituted ions, exist in all the crystalline
materials of TiO2. Vacancies and interstitial ions are intrinsic defects of crystalline materials, which may
significantly affect the catalytic property, mass transport, and electrical conduction of the materials. The point
defects introduce new electronic states in the bandgap of TiO2, which are called as defect states. The positions
of defect states in the bandgap are affected by the phases and surface structures of TiO2. For example, the
defect states of R-TiO2(110) are located at ≈ 0.8− 1.0 eV below the CB edge [64]. However, the defect states
of A-TiO2(101) are located at ≈ 0.4 − 1.1 eV below the CB edge [65–69]. Different types of deffects in TiO2
are shown on Fig. 4 [70].

For realistic cases, when electron-rich TiO2 surfaces adsorb different types of adsorbates, charge transfer
between surfaces and adsorbates will occur, which may even revert the direction of band bending [69].
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Table 1: The parameters of TiO2 lattice at different temperatures

Lattice parameters Temperature, °C
Dimensions Lattice constant, Å

a 3.7845 28c 9.5143

a 3.7855 84c 9.5185

a 3.7866 161c 9.5248

a 3.7875 210c 9.5294

a 3.7884 258c 9.5342

a 3.7894 306c 9.5374

a 3.7907 354c 9.5432

a 3.7923 449c 9.5548

a 3.7939 497c 9.5595

a 3.7948 534c 9.5669

a 3.7962 571c 9.5754

a 3.7970 608c 9.5794

a 3.7989 645c 9.5872

a 3.7998 679c 9.5933

a 3.8009 712c 9.5975

Table 2: Properties of anatase and rutile

Property Anatase Rutile Reference

Crystal structure Tetragonal Tetragonal [50]
Atoms per unit cell (Z) 4 2 [51]

Space group I
4

α
md P

42

m
nm [52]

Type of band gap indirect direct [53]
Lattice parameters (nm) a = 0.3785 a = 0.4594

c = 0.9514 c = 0.29589 [51]
Unit cell volume (nm3) 0.1363 0.0624 [51]
Density (kg/m3) 3894 4250 [51]

Calculated band gap
(eV) 3.23–3.59 3.02–3.24 [54–57]
(nm) 345.4–383.9 382.7–410.1

Experimental band gap
(eV) ∼ 3.2 ∼ 3.0 [56, 58]
(nm) ∼ 387 ∼ 413
Refractive index 2.54, 2.49 2.79, 2.903 [50]
Solubility in HF Soluble Insoluble [59]
Solubility in H2O Insoluble Insoluble [50]
Hardness (Mohs) 5.5–6 6–6.5 [49]
Bulk modulus (GPa) 183 206 [57]

The accumulation of electrons at the surface determines the surface chemistry of TiO2. All processes
occurring at the surface of semiconductors are driven to achieve an equilibrium between the Fermi level potential
and the chemical potential of the adsorbates, with the position of the Fermi level being equal to the work function
of the semiconductor [21].

Deskins et al. [70] suggested that the relative electronegativity of TiO2 surfaces and adsorbates may perhaps
be the key parameter to understand the charge transfer between TiO2 surfaces and adsorbates. Based on their
theoretical works, electron transfer from the TiO2 surface to adsorbates only occurs when the electronegativity
of adsorbates (χadsorbate) is larger than that of TiO2 (χTiO2) (Figure 5a). Otherwise, no charge transfer occurs
(Figure 5b).
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Figure 3: Schematic diagram of the band-bending effect due to donor-like surface defect states. Surface oxygen vacancies create a defect
state and electrons are donated to the system. A charge accumulation layer is created in the near-surface region and the bands in the
n-type semiconducting TiO2 sample bend downwards.

Figure 4: Structure of the rutile (110) surface. Red spheres represent O atoms, gray spheres represent Ti atoms, and white spheres
represent H atoms. The notable surface sites are the bridging row O atoms (Ob) and the five-coordinated Ti sites (Ti5c). Also shown are
defects that lead to surface reduction: O vacancies (Ov), surface hydroxyls (HOb), and interstitial Ti atoms (Tiint).

Illumination of TiO2
When exposed to light (sun- or ultraviolet- light), the semiconductor absorbs photons with sufficient energy

(more or equal to band gap energy) to inject electrons from the valence band to its conduction band, creating
electron/hole pairs [47] as shown on Fig. 6. As magnitude of the band gap for TiO2 semiconductor is ∼ 3.2 eV
for anatase modification and ∼ 3.0 eV for rutile modification, so there is wavelength threshold of λ < 388 nm
for anatase and λ < 414 nm for rutile to become electronically conductive. It should be noted that in sunlight
the percentage of ultraviolet is about 3 % [71].

Photocatalytic reactions can only occur at the TiO2 surface. After migration to surface of TiO2 electrons
e− and holes h+ can oxidize and reduce absorbed molecules, respectively. Some of electrons and holes are
recombined. In fact, time-resolved spectroscopy studies reveal that the most of photogenerated e−/h+ pairs
(∼ 90 %) recombine rapidly after excitation. This is assumed to be one reason for the relatively low values of
photonic efficiency ζ (the rate of the formation of the reaction products divided by the incident flow) [21].

Schematically these steps are shown on Fig 7 [72] and in the following table [73]:

Table 3: Schematic model illustrating the main steps associated with TiO2 photocatalysis

No of step Reaction Time

1 Charge carrier generation:

TiO2
hν−−→ TiO2(e

−
CB + h+

VB) <100 fs
and thermalization:

e−∗ → e− + heat(phonons)

h+∗ → h+ + heat(phonons) 10 fs
2 Trapping CB electrons (e−cb) at defect Ti

4+ sites:
Ti4+ds + e−cb → Ti3+ds [74] 200 fs

3 Trapping valence band holes (h+
vb) at terminal Ti–OH or surface Ti–O–Ti sites:

Ti−OsH or Ti−Os− Ti+ h+
vb → Ti−OsH·+ or T i−O·+

s − Ti [74] 200 fs
4 Reduction of adsorbed electron acceptor (Aad) with e−cb at reduction sites:

e−cb + Aad → A·−
ad >10 ns

5 Reduction of Aad with electrons trapped at defect sites (Ti3+ds ):
Ti3+ds + Aad → Ti4+ds + A·−

ad slow process
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6 Oxidation of adsorbed electron donor (Dad) by trapped holes at oxidation sites:
Ti−OsH·+ or T i−O·+

s − Ti+Dad → Ti−OsH or Ti−Os − Ti+D·+
ad 100 ps-10 ns

7 Recombination of e−cb with trapped holes [75]:

e
−
cb + Ti−OsH·+

or T i−O·+
s − Ti→ Ti−OsH or Ti−Os − Ti

rutile

anatase

24 ns

∼ few ms

8 Recombination of Ti3+ds with trapped holes [75]:

Ti
3+
ds +Ti−OsH·+

or T i−O·+
s −Ti→ Ti

4+
ds +Ti−OsH or Ti−Os−Ti

rutile

anatase

[48 ns]

[∼ few ns]

Charge carrier generation and thermalization
Charge carrier generation in anatase and rutile is running in different ways because anatase belongs to

indirect band gap semiconductor, rutile - to direct one [76]. The schemes of direct and indirect band gaps are
shown on Fig. 8a. Indirect transitions involve either the absorption of both a photon and a phonon or the
absorption of a photon and the emission of a phonon. The conditions for indirect transitions, as shown in Fig.
8a, can be summarized in the following way [76]. For the conservation of momentum,

kph = kf − ki
where kph is the wave vector for the phonon, and kf and ki are the wave vectors for the final and initial

states of the transition, respectively.
For direct transitions kph = 0 and for indirect transitions kph 6= 0.
After illumination of TiO2 by UV photons with energy more or equal to band gap width free electrons and

holes are generated (fig. 6). It should be noted that the penetration depth δp of ultraviolet light in TiO2 is
approximately equal to 160 nm [77]. Therefore electron-hole pairs are generated in the outer surface region of
the TiO2. Due to the near surface electric field the recombination of e-/h+ is retarded [21].

Continuous illumination will result in the annihilation of this electric field, that is, a band flattening [78].
Yates et al. [21, 79] explained the appearance of this band flattening by a band shifting at the surface, because
the free electrons move to the bulk, while free holes accumulate at the surface where the negative charge is
neutralized. However, band flattening can also be explained by a band shifting in the bulk region, as the
number of electrons increases in the bulk upon illumination.

According to electron paramagnetic resonance (EPR) spectroscopy process of pair generation occurs in
femtoseconds [80] (1 fs = 10−15s) up to 100 fs. But it is obviously that e−/h+ pair generation time for indirect
and direct TiO2 modifications(anatase and rutile, respectively) is differ. There is no data in literature concerning
this difference in time of the charge carrier generation.

In an ideal photocatalyst, all photon energy invested in charge carrier generation would be available for redox
reactions, namely, hot electrons (or deep holes) produced by shorter wavelength light have more reductive (or
oxidative) capacity than those at the band edges of a photocatalyst [69]. However, charge carrier thermalization
occurs rapidly.

After e−/h+ generation the energetic electrons continue to travel in the solid, losing its energy and producing
shallower core holes. This cascade process, often called “thermalization”, is repeated until the hole is created at
the top of valence band and fully thermalized electrons settling in the bottom of the conduction band [81].

In [82] authors found that time of thermalization in TiO2 (110) is equal to 10 fs.
These studies clearly demonstrate that charge carrier thermalization occurs prior to recombination or

transfer.

Electron and hole trapping
Once produced, the charge carriers become trapped, either in shallow traps (ST) or in deep traps (DT)

[80]. The photogenerated charge carriers can be trapped in either in bulk or on the surface. In generally, surface
trapping at either the subsurface or the surface region is preferred in semiconductor nanoparticles [83, 84].

Because of the upward band bending in n-type TiO2, the photogenerated electrons are forced to move
from its surface into the bulk, where they can be delocalized over different Ti sites. Both theoretical and
experimental studies are predicting bulk (subsurface) trapping rather than surface trapping of these electrons
[85–87]. However, alternative studies also exist demonstrating that Ti4+OH groups located at the TiO2 surface
can act as trapping centers for the electrons, resulting in the formation of Ti3+OH species. Such species can
attract holes, thus behaving as recombination centers [88–90].
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Figure 5: The effect of electronegativity on the adsorption energy of adsorbates on TiO2.
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Figure 6: Scheme of electron/hole formation in the semiconductors. CB - conduction band, V B – valence band, EBG – energy band gap,
◦ - holes, • - electrons, hν - photon.

Upon 355 nm excitation, photogenerated electrons and holes are trapped very rapidly within 100 fs. How-
ever, the excess energy of free electrons in the TiO2 CB slows the trapping time to ≈200 fs upon 266 nm
irradiation [91].

Reduction of electron acceptors Aad with electrons and oxidation of adsorbed electron donor
Dad by holes

Following their formation by light excitation, electrons and holes can easily be transferred to electron and
hole acceptors, respectively. The quantum efficiency of these reactions depends on the charge-transfer rate at
the interface, on the recombination rate within the particle, and on the transit time of the photogenerated
charge carriers to the surface [21].

Photocatalytic reactions occur on the surface of semiconductor. Photocatalytic reactions can be reduction
and oxidation ones. These reactions are form reactive oxygen species (ROS), such as superoxide anion radicals
(O·−2 ), hydroperoxy radicals (·OOH), hydrogen peroxide (H2O2 ), and hydroxyl radicals ( ·OH), under both
aqueous and aerated conditions [21, 92]. These ROS play a crucial role in the photocatalysis on TiO2 for water
purification, air cleaning, self-cleaning, self-sterilization, etc. The reduction reactions on photo-irradiated TiO2
under acidic conditions can be depicted as follows [21, 73, 92, 93]:
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Figure 7: Schematic model illustrating the main steps associated with TiO2 photocatalysis

Photoreduction: O2 + (Ti3+ds and e−cb)→ O·−2

Protonation: O·−2 +H+ → ·OOH

Disproportionation: 2 ·OOH → H2O2 +O2

Photoreduction: H2O2 + (Ti3+ds and e−cb)→ ·OH +OH−

In oxidation reactions hydroxyl radicals OH are formed via direct hole oxidation of adsorbed H2O [94]:

h+ +H2O → ·OH

There are two types of ·OH radicals: free mobile (OHf ) and surface bound (OHs) hydroxyl radicals, which
exhibit different reactivities depending on the properties of target pollutants. The OHf generation and the
subsequent diffusion from the surface are critical in achieving the mineralization of non-adsorbing substrates by
extending the reaction zone from the surface to the solution bulk [95].

For environmental application main role plays free hydroxyl radical OHf . As mentioned in [95] these
radicals are producing mainly by anatase modification of titanium dioxide.

The electron-hole recombination
The electron-hole recombination process is undesirable one because it reduce efficiency of photochemical

reactions occurring on the surface of TiO2. As it was above mentioned about 90 % of charge carriers recombine
decreasing efficiency of the photocatalytic reactions.

The electron-hole recombination is found to be quite rapid cases, with a majority of recombination complete
within 50 ps[96]. In [97] revealed significantly higher yields and longer lifetimes of charge carriers in the anatase
powder. Yamada et al [75] stated that electrons lifetime in rutile is equal to 24 ns, in anatase - microseconds;
lifetime of holes in rutile is equal to 48 ns, in anatase - nanoseconds. The longer charge carriers lifetime in
anatase is one of the main reason why anatase has more photoactivity property.

There are three basic recombination mechanisms that are responsible for carrier annihilation in a semicon-
ductor [98]:

1. band-to-band recombination, which occurs when an electron moves from the conduction band (CB) to
the empty valence band (VB) containing a hole (the rate of band-to-band recombination depends on
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(a) Direct and indirect transitions between valence and
conduction bands with extrema at different values of k.

(b) Indirect transitions between conduction and valence bands
with extrema at different values of k. Two processes are possible,
one involving the absorption of a photon and a phonon, and the
other involving the absorption of a photon and the emission of a

phonon.

Figure 8: Direct and indirect transitions between valence and conduction bands [76].

the product of the concentrations of available electrons and holes and is second order in charge carrier
concentration];

2. trap-assisted recombination (Shockley-Read-Hall Model, SRH model),which occurs when an electron in
the CB recombines indirectly with a hole in the VB at a “trap” state;

3. Auger recombination, which occurs when an electron-hole pair recombine in a band-to-band transition
giving off the generated energy to another electron or hole.

The electron-hole recombination process reaction successfully compete with the hole-transfer [99].
As it was mentioned earlier time of electron-pair recombination in rutile shorter than in anatase. This is

one of the main reason why anatase is more photoactive. Thi is because of that anatase has indirect band gap
and to recombine the

OH generation

CONCLUSION
In the article the difference between anatase and rutile was considered as from photocatalytic point of view

as well as from structure point of view. The main differences are

• Cell volume of rutile smaller then anatase one by factor ≈ 2.

• Rutile is more stable modification of dioxide titanium in comparison with anatase.

• Width of band gap in anatase is equal to 3.2 eV (388 nm - ultraviolet light), meanwhile, rutile has width
of band gap equal to 3.0 eV that corresponds to 414 nm that is in visible diapason of light.

• Anatase has indirect transitions between conduction and valence bands, rutile - direct.

• Recombination of electron/hole pairs is quicker in rutile then in anatase because recombination in anatase
slower because it has indirect transition in band gap.

• Free radical OHf can be generated by anatase only.

Thus, anatase has more photocatalytic activity in comparison with rutile because of more longer lifetime
of charge carriers. But the width of rutile band gap is narrower so rutile has photocatalytic properties in visible
diapason of light - the aim of last decade of investigations. It is desire to increase time life of electrons and holes
in rutile. It can be done by external forces, for example electric or magnetic fields.
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ПОРIВНЯННЯ ВЛАСТИВОСТЕЙ АНАТАЗА I РУТИЛА ДЛЯ ФОТОКАТАЛIТИЧНОГО
ВИКОРИСТАННЯ: КОРОТКИЙ ОГЛЯД

В.В.Моргуновa,b, C. В.Лiтовченкоa, В. О.Чiшкалаa, Д. Л.Рябчиковa, Д. С.Матвiєнкоa

aХаркiвський нацiональний унiверситет iменi В.Н.Каразiна, Пл. Свободи, 4, Харкiв, 61022, Україна;
bУкраїнська iнженерно-педагогiчна академiя, вул. Унiверситетська, 16, Харкiв, 61003, Україна

Дiоксид титану (TiO2) привертає велику увагу як напiвпровiдниковий фотокаталiзатор через свою високу фоторе-
активнiсть, нетоксичнiсть, корозiйну стiйкiсть, фотостiйкiсть, дешевизну. Вiн може бути використаний у широкому
спектрi застосувань: очищення повiтря та води, генерування водню (Н2), зменшення вмiсту СО2, у фотоелектри-
чних пристроях тощо. Зусилля вчених були направленi на пошук способiв, що використовують сонячне свiтло для
фотокаталiзу за допомогою дiоксиду титану та пiдвищення фотокаталiтичної ефективностi. У цiй статтi ми роз-
глядаємо рiзницю властивостей модифiкацiй анатазу та рутилу TiO2. Анатаз має бiльш високу фотоефективнiсть.
Бiльш висока фотоефективнiсть анатазу обумовлена бiльш тривалим термiном життя носiїв заряду (час життя
e−/h+ в анатазi на 3 порядки вище, нiж у рутилу). Але анатаз має бiльшу ширину забороненої зони (3,2 еВ або
388 нм) у порiвняннi з рутилом (3,0 еВ або 414 нм). Таким чином, анатаз стає свiтлочутливим в ультрафiолетовому
(УФ) дiапазонi свiтла, тим часом рутил - у фiолетовому спектрi видимого свiтла. Бажано отримати напiвпровiд-
ник TiO2 з властивостями, що поєднують найкращi як для анатазу так i для рутилу: бiльша фотореактивнiсть та
менша забороненої зони. Це можна зробити за допомогою зовнiшнiх факторiв, таких як електричне або магнiтне
поле, легування тощо.
Ключовi слова: фотокаталiз, дiоксид титану, анатаз, рутил, ширина забороненої зони, фотоефективнiсть, гене-
рацiя електронних дiрок.
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The parameters of the spin-polarized electronic energy spectrum of ZnSe:T crystals (T = Ti, V, Cr, Mn, Fe, Co, Ni) are studied on the 
basis of a 2 × 2 × 2 supercell built on the basis of a ZnSe unit cell with a sphalerite structure. The supercell contains 64 atoms, with 
one Zn atom replaced by one transition 3d element T. The first stage of this study is to calculate in the ideal material ZnTSe 
parameters of electronic energy bands, dependent on the external hydrostatic pressure. At the second stage, the effect of pressure on 
the parameters of the electronic energy spectrum in the ZnTSe materials is investigated, taking into account the Zn vacancy. The 
calculations were performed using the Abinit program. For a better description of strongly correlated 3d electrons of the element T, a 
hybrid exchange-correlation functional PBE0 with an admixture of the Hartree-Fock exchange potential was used, in which the self-
interaction error of these electrons is removed. Based on the obtained spin-polarized electron densities of states, the magnetic 
moments of the supercells were also determined. A significant effect of pressure on the parameters of electronic energy zones was 
revealed. So, the ideal ZnTiSe material at zero pressure is a metal for both spin values, but under pressure it becomes a 
semiconductor. The same material with a point defect, i.e. a vacancy at the site of the Zn atom, exhibits semiconductor properties for 
both spin orientations at zero pressure. It was found that vacancies radically change the parameters of electronic energy bands. The 
magnetic moments of the supercell, as integral values of the spin-polarized densities of electronic states, also reflect these changes. 
Thus, in ZnTiSe material without defects, the magnetic moments of the supercell are 1.92, 2.0 and 2.0 B , at pressures 0, 21 and 
50 GPa, respectively, while in the same material with a vacancy, the corresponding values are 0.39, 0.02 and 0.36 B . The ideal 
ZnVSe material at zero pressure is also a metal for both values of the spin moment, but in the presence of a cationic vacancy it is 
characterized by a pseudogap because the Fermi level is localized in the upper part of the valence band. Ideal ZnFeSe and ZnNiSe 
crystals are characterized by similar dependences of the electronic energy parameters on the pressure, for both spins. However, the 
same materials with a cationic vacancy are characterized by the Fermi level immersed in the valence band for a spin up. 
Keywords: ZnSe, 3d impurity, cationic vacancy, electronic properties, spin, magnetic moment, strong correlations, hybrid 
functional. 
PACS: 68.35.Dv, 71.15.Mb, 71.20.Nr, 71.27.+a, 81.05.Bx 
 

The ultrashort pulse lasers of infrared (IR) light have gained great attentions for ophthalmic, surgical, dental, 
therapeutic, and aesthetic medical applications. The pulses from the picosecond (ps) to femtosecond (fs) require less 
energy to ablate biological tissues and the accuracy is in the micrometer range. The passively mode-locked femtosecond 
ZnSe:Cr laser was first reported in 2006, generating ~100 fs pulses at up to 75 mW power around 2.5 μm wavelength [1]. 

ZnSe is a wide band gap semiconductor, widely used in light-emitting devices, solar cells, and photodetectors 
because of its high excitation energy and excellent photoelectric performance [2]. The optical and electrical properties 
of semiconductor materials are the main factors that determine the performance of devices. At present, it is the most 
widely used way to regulate the photoelectric characteristics of semiconductors through morphology regulation or 
doping treatment. The doping technique by introducing donor impurities or acceptor impurities into the host lattice is 
one of the most effective ways to achieve regulatory effects, and it can accurately control the transport properties of the 
semiconductor by adjusting the type of doping element and the doping concentration. In addition, the mechanism of the 
change of optical and conductive properties of ZnSe caused by doping has not been studied deeply in theory. 

The ZnS:Cr lasers have been extensively studied both experimentally and theoretically. The zinc-blende ZnS has 
the larger band gap of 3.8 eV, higher thermal conductivity of 27 W/mK, higher thermal shock parameter of 7.1 W/m1/2, 
and lower dn/dT of 46·10-6 K-1, compared respectively to 2.8 eV, 18 W/mK, 5.3 W/m1/2, and 70·10-6 K-1 in ZnSe [3].  

The physical, spectroscopic, and laser characteristics of the single crystal and polycrystalline II-VI chalcogenides 
are practically identical [4]. This is important since II-VI single-crystals of high optical quality are difficult to grow 
while chemically vapor grown II-VI polycrystals benefited from low-cost mass production technology of fabrication 
and were widely used as passive materials for middle-infrared technology [5]. The combination of low-cost and readily 
available polycrystalline II-VI materials with a quantitative and affordable post-growth TM doping procedure, 
preserving high optical quality of the starting materials, enabled an effective technology for fabrication of gain 
elements, which is quite rare for solid-state laser materials. 

Since ZnS, ZnSe, ZnTe crystals with impurities of transition 3d elements are used in devices, particular in lasers, it 
is important to study their electronic structure from the unified theoretical methodology under the action of hydrostatic 
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pressure and vacancies at the site of the zinc atom. The aim of this study is also to take into account the strong 
correlations of 3d electrons using a hybrid exchange-correlation functional. Let us go to performing these tasks.  

 
CALCULATION 

We solve the Schrödinger equation in the basis of projectior augmented waves (PAW) [6], which combines the 
features of the pseudopotential approaches [7] and the all-electronic method of augmented plane waves (APW) [8]. In 
the PAW and APW methods, the crystal is divided into two regions. The first region is inside the atomic spheres, and 
the second one is interspherical. In the APW approach, the wave functions of both regions are joining at the surface of 
the sphere to ensure continuity throughout space. In the PAW method, an augmentation is performed using a projection 
procedure. 

The all-electronic wave | n  and pseudo-wave | n  functions are connected as follows [6]: 

(| ( ) | ( ) ) || ( )> | ( ) a a a
i i i nn n

a i
p           r rr r   ,                                                        (1) 

where | ( )a
i r is atomic wave, | ( )a

i r pseudo-wave, and |a
ip  projector function, respectively. The summation in (1) 

is performed by the augmentation spheres, which are numbered by the index a, and the index { , , }i n l m  incorporates 
the principal, orbital and magnetic quantum numbers, respectively. 
From equation (1) we see that 

 | ( )> | ( )n n   r r ,                                                                                      (2) 

where the operator converts a pseudo-wave | ( )n r into an all-electron wave function | ( )>n r . 
The explicit form of the operator follows from equation (1): 

(| | ) |1 a a api i i
a i

         .                                                                                 (3) 

Stationary Schrödinger equation 
| |n n nH                                                                                            (4) 

taking into account (2) takes the following form [4]: 
| |n n nH          ,                                                                             (5) 

in which the required electron spectrum n is the same as in equation (4). 
The idea of the PAW method is to convert the Schrödinger equation to an equation in which the unknown state 

function is | n  . If it is found, then with the help of (1) the all-electronic wave function is obtained. Through the latter 
we find the electron density and the corresponding Hartree potential. 

The exchange-correlation potential was chosen in the form of PBE0 [9–12], according to which the exchange-
correlation energy 

0
3 3[ ] [ ] ( [ ] [ ])PBE PBE HF PBE

xc xc x d x dE E E E      ,                                                   (6) 
 
where PBE corresponds to the generalized gradient approximation (GGA-PBE) of exchange-correlation functional [12], 
and 3[ ]HF

x dE  is the exchange energy in the Hartree-Fock theory. The recommended value of a mixing factor  is equal 

to 1 / 4 . In formula (6), the exchange energy 3[ ]PBE
x dE  , in which the self-interaction error (SIE) of 3d electrons is the 

largest, is partially subtracted. In fact, these electrons move in narrow energy bands with a high density of states. In the 
included exact term of exchange energy 3[ ]HF

x dE   the SIE is absent in general. Neglecting the second term in 
formula (6) leads to a conventional GGA-PBE exchange-correlation functional suitable for describing materials with s 
(p) electrons.  

The functional 0[ ]PBE
xcE  is important for describing materials containing d (f) electrons. In particular, it has been 

successfully used to study nanostructures containing transition 3d elements [13, 14]. Energy band structure peculiarities 
and luminescent parameters of CeX3 (X = Cl, Br, I) crystals were revealed and shown good comparison with 
experiment [15]. Electronic properties of orthorhombic InI and TlI crystals taking into account the quasiparticle 
corrections and spin-orbit interaction, have been evaluated based on the results, defined at the level of the hybrid 
functional as the starting point [16]. The combined approach of the hybrid functional and quasiparticle GW was 
successfully used in the calculations of the electronic structure in chalcogenides ZnX (X=O, S, Se, Te) [17]. The results 
obtained in works [16, 17] are in good agreement with experimental data. The electronic structure of the CdMnTe solid 
solution [18] is satisfactory agreed with the experimental results [19]. Electronic structure, magnetic and mechanical 
properties of MnCoSi half-Heusler alloy also have been found with the hybrid PBE0 exchange-correlation 
functional [20], where the different values of the mixing coefficient were used.  
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All calculations were performed using the ABINIT program [21], in 2 × 2 × 2 supercells containing 64 atoms. At 
the first stage, the defect of substitution in the supercell 32 32Zn Se of one Zn atom by transition element T, i.e. 

31 1 32Zn T Se is considered. At the second stage the supercell with a vacancy, 30 1 1 32Zn v T Se , is treated. The electronic 
structure of these materials was calculated under the action of hydrostatic pressure. 

The calculations are performed on the basis of PAW. The following valence configurations of atoms were 
selected: Zn: 3d104s2, Se: 4s24p4, Ti: 3s23p63d24s2, V: 3s23p63d34s2, Cr: 3s23p63d54s1, Mn: 3s23p63d54s2, Fe: 
3s23p63d64s2, Co: 3s23p63d74s2, and Ni: 3s23p63d84s2. Basic functions and pseudopotentials (PAW) were generated 
using AtomPAW code [22, 23]. The calculation of the wave function was performed on the basis of plane waves 
determined by the maximum kinetic energy cut = 40 Ry, on a spatial grid of 90×90×90. Electron density and potentials 

were calculated on a denser grid of 125 × 125 × 125, determined by an energy cut = 80 Ry. 
 

RESULTS AND DISCUSSION 
The spin-polarized electron energies in the ZnTiSe material are shown in Fig. 1. The parameters of the electronic 

energy band spectrum are denoted as follows: vE - the energy of the top of the valence band, fE - the Fermi energy, 

cE - the lowest electron energy in the conduction band. Figures 1a and 1b show the electron energies in an ideal ZnSe 
crystal in which one Zn atom is replaced by a Ti atom. The parameters of supercell 2×2×2, which contains 64 atoms, 
correspond to the applied external pressures from 0 to 50 GPa. In other words, the value of the constant lattice for the 
supercell a  19.14 Ǻ corresponds to the pressure P = 50 GPa, and the value of a   21.64 Ǻ corresponds to the 
pressure 0 GPa, i.e. to ambient conditions. 

Note that under normal conditions (P = 0) the ZnTiSe material exhibits metallic properties for both spin 
orientations, i.e. g = 0. The magnetic moment of the supercell M  1.92 B . However, under the action of hydrostatic 

pressure, this material reveals the properties of a semiconductor for both spins. Increasing the hydrostatic pressure leads 
to an increase in the width of the band gap g , as it is shown in Figures 1a and 1b. At a pressure value of P  21 GPa 

for spin up, the direct optical gap at the point g d  0.72 eV, and the fundamental indirect one g i  0.61 eV. 

For the spin down, the optical direct gap is identical with the fundamental one, and the numerical value is 

g  2.19 eV. Magnetic moment of the supercell M  2.0 B . At a pressure P  50 GPa, for spin up, the direct optical 

gap at the  point g d   0.69 eV, and the fundamental indirect one g i  0.54 eV. For the spin down, the optical and 

fundamental band gaps are equal, and the numerical value of g   2.03 eV. Magnetic moment of the supercell 

M  2.0 B . As can be seen from Figs. 1a, 1b, and the Fermi level is located inside the forbidden gap. 
However, the presence of a point defect, i.e. a vacancy at the Zn atom site, leads to a significant change in the 

dependence of the electronic energy spectrum in the ZnTiSe material on the external hydrostatic pressure. From Figures 1c 
and 1d, we see that for both spin orientations, the ZnTiSe material with a point defect exhibits semiconductor properties for 
all hydrostatic pressure values. At a pressure value P  0, for the spin up, the optical gap at the point   g d  0.20 eV, 

and the fundamental indirect one g i  0.18 eV. For spin down, the optical gap g d   0.71 eV, and the fundamental 

indirect one g i    0.70 eV. The magnetic moment of the supercell M  0.39 B . At a pressure value of P   20 GPa, for 

the spin up, the optical gap at the point g d  0.38 eV, and the fundamental indirect one g i   0.35 eV. For spin down, 

the optical pap g d  0.40 eV, and the fundamental indirect one g i  0.37 eV. The magnetic moment of the supercell 

M  0.02 B . At a pressure value of 48 GPa, for the spin up, the optical gap at a point  g d  0.43 eV, and the 

fundamental indirect one g i  0.38 eV. For the spin down, the optical gap g d  0.43 eV, and the fundamental indirect 

one g i  0.38 eV. The magnetic moment of the supercell M  0.36 B . The largest band gap g  is expected under 

normal conditions for electrons with spins down. For this state, the band gap g decreases with increasing pressure 

(decrease in the constant lattice of the crystal) from 0 to about 20 GPa, after which its values remain almost constant for 
both spin orientations, including the pressure value of 48 GPa. 
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Figure 1. The spin-polarized electronic energy band parameters in the ZnTiSe material versus the 2×2×2 supercell lattice constant: 
top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 

The calculation results for the ZnVSe material are shown in Fig. 2. First, consider the parameters of an ideal 
crystal shown in Figures 2a and 2b. For a pressure P  0, the material reveals a metallic state with a band gap g  = 0 

for both spin values. The magnetic moment of the supercell M  2.7 B . However, at higher pressures, 

0 21P  GPa, and for states with spin up v cE E , i.e. we again have a metallic state. For pressures 

21 50P  GPa, in states with spin up f v cE E E  , i.e. the Fermi level is localized in the valence band. On the 

contrary, for spin-down electronic states, the ZnVSe crystal is a semiconductor whose fundamental interband gap 

g = 0 at a pressure P  0, and for higher pressures 0 21P  GPa it increases. At a pressure P  21 GPa, the optical 

and fundamental gaps are the same, i.e. g  2.20 eV for both spin orientations. The value of the magnetic moment of 

the supercell M  3 B . At higher pressures, i.e. in the interval 21 50P   GPa, the interband gap is almost constant, 
and the Fermi level is shifted toward the conduction band. At a pressure of 50 GPa, the optical and fundamental slits are 
the same, i.e. g  1.99 eV for both spin orientations. The magnetic moment of a supercell M  3 B .  

If there is a vacancy, we have another picture, shown in Figures 2c and 2d. In fig. 2c we see that for states with 
spin up, at pressure P  0, the Fermi level is localized inside the band gap, and in the upper part of the valence band at 
higher pressures. At a pressure of P  0 we have a direct band gap g =1.10 eV at a point . At pressures of 20 and 
48 GPa, the values of the pseudogaps are 1.25 and 1.14 eV, respectively. At pressures of 0, 20 and 48 GPa, the 
magnetic moments of the supercell are 2.7, 3.0 and 3.0 B , respectively. 
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Figure 2. The spin-polarized electronic energy band parameters in the ZnVSe material versus the 2×2×2 supercell lattice constant: 
top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 

If there is a vacancy, we have another picture, shown in Figures 2c and 2d. In Fig. 2c we see that for states with 
spin up at pressure P  0 the Fermi level is localized inside the band gap, and in the upper part of the valence band at 
higher pressures. At a pressure of P  0 we have a direct band gap g =1.10 eV at a point . At pressures of 20 and 

48 GPa, the values of the pseudogaps are 1.25 and 1.14 eV, respectively. At pressures 0, 21 and 50 GPa, the magnetic 
moments of the supercell are 2.7, 3.0 and 3.0 B , respectively. 

For electrons with spin down (Fig. 2 d), under pressure P  0, we have a direct band gap g =1.12 eV at a point . 

At 0 20P  GPa pressures, the Fermi level is localized at the top of the valence band, and the pseudogap value is 
1.50 eV if P  20 GPa. At 20 48P  GPa pressures, the ZnVSe material with the vacancy is a semiconductor with a 
band gap of g  1.33 eV ( P  48 GPa). At pressures 0, 20 and 48 GPa, the magnetic moments of the supercell are 

2.00, 2.05 and 2.05 B , respectively. 

The parameters of the ZnCrSe material ,v fE E and cE , depending on the pressure, differ from those shown in 

Figures 1 and 2 above. Let us first consider the results obtained for an ideal ZnCrSe crystal. They are shown in Figures 
3a and 3b. For the spin up (Fig. 3a) we notice the immersion of the Fermi level in the valence band. The interband 
pseudogap increases with increasing pressure. For the spin down we have a semiconductor, the width of the band gap of 
which increases with increasing pressure. At pressure values of 0, 22 and 51 GPa, the magnetic moment of the supercell 
is the same and equal to 4 B , and the values of the optical and fundamental gaps coincide and are 1.20, 2.22 and 
1.99 eV, respectively. 
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Figure 3. The spin-polarized electronic energy band parameters in the ZnCrSe material versus the 2×2×2 supercell lattice constant: 
top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 

Now consider the results obtained for a ZnCrSe crystal with a vacancy at the Zn atom site. At 0 22P  GPa 
pressures, the Fermi level of electrons with spin up (Fig. 3c) is localized in the valence band, and the width of the 
pseudogap increases. A further increase in pressure leads the material to a metallic state. For electrons with spin down 
(Fig. 3d), the Fermi level is in the upper part of the valence band, and the pseudogap shows a slow change as a function 
of pressure. The values of pseudogaps at pressures 0, 20 and 49 GPa are 1.06 eV (optical and fundamental), 1.50 eV 
(optical) and 1.46 eV (indirect fundamental), and 0 eV, respectively. The magnetic moments of the supercell 
corresponding to these pressures are equal to 2.75, 2.57 and 2.37 B , respectively. 

The pressure-dependent parameters of the electronic energy spectrum of an ideal ZnMnSe material are shown in 
Figures 4a and 4b. Their change, if there is a vacancy, is shown in Figures 4c and 4d. In an ideal material at pressures of 
0, 22 and 51 GPa, the optical band gaps coincide with the fundamental ones, and their values are 1.04, 1.96 and 1.85 eV 
for spin up, and 1.20, 2.21 and 1.95 eV for spin down, respectively. The magnetic moments of the supercell are the 
same for these pressure values and are equal to 5 B . Figures 4a and 4b indicate that for both spin up and down, the 
material is a semiconductor whose band gap slowly increases with increasing in pressure to 22 GPa, and a further 
increase in pressure causes a slow decrease in bandwidth. 

In the presence of a vacancy at the Zn atom site, the picture changes radically. The Fermi level for both spin 
orientations is at the top of the valence band. At pressures of 0, 20 and 49 GPa, the values of pseudogaps 1.03, 1.96 and 
1.85 eV for spin up, and 1.20, 2.07 and 1.55 eV for spin down, respectively. The values of the magnetic moments of the 
supercell at these values of pressure are equal to 4.16, 4.2 and 4 B , respectively. 

The parameters of the electronic energy bands in the ZnFeSe material, depending on the pressure, found without 
taking into account the vacancy, are shown in Figures 5a, 5b. For spin-up states, we have a direct-band material with 
interband gaps of 1.14, 1.83, and 1.94 eV, at corresponding pressure values of P  0, 15, and 49 GPa. The increase in 
pressure leads to a gradual lowering of the Fermi level in the band gap, i.e. it shifts towards the top of the valence band 
(Fig. 5a).  
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Figure 4. The spin-polarized electronic energy band parameters in the ZnMnSe material versus the 2×2×2 supercell lattice constant: 

top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 

         

         
Figure 5. The spin-polarized electronic energy band parameters in the ZnFeSe material versus the 2×2×2 supercell lattice constant: 

top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 
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A completely different picture is observed for the states of the electron with the spin down. At a pressure value 
of 0, the Fermi level is in the conduction band, and the pseudogap equals to 1.13 eV. An increase in pressure leads to a 
decrease in the Fermi level and its immersion in the valence band. The latter occurs at a pressure of P  15 GPa, at 
which the pseudogap is 0.96 eV. A further increase in pressure leads to a slow increase in the pseudogap to 1.17 eV. 
The magnetic moment of the supercell at all pressure values P  0, 14 та 47 GPa equals to M  4 B . 

The presence of a vacancy radically changes the parameters of electronic energy zones. For the spin up, the Fermi 
level is in the valence band, and at pressure values of P  0, 14, and 47 GPa, the values of the pseudogaps are 1.01, 
1.71, and 1.82 eV, respectively.  

For spin down at 0 14P   GPa pressures, the material is a semiconductor with an optical gap of 0.59 eV and a 
fundamental indirect one of 0.53 eV. The increase in pressure leads to a slow growth of these gaps, i.e. if P  14 GPa, 
the values of these gaps are 0.63 and 0.60 eV. At 14 47P  GPa pressures, the Fermi level is immersed in the 
valence band. The corresponding value of the pseudogap at a pressure of P  47 GPa is 1.80 eV. The magnetic 
moments of the supercell at pressures 0, 14 and 47 GPa are 4.56, 4.49 and 1.48 B , respectively. 

The results of calculations for an ideal ZnCoSe crystal are shown in Figures 6a, 6b. The ZnCoSe material exhibits 
semiconductor properties at all investigated pressure values for both spin orientations. For the spin up at pressures of 0, 
20 and 49 GPa, the predicted optical gaps coincide with the fundamental ones and are equal to 1.15, 2.04 and 1.96 eV, 
respectively.  

For spin down, at these pressure values, the optical gaps are 1.24, 2.11 and 1.71 eV, and the fundamental gaps 
equal 1.24 (direct at the point), and two indirect gaps of 2.04 and 1.63 eV, respectively. The magnetic moments of the 
supercell are the same for all investigated pressure values and equal to 3 B . 

For a point-defect crystal, the data obtained are shown in Figures 6c, 6d. In the material with the vacancy for both 
values of the spin moment, the Fermi level is in the valence band. So, we can only talk about pseudo-gap. For spin up at 
pressures 0, 19 and 47 GPa, the values of pseudogaps equal to 1.12, 2.01 and 1.90 eV, and for spin down they are equal 
to 1.22, 1.74 and 1.31 eV, respectively. The magnetic moments of the supercell corresponding to pressures 0, 20 and 
49 GPa are 2.26, 2.44 and 2.25 B , respectively. 

           

           
Figure 6. The spin-polarized electronic energy band parameters in the ZnCoSe material versus the 2×2×2 supercell lattice constant: 

top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 
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The parameters of the electronic energy bands in an ideal ZnNiSe crystal are shown in Figures 7a and 7b. For the 
spin up, the Fermi level is inside the band gap, i.e. the material is a semiconductor. At pressure values of 0, 20 and 
49 GPa, the optical and fundamental gaps are identical and equal to 1.19, 2.05 and 1.97 eV, respectively.  

For spin down at 0 20P  GPa pressure values, the Fermi level is inside the band gap, i.e. the crystal is a 
semiconductor. At a pressure of P  0, the band gap is 0.99 eV, at its value P  20 GPa equals 1.24 eV. At 
higher 20 49P   GPa pressures, the Fermi level is in the valence band, and the pseudo gap corresponding to its 
largest value equals to 1.43 eV. The magnetic moments of the supercell are the same for the investigated pressure 
values and equal to 2 B . 

The introduction of the vacancy causes a radical change in the parameters of the electronic energy zones shown in 
Figures 7c, 7d. the magnetic moments of the supercell are 2.21, 2.15 and 1.94, respectively. For spin down at these 
pressures, the optical slits are 0.25, 0.29 and 0.21 eV, and the indirect fundamental slits are 0.19, 0.21 and 0.18 eV, 
respectively. The corresponding dependences of the parameters of the electronic energy zones are shown in Fig. 7d, 
allow to characterize the material as a narrow-band semiconductor. 

           

          
Figure 7. The spin-polarized electronic energy band parameters in the ZnNiSe material versus the 2×2×2 supercell lattice constant: 

top of valence band Ev, Fermi energy Ef and bottom of conduction band Ec. 

In Figures 1–7, we observe a change in the dependence of the parameters of the electronic energy bands as a 
function of pressure (lattice parameter), which occurs at 20 21P  GPa pressure values. To reveal the nature of this 
behavior, let us consider the partial 3d DOS of transition elements. In Figures 8 a, b we notice a significant 
redistribution of the 3d DOS of the Ti atom caused by the increase in pressure. At pressure P  0 we see the presence of 
3d electrons of the Ti atom at the Fermi level for both values of the spin moment. This corresponds to the metallic state, 
as mentioned above. However, at a pressure of 21 GPa 3d states are absent at the Fermi level, and as noted above, the 
ideal ZnTiSe material exhibits semiconductor properties for both spin moments. 

The magnetic moments on the Ti atom in an ideal ZnTiSe material at pressures of 0, 20, and 50 GPa are equal to 
1.06, 1.00, and 0.92 B , respectively. In the presence of a vacancy, their values vary greatly and at pressures of 0, 20 

and 48 GPa are equal to 0.26, 0.01 and 0.00 B , respectively. 
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Figure 8. The spin-polarized DOS of the Ti 3d electrons in the ideal ZnTiSe material. 

In Fig. 9 we also observe a significant redistribution of 3d electrons of the V atom caused by the increase in 
pressure. At a pressure P  0 (Fig. 9 a) we see the presence of the V 3d electrons at the Fermi level for both spin 
orientations. However, at a pressure of 20 GPa (Fig. 9 b) we observe the presence of the V 3d electrons at the Fermi 
level only for the spin up. 
 

 
Figure 9. The spin-polarized DOS of the V 3d electrons in the ideal ZnVSe material. 

The magnetic moments on the V atom in an ideal ZnVSe material at pressures of 0, 21, and 50 GPa are 1.72, 1.67, 
and 1.54 B , respectively. If there is a vacancy, their values are much lower and at pressures 0, 20 and 48 GPa are 

equal to 1.44, 1.34 and 1.26 B , respectively. 
All the results of the electronic energy structure calculation were obtained here with the hybrid exchange-

correlation functional PBE0. In this approach, it is possible to achieve a better positioning of 3d energy levels compared 
to that obtained using the usual GGA-PBE approximation [24]. 

We compare our results found in the PBE0 formalism for ZnCrSe and ZnFeSe materials with those obtained in 
the GGA-PBE approach [24]. From Figures 10 a, b we note that the Cr 3d states with higher energies and the spin up 
are located at the Fermi level, and those with lower energies are immersed in the valence band. This contradicts the 
results of [19], according to which the Fermi level and energy of 3d electrons are very close to the conduction band. 
For spin down approaches PBE0 and GGA-PBE [24] qualitatively give similar results, according to which 3d 
electrons form a conduction band. However, in the PBE0 approximation, the Fermi level is approximately 1.6 eV 
away from the lowest level of 3d electrons, whereas in the GGA-PBE formalism [24] this distance is approximately 
equal to 0.2 eV. 

The results obtained for the ZnFeSe material are shown in Figures 10 c, d. In the PBE0 approach, we obtained the 
following results. For spin up, the smallest distance between the Fe 3d levels equals to 1.2 eV, whereas the GGA-PBE 
approximation [24] leads to its value of 0.6 eV. For spin down, part of the 3d states with lower energies is localized at 
the Fermi level, and the distance to the high-energy peak density of the 3d states is 1.6 eV. The same distance obtained 
in the GGA-PBE approach [24], approximately equal to 0.7 eV. 
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Figure 10. The spin-polarized partial DOS of the Cr (a) and Fe (c) atoms, and total DOS in the ideal materials ZnCrSe (c) and 

ZnFeSe (d). 

Such differences between the parameters of the electronic energy bands obtained here in the PBE0 approach and 
in the GGA-PBE approximation [24], are explained by the fact that in the GGA-PBE formalism the electron density of 
s, p and d electrons is described by the same terms of the exchange-correlation functional. In the hybrid functional 
PBE0 s and p, electrons moving in wide energy zones are described in the GGA-PBE approximation. At the same time, 
the motion of 3d electrons in narrow energy zones with a high density of states is taken into account. The self-
interaction error of 3d electrons is eliminated by adding the Hartree-Fock exchange potential, i.e. the PBE0 approach, 
which we apply here to all studied materials, has a significant advantage over the GGA-PBE approximation in 
describing the properties of materials containing d (f) electrons. 
 

CONCLUSIONS 
The electronic and magnetic properties in the ZnSe:T crystals have been evaluated for supercells 

31 1 32Zn T Se and 30 1 1 32Zn v T Se  under hydrostatic pressure. Here 3d transition atom T={Ti, V, Cr, Mn, Fe, Co, and Ni} 
substitutes the Zn one. The second supercells contain additionally a vacancy at Zn atom site. The strongly correlated 3d 
electrons are treated by means of the hybrid exchange-correlation functional PBE0, in which their self-interaction error 
is partly removed. It was found that under ambient conditions the materials 31 1 32Zn Ti Se and 31 1 32Zn V Se reveal metallic 
properties for both spin values. However, under the action of pressure, they become semiconductors. The introduction 
of a vacancy leads to a semiconductor state for all considered values of pressures and both spins in 
the 30 1 1 32Zn v Ti Se material. But in the 30 1 1 32Zn v V Se material the Fermi level is located in a valence band under low 
pressure, and it is a semiconductor under pressures P  21 GPa. We have found that the combination of factors such as 
hydrostatic pressure and vacancy at the Zn atom site leads to a number of unexpected variety of the electronic and 
magnetic properties for the materials studied here. The results obtained in this work will be the basis for experiments to 
find effective materials for electronics application. 
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ВПЛИВ ГІДРОСТАТИЧНОГО ТИСКУ І КАТІОННОЇ ВАКАНСІЇ НА ЕЛЕКТРОННІ ТА МАГНІТНІ 
ВЛАСТИВОСТІ КРИСТАЛІВ ZnSe:T (T = Ti, V, Cr, Mn, Fe, Co, Ni)  

Степан В. Сиротюк 
Національний університет ”Львівська політехніка”, 79013 Львів Україна 

Параметри поляризованого за спіном електронного енергетичного спектру кристалів ZnSe: T (T = Ti, V, Cr, Mn, Fe, Co, Ni) 
вивчаються на основі надкомірки 2×2×2, побудованої на базі кристала ZnSe зі структурою сфалериту. Надкомірка містить 
64 атоми, з яких один атом Zn заміщується перехідним 3d елементом T. Перший етап даного дослідження полягає в 
розрахунку в ідеальному матеріалі ZnTSe залежних від зовнішнього гідростатичного тиску параметрів електронних 
енергетичних зон. На другому етапі досліджується вплив тиску на значення параметрів електронного енергетичного спектру 
матеріалів ZnTSe з урахуванням вакансії на вузлі атома Zn. Розрахунки виконані за допомогою програми Abinit. Для 
кращого опису сильно скорельованих 3d електронів елемента T був застосований гібридний обмінно-кореляційний 
функціонал PBE0 з домішкою обмінного потенціала Хартрі-Фока, у якому відсутня самодія цих електронів. На основі 
отриманих електронних густин, поляризованих за спіном, були визначені також і магнітні моменти надкомірок. Виявлено 
значний вплив тиску на параметри електронних енергетичних зон. Так, ідеальний матеріал ZnTiSe за нульового тиску є 
металом для обидох значень спіна, але під дією тиску він стає напівпровідником. Цей же матеріал з точковим дефектом, 
тобто вакансією на вузлі атома Zn, виявляє властивості напівпровідника для обидвох орієнтацій спіна за нульового тиску. 
Виявлено, що вакансії докорінно змінюють параметри електронних енергетичних зон. Магнітні моменти надкомірки, як 
інтегральні величини поляризованих за спіном густин електронних станів, також відображають ці зміни. Так, у матеріалі 

ZnTiSe без дефектів магнітні моменти надкомірки становлять 1.92, 2.0 та 2.0 B , за тисків 0, 21 та 50 GPa, тоді як тому ж 

матеріалі з вакансією відповідні значення становлять 0.39, 0.02 та 0.36 B . Ідеальний матеріал ZnVSe за нульового тиску 
також є металом для обидвох значень спінового моменту, але за наявності катіонної вакансії він є характеризується 
псевдощілиною, оскільки рівень Фермі локалізований у верхній частині валентної зони. Ідеальні кристали ZnFeSe та ZnNiSe 
характеризуються подібними залежностями від тиску параметрів електронних енергетичних зон для обидвох спінів. Однак 
ці ж матеріали з катіонною вакансією характеризуються для спінів вгору рівнем Фермі, зануреним у валентну зону.   
Ключові слова: ZnSe, домішка 3d, катіонна вакансія, електронні властивості, спін, магнітний момент, сильні кореляції, 
гібридний функціонал. 
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PEDOT: PSS thin films are widely used as transparent coatings in flexible semiconductor devices including solar cells. However, they 
are not widely used as transparent coatings in combination with crystal substrates. This work shows the possibility of using PEDOT:PSS 
thin films as a frontal transparent conducting layer in hybrid organic-inorganic Schottky type heterojunctions of the 
PEDOT:PSS/n-CdTe, which were prepared by deposition of PEDOT:PSS thin films (using the spin-coating method) on crystalline 
cadmium telluride substrates. The current-voltage (in a wide temperature range) and capacitance-voltage (at room temperature) 
characteristics of heterojunctions were measurement and analyzed. It has been established that PEDOT:PSS/n-CdTe heterojunctions 
have good diode properties with a high rectification ratio RR≈105, a potential barrier height φ0 = 0.95 eV, and series Rs = 91 Ohm and 
shunt Rsh = 5.7 × 107 Ohm resistances. Analysis of the forward branches of the I–V characteristics of heterojunctions showed that the 
dominant charge transfer mechanisms are determined by the processes of radiative recombination at low biases (3kT/e <V <0.3 V) and 
tunneling through a thin depleted layer at high biases (0.3 V <V <0.6 V). Capacity-voltage characteristics are plotted in the Mott-
Schottky coordinate, taking into account the influence of series resistance, measured at a frequency of 1 MHz. Used the C-V 
characteristic was determined the value of the built-in potential Vc = 1.32 V (it correlates well with the cutoff voltage determined from 
the current-voltage characteristics) and the concentration of uncompensated donors in the n-CdTe substrate ND-NA = 8.79 × 1014 cm-3. 
Although the photoelectric parameters of unoptimized PEDOT:PSS/n-CdTe heterojunctions are low, their photodiode characteristics 
(Detectivity D*> 1013 Jones) are very promising for further detailed analysis and improvement. The proposed concept of a hybrid 
organic-inorganic heterojunction also has potential for use in inexpensive γ- and X-ray detectors. 
Keywords: PEDOT:PSS, CdTe, heterojunction, photodetector, current transport. 
PACS: 68.65.Pq, 68.55.Jk, 68.37.Hk, 68.37.−d, 71.20.−b, 71.20.Nr 
 

For a long time, many scientific laboratories have been developing the technology to obtain high-quality crystals of 
cadmium telluride CdTe and study their physical properties. This material attracts materials scientists and device 
engineers involved in the development of new types of semiconductor devices for various applications. 

Cadmium telluride (CdTe) is a direct-gap semiconductor of the АIIBVI group with a wide bandgap of 1.49 eV at 300 
K [1,2]. Currently, CdTe semiconductor crystals find their application in different optoelectronic devices: solar cells, 
lasers, photoresistors, and ionizing radiation detectors [3-5]. 

Among the conductive polymers, PEDOT:PSS (polyenidoxythiophene) is widely used in organic and hybrid 
perovskite optoelectronics [6,7]. It can also replace transparent conductors such as ITO or FTO and is widely used on 
flexible substrates [8-10]. This degenerated p-type organic semiconductor is particularly interesting due to the synergy of 
its optical and electrical properties with the advantages of simple, low-cost solution processing.  

So far, PEDOT:PSS films were used to fabricate ohmic back contacts to CdTe thin-film solar cells [11]. This is 
possible because of the large work function of PEDOT:PSS films close to that of p-type CdTe.  

This contribution is the first to report on employing PEDOT:PSS thin films as the front transparent functional layer 
in a Schottky-type hybrid organic-inorganic heterojunction PEDOT:PSS/n-CdTe. 

 
EXPERIMENTAL DETAILS 

The heterojunctions were fabricated by spin-coating PEDOT:PSS water suspension at room temperature on freshly 
cleaved n-CdTe substrates (3.5×3.5×0.7 mm3) at 2000 rpm. Afterward, the samples were annealed in air at the temperature 
of 370 K.Properties of the CdTe crystals are described in our previous paper [12]. 

The front electric contact to the PEDOT:PSS thin films was formed by using a graphite conductive paste. During 
the formation of the back electrical contact to the single-crystal n-CdTe substrate, a copper layer was deposited via the 
reduction from an aqueous solution of copper sulfate, followed by the thermal evaporation of indium [13]. 

A schematic representation of the fabricated photosensitive hybrid organic-inorganic heterostructures 
PEDOT:PSS/n-CdTe is shown in Figure 1a. The energy diagram of the PEDOT:PSS/n-CdTe heterojunction, built 
according to the Anderson model [14] is shown in Figure 1b. The energy parameters of the semiconductor components 
of the heterojunction were taken from the literature [5,14-17]. 
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The current-voltage characteristics of the heterojunctions were measured according to the standard method using a 
Keysight B2985A precision Femto/pico-amperemeter in combination with a voltmeter Agilent 34410A. The measurements 
of the capacitance-voltage (C–V) characteristics of the heterojunctions were completed by an LCR Meter BR2876. 

 

 

Figure 1. a) a schematic representation of the PEDOT:PSS/n-CdTe heterojunction photodiode; b) energy diagram of the 
PEDOT:PSS/n-CdTe heterojunction at zero bias: Eg

PEDOT:PSS = 1.6 еV, χPEDOT:PSS = 3.6 еV, APEDOT:PSS = 5.1 еV, Eg
CdTe = 1.5 еV, 

χCdTe = 4.28 еV, ACdTe = 4.38 еV Δµp
PEDOT:PSS ≈ 0.1 еV,  Δµn

CdTe
 = 0.1 еV,  ΔEc = 0.68 еV, ΔEv = 0.58 еV, φ0 = 0.72 еV. 

 
RESULTS AND DISCUSSIONS 

Electrical properties of the PEDOT:PSS/n-СdTe heterostructures 
Figure 2a reveals dark current-voltage characteristics of the hybrid heterojunctions PEDOT:PSS/n-CdTe. The work 

function difference between the PEDOT:PSS (5.1 eV) [17] and n-CdTe (4.38 eV) [5] resulted in a potential barrier for 
charge transport at the heterojunction interface with a high rectification ratio RR2V = 105. 

 

Figure 2. a) I-V characteristics of the PEDOT:PSS/n-CdTe heterojunctions (the inset: temperature dependence of the potential-
barrier height); b) Forward branch of the I–V characteristics in a semi-logarithmic scale, taking into account the effect of series and 

shunt resistance; c) The tunneling current transport through the heterojunction under investigation at reverse bias. 
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Extrapolating the linear parts of the I–V characteristics towards their interception with the voltage axis allows to 
determine the height of the potential barrier at the PEDTO:PSS/n-CdTe heterojunction interface at different temperatures 
φ0 = eVbi, where Vbi is the built-in voltage, (see the inset in Fig. 2a). We have found that the temperature dependence of 
the potential-barrier height at the PEDOT:PSS/n-CdTe heterojunction is well described by the linear equation [12]: 

    0 0 0T T     , (1) 

where βφ = -3.5 · 10-3 еV/K is the temperature coefficient of the potential-barrier height and φ0(0) = 1.98 еV is the 
potential-barrier height of the investigated heterojunction at the absolute zero temperature. 

The series resistance Rs = 91 Ohm and shunt resistance Rsh=5.7·107 Ohm of the organic-inorganic heterojunction 
photodiode PEDOT:PSS/n-CdTe were established from the voltage dependence of its differential resistance Rdif at room 
temperature [18,19]. 

 
Charge transport mechanisms 

Figure 2b shows the forward branches of the I–V characteristics of the hybrid PEDOT:PSS/n-CdTe heterojunction 
in the semi-logarithmic scale ln[I-(V-IRs)/Rsh] = f (V-IRs). The plot consists of two linear sections, that indicates an 
exponential dependence of current on voltage and the presence of two dominant charge transport mechanisms within the 
considered voltage range. The values of the ideality factor n (Δln[I-(V-IRs)/Rsh]/Δ(V-IRs) = e/nkT) [20,21] for two voltage 
regions are shown in Figure 2b.  

First, consider the voltage range (3kT/eV0.3 V). In this range, the measured I–V characteristics can be governed 
by the standard equation, which takes into account the effect of the series Rs and shunt Rsh resistance [22]: 

 
 

0

( ) ( )
exp 1

( )
s s

sh

e V IR T V IR T
I I

nkT R T

   
    

   
, (2) 

where I0 is the saturation current, n is the ideality factor, k is the Boltzmann constant and T is the absolute temperature. 
The value of the nonideality factor changes from 1 to 2 with increasing temperature, which suggests that the current 

in this voltage range is well described by the emission-recombination model of current transport [15,20]. 
Now let us consider linear sections in the voltage range V > 0.3 V. The large nonideality factor n> 2 provides 

evidence on the tunneling model of charge transport. At large forward bais the space charge region becomes thin enough 
for direct tunneling and the I–V characteristics are well described by the Newman formula [12,14]: 

      0 exp exp expt s t sI I T V IR I V IR             , (3) 

where It
0=2.3 · 10-12 А, α=11.8 eV, γ = 3.7 ·10-2 К-1are constants. 

In the case of an abrupt junction, the expression for the tunneling current at reverse bias has the form (4). Therefore, 
according to equation (4), the appearance of the reverse branches of the I-V characteristics as straight lines in the 
coordinates lnIrev = f((φ0 - qV)–1/2 (Figure 2c) confirms the dominance of the tunneling mechanism of current transport at 
reverse bias [23]. 

 0
0

0

exp
( )

rev

b
I a

T eV

 
    

 (4) 

where a0 and b0 are the voltage-independent parameters. 

 

Figure 3. a) I-V characteristic of the PEDOT:PSS/n-CdTe heterojunction in the dark and under the white light illumination with the 
intensity of 80 mW/cm2; b) voltage dependence of responsivity (R). The inset reveals the voltage dependence of detectivity (D*). 
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Photoelectric properties 
Figure 3a reveals the dark and light I-V characteristics of the hybrid heterojunction PEDOT:PSS/n-CdTe. The 

photovoltaic parameters of the heterojunction are the following: open-circuit voltage Voc = 0.47 V, short-circuit current 
Isc = 1.3 mA/cm2, and fill factor FF = 0.31 under white light illumination with the intensity of 80 mW/cm2. 

The photodiode characteristics of the heterojunction can be quantified via its responsivity (R) and detectivity (D*) 
in the shot noise-limited case [24,25]: 

 R=(Ilight – Idark)/Popt, (5) 

 D*=(RS/2qIdark)1/2, (6) 

Where S is the photodetector area.  
The responsivity R increases at larger reverse bias due to the widening of the depletion region, thus, improving the 

efficiency of separating photoinduced charge carriers (see Fig. 3b). The specific detectivity D* describes the normalized 
radiation power required to obtain a signal from the photodetector at the noise level, remains relatively constant within 
the all tested range of reverse bias due to the counter compensating between the increasing Idark and increasing R. 

 
C-V characteristics 

Figure 4a shows the capacitance-voltage characteristics of the hybrid heterojunction PEDOT:PSS/n-CdTe, the 
measurements were carried out at room temperature, in the frequency range 20 kHz - 1 MHz in the parallel RC circuit 
mode, the alternating current amplitude was 20 mV. Since part of the applied DC bias is dropped across the series 
resistance, so its effect was accounted for as follows: Vcor=V-IR. 

 

Figure 4. a) C-V characteristics of PEDOT:PSS/n-CdTe heterojunction at room temperature b) C-V characteristics in Mott-
Schottky coordinates; c) Mott-Schottky dependence,  measured at the frequency of 1 MHz: measured capacitance Cm, corrected 

capacitance by the effect of the series resistance C. 

Let us consider the frequency dependence of the measured capacitance-voltage characteristics. It was shown in 
[26,27] that surface and bulk traps affect the measured capacitance Cm only at low frequencies while they can still follow 
the AC test signal. Thus, measuring C-V characteristics at high frequencies can mitigate the excessive capacitance 
originated from charging and discharging traps. At the same time, the series resistance parasitic contribution to the 
measured capacitance becomes more apparent with the increase of frequency (Fig. 4a). Therefore, the increase of the 
slope of the Mott-Schottky dependence in the frequency range 20 – 500 kHz dominantly results from the reduced 
capacitance originated from the charging-discharging surface and bulk traps. However, in the high-frequency range 500 
kHz – 1 MHz, the parallel shift of the Mott-Schottky dependence is caused almost purely by the parasitic effect of the 
series resistance (Fig. 4b). 
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Since the effect of traps is negligible at the high frequency of 1 MHz, it is possible to analyze the C-V characteristics 
in this frequency range using a simplified equivalent circuit (the inset in Fig. 4с). The barrier capacitance of the 
heterojunction is calculated using the following formula, which accounts for the parasitic effect of the series resistance 
on measured high-frequency capacitance[27]: 

 
 

1
222 2 2 2 2 2 4 4

4 4

2 2 4

2

m s m s s

s

C R C R R
C

R
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

        
  

. (7) 

Plotting the high-frequency Mott-Schottky dependence, corrected by the effect of the series resistance (Fig. 4c), 
allows proper analysis of the height of the potential barrier and the concentration of uncompensated donor centers in the 
CdTe substrate. By extrapolating the linear part of the corrected Mott-Schottky dependence toward the intersection with 
the voltage axis, we determine the value of the built-in potential Vc = 1.32 V that is in good agreement with the value of 
the built-in potential determined from the I–V characteristic of the heterojunctions Vbi = 1.32 V. 

According to the Donelly-Milns model [28], this is clear evidence of a high-quality heterojunction interface between 
the PEDOT:PSS layer and the n-CdTe substrate without charged interface defect states.  

Having taken into account that the space charge region is almost entirely located in the CdTe substrate, the voltage 
dependence of the barrier capacitance can be expressed by the following equation [13]: 

  
2

0

02 ( )
n D A

s

e N N
C S

e V IR

 





 
 , (8) 

Where S is the area of the heterojunction. 
The density of uncompensated donors can be determined from the slope of the Mott-Schottky dependence [13]: 
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The determined densities of uncompensated donors in the base material for linear regions at a reverse bias 
(Figure 4c) are 8.79×1014 cm−3. 

 
CONCLUSION 

The possibilities of using solution-processed PEDOT:PSS thin films for the fabrication of photosensitive hybrid 
organic-inorganic heterojunctions PEDOT:PSS/n-CdTe were experimentally revealed in this study. 

It was established that PEDOT:PSS/n-CdTe heterojunctions possess quite decent diode properties with a high 
rectification ratio RR ≈ 105, the height of the potential barrier φ0 = eVbi = 0.95 eV and the values of the series Rs = 91 Ω 
and shunt resistance Rsh = 5.7 · 107 Ω. 

The analysis of the forward branches of the I–V characteristics of the heterojunctions has shown that the dominant 
mechanisms of charge transport are defined by emission-recombination processes at a low bias (3kT / e < V < 0.3 V) and 
tunneling through the thin depletion layer at large bias (0.3 V < V < 0.6 V). 

Mott-Schottky dependence, measured at the frequency of 1 MHz and corrected by the effect of the series resistance, 
was used to determine the built-in potential Vc = 1.32 V (in good correlation with the cut-off voltage of the measured I-V 
characteristics) and the concentration of uncompensated donors in the n-CdTe substrate ND-NA = 8.79×1014 cm−3.  

Although the photovoltaic parameters of the unoptimized PEDOT:PSS/n-CdTe heterojunctions are low, their 
photodiode performance is quite promising for further detail analysis and improvement. The proposed concept of a hybrid 
wide-bandgap organic-inorganic solution-processed Schottky-type heterojunction also has potential for applications in 
low-cost γ- and x-ray detectors [29]. 
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ЕЛЕКТРИЧНІ ТА ФОТОЕЛЕКТРИЧНІ ВЛАСТИВОСТІ ОРГАНІЧНО-НЕОРГАНІЧНИХ 
ГЕТЕРОПЕРЕХОДІВ PEDOT:PSS/n-CdTe 

Г.П. Пархоменкоa, M.M. Солованa, A.I. Мостовийa, I.Г. Орлецькийa, В.В. Брусb 

aКафедра електроніки і енергетики, Чернівецький національний університет імені Юрія Федьковича 
58012, Чернівці, Україна 

bКафедра фізики, Університет Назарбаєва, 010000, Нур-Султан, Казахстан 
Тонкі плівки PEDOT:PSS знайшли широке використання в якості прозорих покритів в гнучких напівпровідникових приладах 
в тому числі сонячних елементах. Проте вони доволі мало використовуюся в якості просвітлюючих покриттів в поєднанні з 
кристалічними підкладками. В даній роботі показано можливість використання тонких плівок PEDOT: PSS як фронтального 
прозорого провідного шару в гібридних органічно-неорганічних гетеропереходах типу Шотткі PEDOT: PSS/n-CdTe, які були 
виготовлені шляхом нанесення тонких плівок PEDOT: PSS (використовуючи метод спінкоутингу) на кристалічні підкладки 
телуриду кадмію. Виміряно та проаналізовано вольт-амперні (в широкому діапазоні температур) та вольт-фарадні (при 
кімнатній температурі) характеристики гетеропереходів. Встановлено, що гетеропереходи PEDOT: PSS/n-CdTe володіють 
хорошими діодними властивостями з високим коефіцієнтом випрямлення RR≈105, висотою потенціального бар'єру 
φ0 = 0,95 еВ та значеннями послідовного Rs = 91 Ом і шунтуючого Rsh = 5,7 × 107 Ом опорів. Аналіз прямих гілок ВАХ 
гетеропереходів показав, що домінуючі механізми переносу заряду визначаються процесами випромінювальної рекомбінації 
при малих зміщенях (3kT/e <V <0,3 В) та тунелювання через тонкий збіднений шар при великих зміщенях (0,3 В <V<0,6 В). 
Вольт-фаратні характеристики побудовані в кординатах Мотта-Шотткі з врахуванням впливу послідовного опору, виміряні 
при частоті 1 МГц. З ВФХ було визначено величину вбудованого потенціалу Vc= 1,32 В (яка добре корелює з напругою 
відсічки визначеною з вольт-амперних характеристик) та концентрацію незкомпенсованих донорів у підкладці n-CdTe ND-
NA = 8,79 × 1014 см−3. Хоча фотоелектричні параметри неоптимізованих гетеропереходів PEDOT:PSS/n-CdTe низькі, їх 
фотодіодні характеристики (детективність D*> 1013 Джонс) є досить перспективними для подальшого детального аналізу та 
вдосконалення. Запропонована концепція гібридного органічно-неорганічного гетеропереходу типу діода Шотткі, також має 
потенціал для застосування в недорогих γ- та рентгенівських детекторах. 
Ключові слова: PEDOT:PSS, CdTe, гетероперехід, фотодетектор, механізми струмопереносу. 
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The paper presents an algorithm for constructing the family of the atomic radial basis functions of three independent variables 

1 2 3( , , )kAHorp x x x  generated by Helmholtz-type operator, which may be used as basis functions for the implementation of meshless 

methods for solving boundary-value problems in anisotropic solids. Helmholtz-type equations play a significant role in mathematical 
physics because of the applications in which they arise. In particular, the heat equation in anisotropic solids in the process of numerical 
solution is reduced to the equation that contains the differential operator of the special form (Helmholtz-type operator), which includes 
components of the tensor of the second rank, which determines the anisotropy of the material. The family of functions 

1 2 3( , , )kAHorp x x x  is infinitely differentiable and finite (compactly supported) solutions of the functional-differential equation of the 

special form. The choice of compactly supported functions as basis functions makes it possible to consider boundary-value problems 
on domains with complex geometric shapes. Functions 1 2 3( , , )kAHorp x x x  include the shape parameter k , which allows varying the 

size of the support and may be adjusted in the process of solving the boundary-value problem. Explicit formulas for calculating the 
considered functions and their Fourier transform are obtained. Visualizations of the atomic functions 1 2 3( , , )kAHorp x x x  and their first 

derivatives with respect to the variables 1x  and 2x  at the fixed value of the variable 3 0x   for isotropic and anisotropic cases are 

presented. The efficiency of using atomic functions 1 2 3( , , )kAHorp x x x  as basis functions is demonstrated by the solution of the non-

stationary heat conduction problem with the moving heat source. This work contains the results of the numerical solution of the 
considered boundary-value problem, as well as average relative error, average absolute error and maximum error are calculated using 
atomic radial basis functions 1 2 3( , , )kAHorp x x x  and multiquadric radial basis functions. 

Keywords: atomic radial basis function, Helmholtz-type operator, meshless methods, boundary-value problems, anisotropic thermal 
conductivity. 
PACS: 02.60.-x, 44.10.+i 
 

Currently, meshless methods for the numerical solution of boundary-value problems are being actively 
developed [1-5]. In particular, methods that implement the approximation of a differential equation in the strong form 
(collocation methods) using compactly supported radial functions as basis [6-10]. The use of compactly supported radial 
basis functions leads to a sparse interpolation matrix and allows effectively avoiding ill-conditioning, and therefore, 
reduces computational costs. However, the lower order of accuracy of compactly supported radial basis functions 
compared to global supported functions is a serious obstacle to their practical use. 

New opportunities for the practical implementation of meshless schemes appear with the use of atomic radial basis 
functions. The discovery of classes of atomic functions is due to Rvachev V. L. and Rvachev V. A. [11], who constructed 
the simplest one-dimensional atomic function ( )up x  in 1971. The special properties of the function ( )up x  (infinite 

differentiability and compact support) made it possible to construct algorithmically simple computational schemes for 
solving problems of interpolation and approximation of functions [12]. These functions were used to solve boundary-value 
problems through the application of variational methods. The expansion of the concept of atomic function in case of many 
independent variables was presented in the works of Kolodyazhny V. M., Rvachev V. A. and Lisina O. Yu. [13-17]. Atomic 
functions generated by various differential operators such as the Laplace, Helmholtz, Klein-Gordon, biharmonic operator, 
etc. have been constructed. The obtained atomic radial basis functions have demonstrated their efficiency in the numerical 
solution of unsteady heat conduction problems in isotropic solids using meshless schemes [18,19]. 

Currently, there are many natural and synthetic materials, whose thermophysical properties depend on the direction; 
they are called anisotropic materials. Common examples of anisotropic materials are crystals and single crystals, steel 
and alloy billets (rolling, stamping), fibrous materials and thin films, fiber reinforced plastics, quartz, graphite, etc. In this 
case the heat equation in anisotropic solids in the process of numerical solution is reduced to the equation that contains 
the differential operator of the special form (Helmholtz-type operator), which includes components of the tensor of the 
second rank, which determines the anisotropy of the material. 

The study of heat conduction processes in anisotropic solids is a major focus of modern engineering research in the 
energy, machine-building, nuclear and other industries. 
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Goals of article is constructing family of the atomic radial basis functions generated by Helmholtz-type operator, 
which extends the subclass of functions used as basis functions in the implementation of meshless methods for solving 
boundary-value problems in anisotropic solids. 

 
THE CONSTRUCTION ALGORITHM 

Consider algorithm for constructing family of the atomic radial basis functions of three independent variables, which 
are the solution of the functional-differential equation of the following form: 

2
1 2 3 1 2 3 1 1 2 2 3 3 1 2 3( ) ( , , ) ( , , ) ( ( ), ( ), ( )) ( , , ),L K u x x x u x x x u k x k x k x d u kx kx kx      



       (1) 

where 
23

2 2

, 1

( ) ij
i j i j

L K K
x x

 



  

   – Helmholtz-type operator; 
1 , 3ij i j

K K
 

     – symmetric positive definite tensor 

of the second rank, which determines the anisotropy of the material;   – boundary of the sphere of radius   
3

2 2

1

:k i k
i

r r


 , 
1

( )
2k k

k
r r k

k


  ; k  – shape parameter;  ,   – parameters whose values are determined from the 

condition guaranteeing the existence of the compactly supported solution of equation (1); 2  – parameter of the 
Helmholtz-type operator. 

Apply the three-dimensional Fourier transform to equation (1): 

1 1 2 2 3 3

1 1 2 2 3 3

( )2
1 2 3 1 2 3 1 2 3

( )
1 1 2 2 3 3 1 2 3 1 2 3

( ) ( , , ) ( , , )

( ( ), ( ), ( )) ( , , ) .

i t x t x t x
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u k x k x k x d u kx kx kx e dx dx dx


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  

  

   
  (2) 

Denote by 1 2 3( , , )U t t t  the result of applying the three-dimensional Fourier transform to the function 1 2 3( , , )u x x x : 

1 1 2 2 3 3( )
1 2 3 1 2 3 1 2 3( , , ) ( , , ) .i t x t x t xU t t t u x x x e dx dx dx

  
  

  

       

Let ( )i i ik x    , 1,2,3,i   in this case i
i ix

k


  . On the right-hand side of equation (2), we change the order 

of applying the operation of integration over the surface of the sphere and the operation of the three-dimensional Fourier 
transform. As a result, equation (2) can be rewritten as 

 
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2 2 2 2
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  (3) 

After applying the three-dimensional Fourier transform on the right-hand side of equation (3), we obtain 

 
 21 1 2 3 3

2 2 2 2
11 1 22 2 33 3 12 1 2 13 1 3 23 2 3 1 2 3
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  (4) 

For further solution, it is necessary to consider the integral over the surface of the sphere 2 2 2 2
1 2 3: kr       on 

the right-hand side of equation (4). It should be noted that the exponent of the integrand represents the dot product of two 

vectors 1 2 3( , , )T t t t


, 1 2 3( , , )   


. 
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We will assume that the vector T


 is directed along the z-axis of the Cartesian coordinate system in which the sphere 

  is defined, and the vector 


 is directed along the radius vector that describes this sphere. To simplify the integration 
procedure, we introduce spherical coordinates as sin cosx r   , sin siny r   , cosz r  . This representation 

allows the surface integral to be rewritten in the form 

  2 2 2 2 2 2 2 2 2
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2 2
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The implementation of the integration procedure in (5) leads to the representation of the integral as the elementary 
function 
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Based on the above, equation (4) can be rewritten as follows 
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(6) 

In order for the expression in braces to be an entire function, we will use the possibility of choosing the parameter 
 , considering that 2 2 2

1 2 3 0t t t   , 2 2 2
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The structure of equation (6) makes it possible to represent the ratio 
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 , ( )C x  – functions which are analytic everywhere on the numerical axis, 0a  , a const , (0) 1C  , 

(0) 1f  , in the form of the infinite product [16]: 
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form: 
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To ensure the convergence of the infinite product (7), we choose the parameter   from the conditions: 0h  , 

2 2 2
1 2 3 0t t t   , 2 2 2
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Based on the generalization of the Paley-Wiener theorem [20] for the multidimensional case and the Polya-
Plancherel theorem [21], we establish that the function 1 2 3( , , )u x x x  is an infinitely differentiable compactly supported 

function, for which the Fourier transform 1 2 3( , , )U t t t  is represented by the rapidly decreasing entire function of 

exponential type at 2 2 2
1 2 3t t t    , 2 2 2

11 1 22 2 33 3 12 1 2 13 1 3 23 2 32 2 2K t K t K t K t t K t t K t t       . Thus, as a result of 

applying the inverse Fourier transform to expression (7), we obtain the required finite function (the support of this function 
will be the sphere of unit radius). This function will be denoted by 1 2 3( , , )kAHorp x x x , and will be called the atomic 

function. 
From the above it is clear that the Fourier transform of the function 1 2 3( , , )kAHorp x x x  is 
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(8) 

Function 1 2 3( , , )kAHorp x x x  is even with respect to its variables and can be expanded in the triple Fourier series 
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in which the Fourier coefficients are calculated by the following formulas: 
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where , , 1,2,...p q r    

It is clear that, since the function 1 2 3( , , )kAHorp x x x  is finite,      supp 1,1 1,1 1,1kAHorp        and even with 

respect to variables 1 2 3 ,, ,x x x  in the expressions for the Fourier coefficients (10), improper integrals can be replaced by 

definite integrals, and integrands can be replaced by exponential functions. These transformations make it possible to 
rewrite the Fourier coefficients (10) of series (9) in the following form: 
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where , , 1,2,...p q r    

Functions 1 2 3( , , )kAHorp x x x  form the family of atomic functions that are generated by the differential operator 
2( )L K  . Fig. 1 shows the visualization of the function 1 2 3( , , )kAHorp x x x  at the fixed value of the variable 3 0x   for 

isotropic (a) and anisotropic  11 22 33 12 13 230.5, 1.5, 2.0, 0K K K K K K       (b) cases.  

(a) Isotropic case (b) Anisotropic case 

Figure 1. Visualization of the function 1 2 3( , , )kAHorp x x x  at the fixed value of the variable 3 0x   for isotropic (a) and anisotropic (b) 

cases. 

Theorem 1. The family of atomic functions 1 2 3( , , )kAHorp x x x , which are solutions of the functional-differential equation 

(1) with the values of the parameters 

   
  

3
4

sin ;
4 sin

k k

k k k

k i
r r i

i r r i r i

   
   

   


  
 



54
EEJP. 4 (2021)  Denys O. Protektor

are finite, infinitely differentiable functions with support in the form of the sphere of unit radius, normalized by the 

condition 1 2 3 1 2 3( , , ) 1kAHorp x x x dx dx dx
  

  

   , which are represented in the cube:      1,1 1,1 1,1      by the 

Fourier series (9) with the coefficients (11). The Fourier transform of functions 1 2 3( , , )kAHorp x x x  (8) is rapidly 

decreasing function of exponential type at 2 2 2
1 2 3t t t    , 2 2 2

11 1 22 2 33 3 12 1 2 13 1 3 23 2 32 2 2K t K t K t K t t K t t K t t       . 

Fig. 2 shows the visualization of the first derivatives of the function 1 2 3( , , )kAHorp x x x  with respect to the variables 

1x  and 2x  at the fixed value of the variable 3 0x   for isotropic (a)-(b) and anisotropic 

 11 22 33 12 13 230.5, 1.5, 2.0, 0K K K K K K       (c)-(d) cases.  

(a) Isotropic case (b) Isotropic case 

  

(c) Anisotropic case (d) Anisotropic case 

Figure 2. Visualization of the first derivatives of the function 1 2 3( , , )kAHorp x x x  with respect to the variables 1x  and 2x  at the fixed 

value of the variable 3 0x   for isotropic (a)-(b) and anisotropic (c)-(d) cases.  

Fig. 3 shows the visualization of the function  2
1 2 3( ) ( , , )kL K AHorp x x x  at the fixed value of the variable 

3 0x   for isotropic (a) and anisotropic  11 22 33 12 13 230.5, 1.5, 2.0, 0K K K K K K       (b) cases. 
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(a) Isotropic case (b) Anisotropic case 

Figure 3. Visualization of the function  2
1 2 3( ) ( , , )kL K AHorp x x x  at the fixed value of the variable 3 0x   for isotropic (a) and 

anisotropic (b) cases. 
 

NUMERICAL RESULTS 
We will illustrate the use of atomic functions 1 2 3( , , )kAHorp x x x  as basis functions in the implementation of the 

meshless method for solving three-dimensional non-stationary heat conduction problems in materials with anisotropy, 
described in [1]. In this approach, the combination of the dual reciprocity method [22] using anisotropic radial basis 
function and the method of fundamental solutions [23] is used for solving boundary-value problem. The method of 
fundamental solutions is used for obtaining of homogenous part of the solution and the dual reciprocity method using 
anisotropic radial basis functions is used for obtaining of particular solution. 

 
Problem statement 

Consider the three-dimensional non-stationary heat conduction problem in the closed parallelepipedic domain 

     0,2 0,2 0,0.5     bounded by  . The unsteady heat equation in homogeneous anisotropic solids has the form: 

2 2 2 2 2 2

11 22 33 12 13 232 2 2
2p

u u u u u u u
c K K K K K K g

t x y x z y zx y z


       
                 

   

where 1   – density, 1pc   – specific heat at constant pressure, ( , , , )u u x y z t  – temperature, ( , , , )g g x y z t  – heat 

source,  0, 2t  , 0.01t   – time step, 2646N   – the total number of interpolation nodes. 

The initial condition is 
 

( , , ,0) 0, ( , , )u x y z x y z     
 
The Dirichlet boundary conditions are 
 

( , , , ) 0, ( , , )u x y z t x y z     
 
Moving heat source is given by the equation: 
 

   
2 2

1 1
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2 2
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The heat conduction tensor for this boundary-value problem has the form 
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Fig. 4 shows the visualization of slices of the numerical solution by the plane 0.3z   at different time moments. 

(a) 0.5t    (b) 1t   

(c) 1.5t   (d) 2t   

Figure 4. Visualization of slices of the numerical solution by the plane 0.3z   at different time moments. 

 
The exact solution for this boundary-value problem is: 
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where     
31 2

, , , ,
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parallelepipedic domain;  , , ,g t    – heat source. 

To estimate the accuracy of the approximation of the numerical solution, the average relative error ( )rerr u , the 

average absolute error ( )aerr u  and the maximum error ( )merr u  are used, which are calculated by the formulas: 
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where ju  and ju  are exact and numerical solutions, respectively. 

Table 1 shows the errors of the numerical solution of the boundary-value problem regarding to the exact solution obtained 
using the atomic radial basis function (ARBF) and multiquadric radial basis function (MQ) at different time moments. 

Table 1. Errors of the numerical solution of the boundary-value problem. 

Basis function t  ( )rerr u  ( )aerr u  ( )merr u  

ARBF 

0.5 1.20529052 × 10-3 4.44930401 × 10-6 7.16979247 × 10-5 
1 1.16163349 × 10-3 4.28814625 × 10-6 6.90741195 × 10-5 

1.5 1.12912489 × 10-3 4.16814019 × 10-6 6.71658645 × 10-5 
2 1.16305499 × 10-3 4.29339239 × 10-6 6.93488164 × 10-5 

MQ 

0.5 3.41366269 × 10-3 1.26014623 × 10-5 1.05639294 × 10-4 
1 3.27575942 × 10-3 1.20923987 × 10-5 1.10745011 × 10-4 

1.5 2.98933244 × 10-3 1.10350563 × 10-5 1.04590253 × 10-4 
2 2.99707792 × 10-3 1.10636484 × 10-5 1.07216618 × 10-4 

 

CONCLUSIONS 
This paper presents the algorithm for constructing family of the atomic radial basis functions of three independent 

variables generated by Helmholtz-type operator. The functions 1 2 3( , , )kAHorp x x x  extend the subclass of functions used 

as basis in the implementation of meshless methods for solving boundary-value problems in anisotropic solids. The 
efficiency of using atomic functions as basis functions is demonstrated by the benchmark problem, for which the average 
relative, average absolute and maximum errors were calculated. It should be noted that the shape parameter k  of the 
functions 1 2 3( , , )kAHorp x x x  allows varying the size of the support and may be adjusted in the process of solving the 

boundary-value problem. Increase of the parameter k  leads to decrease of the size of the support of the basis function 
and increase of the sparsity of the interpolation matrix. The choice of the optimal shape parameter k  remains the subject 
for future research. 
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СІМЕЙСТВО АТОМАРНИХ РАДІАЛЬНИХ БАЗИСНИХ ФУНКЦІЙ ТРЬОХ НЕЗАЛЕЖНИХ ЗМІННИХ, 
ЯКІ ПОРОДЖУЮТЬСЯ ОПЕРАТОРОМ ТИПУ ГЕЛЬМГОЛЬЦА 

Д.О. Протектор 
Харківський національний університет імені В.Н. Каразіна 

м. Свободи, 4, Харків, 61022, Україна 
У статті представлено алгоритм побудови сімейства атомарних радіальних базисних функцій трьох незалежних змінних 

1 2 3( , , )kAHorp x x x , що породжуються оператором типу Гельмгольца, які використовуються в якості базисних при реалізації 

безсіткових методів розв’язку крайових задач в анізотропних твердих тілах. Рівняння типу Гельмгольца відіграють значну 
роль в математичній фізиці завдяки додаткам, в яких вони виникають. Зокрема, рівняння теплопровідності для анізотропних 
твердих тіл в процесі чисельного розв’язку зводиться до рівняння, яке містить диференціальний оператор спеціального виду 
(оператор типу Гельмгольца), який включає в себе компоненти тензора другого рангу, що визначає анізотропію матеріалу. 
Сімейство атомарних радіальних базисних функцій 1 2 3( , , )kAHorp x x x  є нескінченно диференційованими фінітними 

розв’язками функціонально-диференціального рівняння спеціального виду. Вибір фінітних функцій в якості базисних дає 
можливість розглядати крайові задачі на областях зі складною геометричною конфігурацією. Функції 1 2 3( , , )kAHorp x x x  

містять параметр форми k , який дозволяє варіювати розмір носія та може уточнюватися в процесі розв’язку крайової задачі. 
Отримано явні формули для обчислення функцій 1 2 3( , , )kAHorp x x x  та їх перетворення Фур’є. В роботі представлені 

візуалізації атомарних функцій 1 2 3( , , )kAHorp x x x  та їх перших похідних за змінними 1x  і 2x  при фіксованому значенні змінної 

3 0x   для ізотропного та анізотропного випадків. Ефективність використання атомарних функцій 1 2 3( , , )kAHorp x x x  в якості 

базисних демонструється на прикладі тривимірної нестаціонарної задачі теплопровідності з рухомим джерелом тепла.  
Наведено результати чисельного розв’язку тестової крайової задачі, а також обчислені середня відносна, середня абсолютна 
і максимальна похибки наближених розв’язків, які отримані за допомогою атомарних радіальних базисних функцій 

1 2 3( , , )kAHorp x x x  та мультиквадратичних радіальних базисних функцій. 

Ключові слова: атомарна радіальна базисна функція, оператор типу Гельмгольца, безсіткові методи, крайові задачі, 
анізотропна теплопровідність. 



59

© O.L. Andrieieva, V.I. Tkachenko, O.P. Kulyk, O.V. Podshyvalova, V.A. Gnatyuk, T. Aoki, 2021

EAST EUROPEAN JOURNAL OF PHYSICS. 4. 59-67 (2021)
DOI: 10.26565/2312-4334-2021-4-06           ISSN 2312-4334

 
 
 
 

APPLICATION OF PARTICULAR SOLUTIONS OF THE BURGERS EQUATION TO 
DESCRIBE THE EVOLUTION OF SHOCK WAVES OF DENSITY 

OF ELEMENTARY STEPS† 
 

Oksana L. Andrieievaa,b,*, Victor I. Tkachenkoa,b, Oleksandr P. Kulykb,†, 
Oksana V. Podshyvalovac, Volodymyr A. Gnatyukd, Toru Aokie 

aNational Science Center “Kharkiv Institute of Physics and Technology”, 1 Akademichna St., Kharkiv 61108, Ukraine 
bV.N. Karazin Kharkiv National University, 4 Svobody Sq., Kharkiv 61022, Ukraine 

cNational Aerospace University “Kharkiv Aviation Institute”, 17 Chkalov St., Kharkiv 61070, Ukraine 
dV.E. Lashkaryov Institute of Semiconductor Physics of the National Academy of Sciences of Ukraine, 41 Prospekt Nauky 

Kyiv 03028, Ukraine 
eResearch Institute of Electronics, Shizuoka University, 3-5-1 Johoku, Naka-ku, Hamamatsu 432-8011, Japan 

*Corresponding author: andreevaoksana@kipt.kharkov.ua 
†E-mail: kulykop@gmail.com 

Received October 1, 2021; revised November 1, 2021; accepted November 16, 2021 
 
Particular solutions of the Burgers equations (BE) with zero boundary conditions are investigated in an analytical form. For values of 

the shape parameter a  greater than 1, but approximately equal to 1, the amplitude of the initial periodic perturbations depends 
nonmonotonically on the spatial coordinate, i.e. the initial perturbation can be considered as a shock wave. Particular BE solutions with 
zero boundary conditions describe a time decrease of the amplitude of initial nonmonotonic perturbations, which indicates the decay 

of the initial shock wave. At large values of the shape parameter 1a , the amplitude of the initial periodic perturbations depends 
harmoniously on the spatial coordinate. It is shown that over time, the amplitude and the spatial derivative of the profile of such a 
perturbation decrease and tend to zero. Emphasis was put on the fact that particular BE solutions can be used to control numerical 
calculations related to the BE-based description of shock waves in the region of large spatial gradients, that is, under conditions of a 
manifold increase in spatial derivatives. These solutions are employed to describe the profile of a one-dimensional train of elementary 
steps with an orientation near <100>, formed during the growth of a NaCl single crystal from the vapor phase at the base of a 
macroscopic cleavage step. It is shown that the distribution of the step concentration with distance from the initial position of the 
macrostep adequately reflects the shock wave profile at the decay stage. The dimensionless parameters of the wave are determined, on 
the basis of which the estimates of the characteristic time of the shock wave decay are made. 
Keywords: Burgers equation, analytical solutions, zero boundary conditions, shock wave, decay 
PACS: PhySH: Surface & interfacial phenomena 
 

It is known that vicinal surfaces during crystal growth from the vapor phase or solutions are subject to a certain type of 
morphological instability – bunching of steps [1-4]. The formation of step bunching is a very serious problem when growing 
perfect crystals and obtaining surfaces that are atomically smooth on a macroscale [5-7]. On the other hand, such instabilities 
lead to the formation of large-scale nanostructured surfaces, which can be used to obtain low-dimensional structures actual 
for various technological applications [8-13]. A theoretical description of the nonlinear processes that result in the 
development of such kind of instabilities is very complicated due to a variety of causes leading to the step bunching in real 
experimental conditions (stochasticity of growth processes in general, presence of impurities, surface electromigration effect, 
Ehrlich-Schwöbel effect, elastic stress fields, variable macroscopic fields, non-quasi-static effects, etc.) [14-20]. The current 
state of research of step bunching, in particular, induced by electric currents, is presented in the references given in [21], 
where it is shown how the general picture of the process of bunching depends on the short-range repulsive force between the 
steps. It is customary to distinguish between the steps bunching as a result of morphological instability and as a shock in a 
kinematic wave, when the flux of steps is determined only by their local density [3]. 

The study of kinematic ("shock") waves of steps on crystal surfaces was first carried out by Frank [22], and by 
Cabrera and Vermilyea [23], who used the results of the general analysis of kinematic waves done by Lighthill and 
Whitham [24]. Later, it was shown that the appearance of shock waves is accompanied by a characteristic curvature of 
the vicinal surface profile, reflecting the space-time distribution of the step density[25]. At the level of optical microscopy, 
kinematic waves are usually perceived as steps of macroscopic height. At that, they should be distinguished from another 
type of macro-steps associated with the anisotropy of the surface energy ("true" macro-steps) [25]. Subsequently, based 
on the experimental data, it was concluded that the characteristic macroscopic relief of shock waves can be formed under 
certain conditions of crystal growth (evaporation) on vicinal thermodynamically stable surfaces [26, 27]. As follows 
from [25], the appearance of shock waves with a curved profile of the vicinal surface under such conditions is the main 
result of the diffusion interaction of moving elementary steps. 
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The dynamics of the macroscopic curved vicinal surface profile of a crystal growing from the vapor phase was 
studied in [28], in which the expressions for the average values of the ad atom concentration and the velocity of elementary 
steps were obtained by averaging over large spatial intervals. The nonlinear Korteweg-de Vries-Burgers (KVB) equation 
was obtained from the continuity equation for average values of the ad atom concentration and the velocity of elementary 
steps, taking phenomenological account of surface curvature [3, 29]. This equation describes the nonlinear dynamics of 
a train of parallel elementary steps on a macroscopically curved vicinal crystal surface. In a particular case, the KVB 
equation can transform into the Burgers equation (BE), which describes the formation and dynamics of shock waves. 

The BE is a partial differential equation and it can be derived from the Navier-Stokes equations in the special case 
when the system under consideration has one spatial dimension [30].Following [30], the BE for the fluid flow velocity
 ,u x t is written in the next form: 

 
2

2
,

u u u
u

t x x
  

 
  

 (1) 

where t and x are the time and coordinate along the flow, respectively, 0   is the kinematic viscosity of the fluid. We 

consider the quantities t , x , and  to be dimensionless. 

Equation (1) is used in various fields of applied physics: to study the appearance of shock waves in hydrodynamic 
mediums[31], to describe the steepening and overturning of waves on the water surface [32]. The BE is also used in 
nonlinear acoustics to study cylindrical and spherical shock waves, as well as waves in relaxing mediums[33,34]. 

It is known that the BE can be reduced to the heat conduction equation using the Hopf-Cole transformation [35, 36]. 
The analytical solution obtained in this case describes the velocity of the medium for an arbitrary initial spatial 
distribution [37]. However, the integrals included in the solution cannot be always represented in an analytical form. 
Therefore, preference is given to such analytical solutions that are expressed in terms of elementary functions and can be 
easily applied to the problem being solved. 

The scientific literature provides analytical and numerical methods for solving the BE [31, 35-37]. The asymptotic 
of solutions of the BE with initial or boundary conditions on a finite interval with periodic boundary conditions is analyzed 
in [38]. It is shown that in a viscous medium, the profile initially at rest transforms into a traveling wave with decreasing 
amplitude. At viscosity values approaching zero, the asymptotic profile takes on a saw tooth shape with periodic derivative 
discontinuities, similar to Fay's solution on the half-line. 

Numerical calculations of the BE on a finite interval allow us not only to find new solutions, but also to verify 
experimentally their asymptotic using analytical estimates. It is noted that the numerical simulation of functions with a 
discontinuous derivative complicates the calculations, because in the vicinity of the discontinuities, the standard methods 
become unstable. The latter fact causes multiple oscillations, leading to a loss of accuracy and incorrect results. The only 
way to avoid that is to use an adaptive step length on the spatial coordinate, which corresponds to a step reduction of 10-
20 times compared to the original step length. But the marked possibility is limited. Therefore, all calculations must be 
checked using model analytical solutions. 

Analytical solutions of the BE with periodic boundary conditions were obtained in [39]. These solutions are 
proposed to be considered as a model for the development of stable and convergent grid methods for the numerical 
analysis of viscous media motion. However, the analytical solutions obtained in this work, as reference ones, do not 
describe the formation of a shock wave, but its decay. 

The purpose of this work is to obtain analytical solutions of the BE that describe both the formation of a shock wave, 
which is expressed in an increase in the steepness of the wave profile, and its decay, accompanied by a decrease in the 
steepness of its profile in a sufficiently wide time interval. The obtained solutions are used to describe some experimental 
results related to growth from the vapor phase (or evaporation) of alkali-haloid crystals. 
 

ANALYTICAL SOLUTIONS OF THE BE FOR SPATIALLY PERIODIC PERTURBATIONS WITH ZERO 
BOUNDARY CONDITIONS 

Let us find the bounded solutions  ,u x t    of the BE (1) on the interval х∈ [0,L], for times t∈ [0,∞]with the 

boundary conditions: 

 (0, ) , 0.u t u(L t)   (2) 

The Hopf-Cole transformation (HC)    
 v ,1

, 2
v ,

x t
u x t

x t x



 


 [37] reduces the nonlinear equation (1) to the 

linear heat equation for the function  v ,x t : 
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The boundary condition (2) implies the property of the function  v ,x t  in the range of its variation and its boundary 

conditions are the following: 

  v , 0,x t   (4) 

 
   v 0, v ,

0,
t L t

x x

 
 

 
 (5) 

where 0 x L  , 0 t   . 
Equation (3) has an infinite set of functions and conditions (4), (5) [39]: 

      2v , cos exp ,n n nx t x t    (6) 

where n n L  , 1, 2,3,...n  . 

Particular solutions (3) is determined up to a constant. Therefore, they can be represented as: 

    w , v , ,n nx t x t a   (7) 

where a  is a constant. It follows from (4) that 1a  . 
As a result of the HC transformation, we obtain particular BE solutions: 
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Solution (8) describes an infinite number of BE particular solutions for different values of constants , ,a n . Further, 

we call a  the shape parameter of BE particular solutions, since its value determines the shape of the initial perturbation. 
Let us consider the dependence of solutions (8) on the value of the parameter a . 

 
DEPENDENCE OF THE BE SOLUTIONS ON TIME FOR DIFFERENT VALUES 

OF THE SHAPE PARAMETER a  
At the initial moment of time ( 0t  ), ordinary BE particular solutions are described by a periodic function in the 

following form: 

    
 
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n x Ln
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For large positive values of the shape parameter 1a  , the initial perturbation is close to a harmonic signal: 

       1, 0 2 sin 1 cos .n

n
u x n x L a n x L

aL

     (10) 

For finite values of the shape parameter 1a   , where 0 1  , a particular solution of the BE at the initial 

moment of time (9) is a periodic function which, at points  2 1x k L n  when 0          ( 1a  ), has a singularity 

of the form: 

  , 0 2 tg ,
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n n x
u x

L L
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 (11) 

where  0; 1; 2..., 2 1k k n     . 

It follows from (11) that solutions (8) are inapplicable for the shape parameter 1a  , since the boundedness 
condition of solutions is violated already for the initial perturbations ( 0t  ). Therefore, the range of variation of the shape 
parameter a , as noted above, is determined by the condition 1a  . 

Let us determine the extreme values of the initial perturbation in the specified intervals of change in the shape 

parameter. For 0 1   at the initial moment of time (9) at points ±
ext 2
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, the BE positive 

particular solutions are bounded and have extreme values: 
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where
2


   . 

It follows from (12) that, for example, for 2n  , when   increases from zero to infinity, the parameter   

changes from zero to minus infinity, and the coordinate of the maximum shifts from 2L  to 4L . When   increases 

from zero to infinity, the parameter  , on the contrary, changes from zero to plus infinity, and the coordinate of the 

minimum shifts from 2L  to 3 4L . In all these cases, as  increases, the initial wave profile spreads and its amplitude 

decreases. 
 

NUMERICAL ANALYSIS OF THE TEMPORAL DYNAMICS 
OF THE BE PARTICULAR SOLUTIONS 

As an example of how the profile of (8) changes over time, let us plot the dependence of the dimensionless velocity

     , , 2n n ny x u x t n L  on the dimensionless time  2

n n L t   and the dimensionless coordinate x L  for 

a given mode n . At that, the areas of time and coordinate changes remain the same: 0 n   , 0 1  . 

The BE particular solution in new variables takes the form: 
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Figure 1(a) shows the time dynamics of the BE particular solution (13) for the mode 1n   and for the shape 
parameter value 1.001a  . Such particular solution describes the decrease in the nonmonotonical initial perturbation 
amplitude (11) with time, which corresponds to shock waves. The figure shows an exponential decrease in  1 1,y    over 

time. 
Figure 1(b) shows the time dynamics of the BE particular solution (13) for the mode 6n   and for a large value of 

the shape parameter 15a  . The ordinary BE particular solution describes the decrease in the initial perturbation 
amplitude (10) with time. The figure shows an exponential decrease in  6 6,y    over time. 

 
(a) 

 
(b) 

Figure. 1.Time dynamics of the BE particular solution (13): (a) - for 1n   and the shape parameter 1.001a  ; 

(b) - for 6n   and the shape parameter 15a  . 

Thus, the study of periodic particular BE solutions shows that the amplitude of the perturbation, as well as its spatial 
derivative, decreases with time to zero. This behavior of the perturbation indicates its decay and does not describe the 
formation of shock waves. 
 

RESULTS AND DISCUSSION 
Experimental results on the study of the growth of alkali halide crystals from the vapor phase 

In [28], the density waves of monatomic steps with <10> orientation on thermodynamically stable vicinal surfaces of 
NaCl(100) were investigated under conditions of very low super saturation (10-5-10-4)and high temperatures ( 310 К). The 
wave structure is adequately described on the basis of the analytical solution of the KVB equation obtained by the 
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averaging method for the one-dimensional (1D) model of the train of steps. This allows, on the one hand, to confirm the 
conclusion that the observed step bunches have a kinematic origin, on the other hand, to show that they are monotonic 
shock waves without oscillations. Dimensionless characteristics of shock waves, such as the average step density 0 s  , 

amplitude 0A , wave number 0q and velocity 0u were determined. Here s  is the ad molecule mean free path, 0 01/ l  , 0l  

is the average width of the vicinal surface terrace. Since the dimensionless coefficients of the obtained KVB equation are 
determined by the crystal parameters at the growth (evaporation) stage, this allowed us to take a fresh look at the physics 
of the process and take into account the effects of dispersion and dissipation in the experimental studies. The value of the 
parameter 1

0 0/ 1s q      obtained in [28] indicated that, during the formation of the investigated kinematic waves, 

the contribution of the dispersion effect to the competition with nonlinear effects is quite significant. This value agrees 
with the ratio of the coefficients at spatial derivatives of higher order in the KVB equation obtained using the method of 
many scales [29], and allows us to conclude that shock waves described by the BE should be expected on vicinal 
NaCl (100) surfaces in the temperature range under study at higher values of super saturation, when 1  . Such shock 
waves, characterized by the presence of a saw tooth profile and discontinuities in the density of elementary steps, were 
found on the pore growth surfaces formed during the thermally induced motion of pores in NaCl single crystals [40]. 

The microcrystallization conditions that can be created in pores (high temperatures and low super saturations [28]) 
are difficult to implement in conventional growth experiments. This is mainly due to the technical difficulties in 
maintaining and controlling both the required super saturation values and the temperatures themselves. The value of 
(super-) under saturation on the (growing) evaporating surfaces of pores inside a crystal can be controlled either by the 
value of the temperature gradient during their thermally induced motion, or by the difference in local surface curvatures 
during relaxation of their shape under isothermal conditions (see, references in [28]). 

A similar technique for studying the processes of dissolution and growth of crystals from solutions has been 
developed for liquid inclusions (see references in [41, 42]). In the case of saturated solution inclusions in alkali-halide 
crystals, the activation energies of dissolution (growth) processes are quite small. This makes it possible to study the 
spontaneous displacement of inclusions as a whole by creating inhomogeneous distributions of structural defects in the 
crystal (point defects of radiation origin, dislocations, etc.) [41], as well as the transition from the kinetic regime of motion 
of inclusions, when the processes at the inclusion-matrix interface are determining, to the diffusion regime, when the 
processes of substance transfer through the inclusion volume are decisive [42]. 

Meanwhile, the use of the moving pore (liquid inclusion) technique excludes the possibility of studying the dynamics 
of elementary steps in-situ and allows one to study only stationary stages of the growth processes of alkali halide crystals. 
And in order to obtain data on the characteristic times of formation (decay) of shock waves of the elementary steps density, 
necessary for the interpretation of theoretical results, it is important to study exactly the non-stationary stages of the 
growth (evaporation) on the vicinal surfaces of crystals. 

 

2200 nm × 2200 nm 
 

(a) (b) 

Figure 2.(a) - AFM micrograph showing the macrostep formed on the KCl(100) surface during crystal cleavage in vacuum [44] and 
(b) – the electron microscope image of the surface decorated with gold particles showing the “decay” of a similar macrostep into 
elementary steps during growth of NaCl(100) from the vapor phase ( 620T   K, 0 5R R  , 0,09 eV  , 10 nmА  ) [43]. 

Figure 2 shows the atomic force microscopy (AFM) image of the KCl(100) surface (a) and the electron microscope 
image of the NaCl(100) surface decorated with gold particles (b). The image (b) of the “decay” process during the growth 
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from the vapor phase of a macroscopic step formed on NaCl(100) upon cleavage of the crystal in vacuum is taken 
from [43]. The presence of such steps and their height can be reliably monitored by AFM, as it seen from Figure 2(a) 
taken from [44]. By decay we mean the process of forming a train of elementary steps of variable density at macrostep’s 
base. At a distant stage of this process, one should expect a complete “splitting” of the macrostep into elementary steps. 
The reason is that vicinal NaCl surfaces near (100) are thermodynamically stable and the existence of such macrosteps is 
thermodynamically disadvantageous [28]. In this case, the elementary steps have a height of 2a, which is obviously due 
to a relatively high value of super saturation in the vapor phase at a given temperature ( 620T  К) [43]. However, 
Figure 2(b) clearly shows the process of simultaneous decay of double-height steps into monoatomic ones. This process 
is assisted by the deviation of the orientation of both the macrostep itself and the double steps attached to it from the dense 
packing direction. The observed faceting of the double steps indicates that their disintegration into monoatomic steps 
begins from the <11> directions, for which the speeds of the steps are greater than that in the <10> direction. 

The area of the NaCl(100) growth surface decorated with gold particles, shown in Figure 2(b), allows us to 
reconstruct its topography quite accurately and estimate the formation time of the studied train of elementary (2a) steps 
of variable density. Therefore, the experimental data presented in Figure 2(b) were used to interpret the obtained 
theoretical results describing the decay of shock waves, i.e. the space-time evolution of perturbations with the amplitudes 

1a   at the initial moment of time. Here А is the thickness of the evaporated layer, R is the evaporation rate, 0R R is 

the super saturation coefficient calculated from Т and R  on the basis of the temperature dependence of the saturated 
vapor pressure 0P  [45],  0lnkT R R  . The train of elementary (2a) steps in Figure 2(b) was digitized and the 

obtained values of the concentration ( s ) of steps, taking into account the width ( 1l  ) of the terraces adjacent to 

them, are presented as a function of the longitudinal coordinate x  (in units s ) in Figure 3. 

To make the values of the step density (  ) and longitudinal coordinate dimensionless, we used the value s , obtained 

at 6 2 0T   K on the basis of the empirical temperature dependence presented in [29].This value agrees to within tenths 
with the data presented in [43] for the conditions of the considered growth experiment. 

 

Figure 3. The structure of the shock wave of the elementary step density, shown in Figure 2(b), at the decay stage: symbols "○" are the 
experimental values of the step concentration in the wave; the solid line and symbols "□"are the result of calculations using formula (8). 

Description of the experimental results of the NaCl crystal growth from the vapor phase 
by the BE particular solutions 

The structure of the kinematic wave, represented by the grouping of elementary (2a) steps shown in Figure (b), is 
distinguished by the following characteristic features: the presence of a segment of the sharp change in the profile of the 
initial perturbation and its subsequent smooth decrease to the minimum value. Such the change in the step concentration 
with the distance from the macrostep initial position is in qualitative agreement with the profile of the shock wave 
described by the BE particular solution at the stage of its decay at a given mode 1n   (Figure 1(a)). 

Before moving on to the interpretation of the experimental data based on the analytical solutions (8) and (13), we 
made the estimates of the coefficient   [28] taking into account the equilibrium concentration of ad molecules on an 

atomically smooth surface 0a . Estimating 9
0 10a

  by the saturated vapor pressure of NaCl [45] and assuming

 00.01 sq   , with the known   and s  [28], we found that the coefficient at the dissipative term in the BE is 1  . 

Using the Wolfram Mathematica package, the obtained experimental dependence of the step concentration on the 
longitudinal coordinate was approximated by the theoretical dependence based on equation (8) at 1n   (solid line and 
symbols"□" in Figure 3). This made it possible to obtain the values of the dimensionless parameters of the shock wave at 
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the decay stage (Table 1). Here Af  is the amplitude of the wave, 0f  is its pedestal, a  is the shape parameter of the initial 

perturbation, L  is the half-width of the wave front, t is the dimensionless time. 

Table 1.Parameters of the shock wave (Figure 3) at the decay stage. 

  L  a  t  0f  Af  

0.55 10.35 1.0001 0.005 1.37 11.50 

 
To interpret the obtained values of the dimensionless parameters under the conditions of the considered experiment, 

the data on the real time of formation of the train of double-height steps in Figure 2(b) are needed. Unfortunately, these 
data are not given in [43]; however, the image of a spiral consisting of monoatomic height steps under the same 
experimental conditions at the nonstationary growth stage is presented. Earlier, when studying the morphology of 
evaporation (growth) spirals and the dynamics of motion of monatomic and double-height steps in a wide range of 
temperatures and under saturations, the normalized velocities of isolated steps were measured [46]. On their basis, the 
velocities of steps in the spiral and in the train (Figure 2(b)) were calculated, which, when reduced to the same effective 
super saturation under the experimental conditions [43], were 103.3 10  m/s and 101.3 10  m/s, respectively. This 
allowed us to estimate the time of the nonstationary growth stage in Figure 2(b) as exp 1t   hour, taking into account the 

value 0 5R R  . 

In the kinematic wave theory, the characteristic time of a shock wave decay is considered to be the time during 
which the wave amplitude decreases by a factor of e . For the shock wave parameters presented in Table 1, the 
characteristic decay time was d 0.057t  . During this time, under the conditions of the considered experiment, a train of 

elementary steps could propagate over a distance 2 109.4L  in s  units with the speed of double steps, or over a distance

1 277.9L  with the speed of monoatomic steps. Assuming 1 2q L , we obtain for the parameter 0( ) 0.019sq    , 

which is close to the value used to estimate the value of  . However, at that, the corresponding values of the average 

width of the terraces are several times greater than the value of s2 . This indicates that the diffusion interaction of 

elementary steps, which is responsible for the formation of shock waves, is very weak under these experimental 
conditions. Since, theoretically, the processes of formation and decay of shock waves are mutually reversible, their 
detection under the considered experimental conditions is practically unlikely. Anyway, despite the numerous published 
results of studies of the morphology of the growth (evaporation) surfaces of alkaline-halide crystals in the considered 
temperature range, we do not know such data. It should be noted that the considered experiment is a model one in the 
sense that it is not the decay of the “true” shock wave that is investigated, but its model in the form of a macrostep on the 
singular crystal surface, the vicinals to which are thermodynamically stable. 
 

CONCLUSIONS 
In this paper, particular solutions of the BE with zero boundary conditions are investigated in an analytical form to 

describe the decay of shock waves. It is shown that the amplitude of the initial periodic perturbation for values of the shape 
parameter a greater than 1, but about 1, nonmonotonically depends on the spatial coordinate. The particular solution of the 
BE describes a time decrease of the amplitude of the initial nonmonotonic perturbation, which can be considered as a shock 
wave. Such behavior of the perturbation indicates the decay of the initial shock wave. For large values of the shape parameter 

1a  , the amplitude of the initial periodic perturbation depends harmonically on the spatial coordinate. It is shown that 
over time the amplitude and the spatial derivative of such perturbation decrease and tend to zero. Particular solutions of the 
BE with zero boundary conditions may be used to control numerical calculations related to the BE-based description of 
shock waves in the region of large spatial gradients, that is, under conditions of a manifold increase in spatial derivatives. 
Such solutions were employed to describe the profile of a one-dimensional train of elementary steps with an orientation near 
<100>, formed during the growth of a NaCl single crystal from the vapor phase at the base of a macroscopic cleavage step. 
It is shown that the distribution of the step concentration with a distance from the initial position of the macrostep adequately 
reflected the shock wave profile at the decay stage. The dimensionless wave parameters were determined, on the basis of 
which the estimates of the characteristic decay time of the shock wave were performed. 
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ЗАСТОСУВАННЯ ЧАСТИННИХ РОЗВ’ЯЗКІВ РІВНЯННЯ БЮРГЕРСА ДЛЯ ОПИСУ ЕВОЛЮЦІЇ УДАРНИХ 
ХВИЛЬ ГУСТИНИ ЕЛЕМЕНТАРНИХ СХОДИН  

Оксана Л. Андрєєваa,b, Віктор І. Ткаченкоa,b, Олександр П. Куликb, 
Оксана В. Подшиваловаc, Володимир А. Гнатюкd, Тору Аокіe 

aННЦ “Харківський фізико-технічний інститут” НАН України, Харків, Україна 
bХарківський національний університет імені В.Н. Каразіна, Харків, Україна 

cНаціональний аерокосмічний університет “Харківський авіаційний інститут”, Харків, Україна 
dІнститут фізики напівпровідників імені В.Є. Лашкарьова НАН України, Київ, Україна  
eНауково-дослідний інститут електроніки, Університет Шизуоки, Хамамацу, Японія 

Частинні розв'язки РБ з нульовими граничними умовами досліджені в аналітичній формі. Для значень параметра форми a
більше, але приблизно рівному 1, амплітуда початкових періодичних збурень немонотонно залежить від просторової 
координати, тобто початкове збурення можна розглядати як ударну хвилю. Частинні розв'язки РБ з нульовими граничними 
умовами описують зменшення з часом початкової амплітуди немонотонних збурень, що свідчить про затухання початкової 
ударної хвилі. При великих значеннях параметра форми 1a  амплітуда початкових періодичних збурень гармонійно 
залежить від просторової координати. Показано, що з часом амплітуда та просторова похідна профілю такого збурення 
зменшуються і прагнуть до нуля. Наголошено, що періодичні аналітичні розв'язки РБ з нульовими граничними умовами 
можуть бути використані для контролю числових розрахунків, пов'язаних з описом ударних хвиль на основі РБ в області 
великих просторових градієнтів, тобто в умовах багаторазового збільшення просторових похідних. Ці розв’язки використані 
для опису профілю одновимірного ешелону елементарних сходинок з орієнтацією поблизу <100>, що сформувався при рості 
монокристала NaCl з парової фази біля основи макроскопічної сходини відколу. Показано, що розподіл концентрації сходинок 
з відстанню від початкового положення макросходини адекватно відображає профіль ударної хвилі на стадії розпаду. 
Визначено безрозмірні параметри хвилі, на підставі яких зроблено оцінки характерного часу її розпаду. 
Ключові слова: рівняння Бюргерса, нульові граничні умови, аналітичні розв’язки, ударна хвиля, розпад 
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When a fast charged particle passes through matter, it loses some of its energy to the excitation and ionization of atoms. This energy loss 
is called ionization energy loss. In rather thin layers of matter, the value of such energy loss is stochastic. It is distributed in accordance 
with the law, which was first received by L.D. Landau. In amorphous substances, such a distribution (or spectrum), known as the Landau 
distribution, has a single maximum that corresponds to the most probable value of particle energy loss. When a particle moves in crystal 
in a planar channeling mode, the probability of close collisions of the particle with atoms decreases (for a positive particle charge) or 
increases (for a negative charge), which leads to a change in the most probable energy loss compared to an amorphous target. It has 
recently been shown that during planar channeling of negatively charged particles in a crystal, the distribution of ionization energy loss 
of the particles is much wider than in the amorphous target. In this case, this distribution can be two-humped, if we neglect the incoherent 
scattering of charged particles on the thermal oscillations of the crystal atoms and the electronic subsystem of the crystal. This paper 
explains the reason for this distribution of ionization energy loss of particles. The ionization energy loss distribution of high-energy 
negatively charged particles which move in the planar channeling mode in a silicon crystal are studied with the use of numerical 
simulation. The dependence of this distribution on the impact parameter of the particles with respect to atomic planes is considered. The 
dependence of the most probable ionization energy loss of particles on the impact parameter is found. It is shown that, for a large group 
of particles, the most probable ionization energy loss during planar channeling in a crystal is lower than in an amorphous target. 
Keywords: ionization energy loss, planar channeling, negatively charged particles. 
PACS: 61.85.+p; 34.50.Bw; 34.50.Fa 
 

If a high-energy charged particle penetrates through a crystal having a small angle θ between its momentum and 
one of atomic planes, correlations in scattering by neighboring atoms may occur. This happens when θ is of the order of 
the critical angle of planar channeling θc [1] or smaller. In this case the distance between particle and atomic plane 
changes weakly upon scattering by neighboring atoms. This means that a large number of sequentially located atoms 
deflect the particle in the same direction, that is, they act coherently. This coherent interaction leads to existence of the 
so-called planar channeling, in which the particle moves in a potential well formed by adjacent planes. The particle 
motion in this case is periodic [1]. The ionization energy loss of particles in this mode of motion differs significantly 
from the ionization energy loss in an amorphous target. For positively charged particles, this loss has been well studied 
both theoretically and experimentally [see, e.g., 2–5]. In this case, planar channeling leads to a significant decrease in 
the most probable ionization energy loss (MPEL) due to the fact that particles less often approach close enough to the 
crystal atoms than in an amorphous target. The case of negatively charged particles has been much less studied. In the 
recent work [6] the distribution of ionization energy loss of high-energy negatively charged particles in the planar 
channeling mode was obtained via computer simulation. This distribution was broader than in the case of an amorphous 
target and had a peculiar shape (particularly, a two-humped structure in the case when dechanneling can be neglected). 
In [6] the physical reasons for such peculiarities of the distribution were not deeply investigated since the main attention 
there was focused on the possibility of applying the ionization loss for determining the dechanneling length of 
negatively charged particles. In the present paper we investigate the reasons for the above peculiarities of the 
distribution of ionization energy loss of negatively charged particles at planar channeling in a crystal. We show that the 
parameters of such distribution are directly correlated with the probability of close collisions between the incident 
particles and crystal atoms. It is demonstrated that a certain part of negatively charged channeled particles can move in 
the so-called ‘hanging’ mode (which is usually typical for over-barrier positive particles) having a decreased probability 
of close collisions and forming the low-energy peak of the two-humped distribution.  

 
DISTRIBUTION OF IONIZATION ENERGY LOSS OF NEGATIVELY CHARGED PARTICLES 

DURING PLANAR CHANNELING IN A CRYSTAL 
In [6] the case of 150 GeV/c p– mesons impinging on a silicon crystal along the (110) plane was considered. The 

secondary beam of    mesons with such a momentum is delivered by SPS accelerator at CERN. The crystal thickness 
was chosen to equal 1 mm. Fig. 1 shows the distribution (spectrum) of the ionization energy loss for this case (solid 
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line) as well as the corresponding distribution for the case when the crystal is disoriented and behaves like an 
amorphous target (dashed line) (hereinafter in the text, by the term ‘amorphous target’ we mean a disoriented silicon 
crystal). For clarity, the spectrum for the oriented crystal is presented here without the account of incoherent scattering 
of the impinging particle on the crystal atoms, which leads to the particle dechanneling. It shows the distribution of 
ionization loss value of 106 particles which impinge on the crystal having arbitrary values of impact parameters with 
respect to the crystal plane, which models the incidence of a real beam on the crystal (neglecting the beam divergence). 

We see that the spectrum for the disoriented crystal has a conventional shape of Landau-Vavilov distribution [7–9] 
with a single maximum corresponding to MPEL. The spectrum for oriented crystal differs significantly from it. It is 
much broader and has a two-humped structure. Its high-energy maximum at 700keV  (which is larger than MPEL 

for the disoriented crystal) is intuitively expected as a result of the effect opposite to the one taking place for positive 
channeled particles, which have smaller MPEL values than in disoriented crystals. Indeed, positive particles are repelled 
from the atomic planes and spend a lot of time on relatively large distance from them in the region of low atomic 
electron density, while the negative ones are attracted to the planes and it is natural to expect the increase of their 
ionization loss while proceeding from the overbarrier to channeling mode. The existence of low-energy maximum of 
the two-humped distribution in Fig. 1, therefore, seems to be counterintuitive. Its explanation requires some deeper 
analysis of the impact parameter dependence of the particle ionization energy loss in crystal, which is the object of the 
present paper. 

Figure 1. The distribution of ionization energy loss of 150 GeV/c    mesons during planar channeling in the field of (110) planes of 
Si crystal (solid line) and during motion in an amorphous target (dashed line). 

The particle trajectory inside the crystal we define via numerical solution of the equation of particle motion (see 
formula (3) in the next section) in the field of crystalline atomic planes. For the latter field the Doyle-Turner model is 
applied. The probability for the particle to interact with an atom within the segment dl  of its trajectory can be defined 
as effdP n dl , where   is the total collision cross section with an arbitrary energy transfer  . The quantity effn  here 

is some effective atomic electron density. It can be presented as a combination of two other quantities ( )rn  and n  as 

eff (1 ) ( )rn n n     [1,6]. Here ( )rn  is the real local electron density at the points of the particle trajectory, 

associated with the contribution of close collisions to the probability of particle interaction with the atom. The quantity 
n  is the electron density averaged over a macroscopic volume inside the crystal, associated with the contribution of 
distant collisions to the above probability. The quantity  , belonging to the interval 0 1  , defines the relative 
contributions of close and distant collisions to the particle ionization energy loss. At high particle energies these 
contributions can be considered as approximately equal [1,10,11], which corresponds to the choice 1 / 2  .   

In case the collision takes place within dl , the value   of the particle energy loss in this collision can be further 

simulated using the probability distribution for this value 1( ) ( / )d d    . For the differential cross section of 

energy transfer /d d   we apply the expression derived in [12], which proved its validity in comparisons with the 
experimental results for high-energy particles ionization loss in disoriented silicon targets, reported in the same paper. 
For very high particle energies, which we presently consider (namely, 100  , where   is the particle Lorenz-factor), 

it can be presented as follows: 
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where the numerical factor in front of the formula ensures that all the quantities with the dimension of energy, i.e.  , 

p  and 2mc can be taken in eV,   in 2cm , while e  is the CGS value of the electron charge. Here m  is the atomic 

electron mass, p  is the crystal plasma frequency, ( )x  and ( )H x  are Dirac delta function and Heaviside step 

function, iE  are the effective ionization potentials of the atomic shells and if  are the corresponding dipole oscillator 

strengths. The sum is performed over the occupied atomic K, L and M shells of silicon and the parameters iE  and if  

should be assigned the following values [12]: 4033eVKE  , 241eVLE  , 17eVME  , 2 /14Kf  , 8 /14Lf  , 

4 /14Mf  . 

Having simulated the particle energy loss on each segment of its trajectory we obtain the total particle ionization 
energy loss   inside the crystal. This value is stochastic and varies for different particles even if they travel along the 
same trajectory (which can take place for the particles impinging on the crystal with the same impact parameter only in 
the idealized case, when incoherent scattering is neglected). Fig. 1 shows the example of distribution of the value of   
in the case when the impinging particles have arbitrary impact parameters. 

 
IMPACT PARAMETER DEPENDENCE OF THE PROBABILITY OF CLOSE COLLISIONS OF 

NEGATIVELY CHARGED PARTICLES WITH CRYSTAL ATOMS DURING PLANAR CHANNELING 
As we saw in the previous section, ionization energy loss of fast particles in a crystal is proportional to the 

probability of close collisions, associated with ( )rn . Thus, in order to explain the peculiarities of ionization loss 

distribution, it is necessary to find the dependence of this probability on the impact parameter of negatively charged 
particles during planar channeling in a crystal. To do it analytically we will use a parabolic approximation of the planar 
potential, in which a particle with the charge of electron in the field of atomic planes has the potential energy 
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2 2
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, (2) 

where the x-axis is perpendicular to the atomic plane, / 2px d , pd  is the distance between neighboring atomic 

planes. Atomic planes are located in the points px nd , n , and presently we consider the particle channeled 

motion in the vicinity of the plane located at 0x  . 
To find the particle trajectory in the field (2) we must solve the motion equation [13] 
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where p and v are respectively the particle momentum and velocity and c is the speed of light in vacuum. To solve the 
equation (3) it is necessary to divide the planar channel into two parts, 0 / 2px d   and / 2 0pd x   , and consider 

the particle motion in each of them. For definiteness, we will assume that when the particle impinges on the crystal, its 
impact parameter with respect to the atomic plane with coordinate 0x   is 0 0x  . In this case, in the region 

0 / 2px d   we need to solve the equation of motion 
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The solution to equation (4) can be written in the following form: 
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If 0x  and 0xv  are the initial coordinate and velocity of the particle along the x-axis, then the constants 1C  and 2C  

in the solution of motion equation in the region 0 / 2px d   can be found as 
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Here and below, as in [6], we set 0 0xv  , so that 1 2 0

1

2 2
pd

C C x
 

   
 

 and 

  0( ) ch ( )
2 2

p pd d
x t x At g t

 
    

 
.  

 
Now let us find the moment of time 1t  in which the particle will reach the point 0x  : 

 1
0

1 1
arch

1 2 / p

t
A x d

 
    

. (5) 

In the region / 2 0pd x    the solution of equation (3) is  

 3 4( )
2

p At Atd
x t C e C e    ,  

where 3C  and 4C  are constants. Taking into account that, in view of the symmetry of the potential relative to the point 

0x  , at 12t t  the value of 1 0(2 )x t x   and 1 0(2 ) 0x xv t v  , we obtain the following solution of motion equation 

for 1 13t t t   

   0 1 1( ) ch 2 ( 2 )
2 2

p pd d
x t x A t t g t t

 
        

 
.  

In general, the particle x-coordinate can be written as 

 1
1 1

( ) 2 R sgn cos
2 2

t t
x t g t t

t t

      
                

, (6) 

where R(t) is a function that rounds its argument to the nearest integer.  
Thus, in the parabolic potential model, we found the trajectories of negatively charged particles with different 

impact parameters. These trajectories are periodic non-sinusoidal oscillations with the period 14T t . It is important 

that this period substantially depends on the impact parameter 0x  of the particles. To illustrate this fact, Fig. 2 shows 

several trajectories with different impact parameters. 
 

 

Figure 2. Trajectories of 150 GeV/c    mesons during planar channeling in the field of (110) planes of Si crystal. 

The probability of close collisions of fast charged particle with atoms in a thin amorphous target can be written as 
a product of collision cross-section c , atomic density N and thickness of the target L: cP NL . In a short oriented 

crystal this probability of close collisions can be written in a similar way with the help of integration over the particle 

trajectory inside the crystal: c ( , , )P N x y z dl  , where atomic density depends on the particle coordinate. In the case 

of motion in the field of atomic planes atomic density depends only on one coordinate: ( , , ) ( )N x y z N x . If we assume 

that atomic density near atomic plane has Gaussian distribution, then the probability of close collisions of fast charged 
particle with atoms during planar channeling can be found as 



72
EEJP. 4 (2021)  Sergii V. Trofymenko, Igor V. Kyryllin, et al

 
 out

in

2

0 2
( ) exp ( )

2

T

TT

x t
P x B v t dt

r

 
  

 
 , (7) 

where Tr  is the atomic root mean square thermal vibration amplitude in one direction, B is a constant that includes c  

and takes into account crystal parameters, inT  and outT  are the moments of time at which the particle enters the crystal 

and exits from it. If one substitutes expression (6) into equation (7), then one obtains the probability of close collisions 
of fast negatively charged particle with atoms as a function of the impact parameter 0x . This dependence is shown in 

Fig. 3 for 150 GeV/c    mesons that pass through the silicon crystal of thickness 1 mm in the regime of planar 
channeling in (110) atomic planes. For convenience, 0( )P x  is normalized to the value of (0)P . 

 

Figure 3. The dependence of probability of close collisions of 150 GeV/c    mesons with atoms on the impact parameter (solid line). 
Dashed line shows the mean probability of close collisions in the amorphous target. 

It is also straightforward to estimate the probability of close collisions in a disoriented crystal when channeling is 
absent and the atoms can be considered as randomly located. Presently, at each moment of time the particle has equal 
chance to have an arbitrary value of impact parameter 0x  with respect to the atom it moves past. Let us choose the 

range of possible values of 0x  as 00 / 2px d  . In this case the average probability of close collisions, normalized to 

the corresponding probability for 0 0x   (as in Fig. 3) is 

/2 2
0

dis 02
0

2 2
exp erf( )

2

pd

p T

x
P dx

d r



 

   
 

 ,    (8) 

where  / 2 2p Td r   and erf( )x is the error function. For the values 81.92 10pd   cm and 107.5 10Tr
   cm, 

typical for (110) planes of silicon crystal, 9   and erf( ) 1  , which gives dis 0.125P  . From Fig. 3 we see that this 

value is typical for channeled particles impinging on the crystal with the impact parameter of about 0.2 pd . 

 
IMPACT PARAMETER DEPENDENCE OF THE IONIZATION ENERGY LOSS DISTRIBUTION FOR 

NEGATIVELY CHARGED PARTICLES DURING PLANAR CHANNELING  
 
Let us now study how the impact parameter dependence of close collisions, obtained in the previous section, 

manifests itself in the analogous dependence of the ionization energy loss distribution, resulting in a large width of the 
distribution for channeled particles in Fig. 1 (which is averaged with respect to impact parameters) and its two-humped 
structure. This study was carried out using numerical simulation of charged particles motion in oriented crystal, the 
principle of which is described in [14–17]. The simulation was carried out for 150 GeV/c    mesons that pass through 
the silicon crystal of 1 mm thickness in the regime of planar channeling in (110) atomic planes. For a clearer study of 
the reasons for appearance of the two-humped distribution, the simulation was carried out without taking into account 
the incoherent scattering of particles (except for the results shown in the last figure of this section). Some of the 
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obtained distributions are shown in Fig. 4 for the values of the impact parameter 0 0.05 px d  (dash-dotted line), 

0 0.25 px d  (dashed line) and 0 0.45 px d  (dashed line with two dots) and for scattering in amorphous target (solid 

line). The figure shows that each impact parameter corresponds to the Landau distribution with different values of 
MPEL. The lower is the value of the impact parameter, the higher is the value of MPEL of the particles. From Fig. 3 we 
see that, this dependence nicely correlates with the impact parameter dependence of probability of close collisions. With 
the decrease of impact parameter, the probability of close collisions of particles with the crystal atoms increases. This 
growth leads to the increase in parameter effn , and, consequently, to the increase in value of MPEL of the particles. The 

most interesting is the fact that at large values of the impact parameter, the value of MPEL of channeling negatively 
charged particles turns out to be lower than in an amorphous target. This is both due to the increase in oscillation period 
of the particles in the planar channel, which occurs with the increase in impact parameter 0x  (see eq. (5)), and to the 

fact that particles with large impact parameters ‘hang’ in the regions located close to the center of the gap between the 
atomic planes. The latter means that such particles have noticeable segments of their trajectory almost parallel to the 
atomic plane (see, e.g., the trajectory shown in Fig. 2 by the dotted line). The shape of trajectories of such particles is 
very far from the sinusoid and such particles spend much less time near the plane than far from it. It is such particles 
with relatively large impact parameters that form the low-energy peak of the two-humped distribution in Fig. 1, while 
the ones with small impact parameters are responsible for the corresponding high-energy peak. Let us note that such a 
two-humped structure of the distribution persists after taking into account the particle incoherent scattering on atoms as 
well, provided the dechanneling length is larger than the crystal thickness [6].  

 

Figure 4. The distribution of ionization energy loss of 150 GeV/c    mesons during planar channeling in the field of (110) planes of Si 
crystal for different values of the impact parameter (dashed and dash-dotted lines) and during motion in an amorphous target (solid line). 

The dependence of MPEL of 150 GeV/c    mesons on the impact parameter is shown in Fig. 5. The solid line 
corresponds to the motion of particles in the silicon crystal of 1 mm thickness in the regime of planar channeling in 
(110) atomic planes without taking into account incoherent scattering, while the dash-dotted line corresponds to the 
motion of particles in the same crystal, but taking such a scattering into account. Incoherent scattering was taken into 
account in the same way as in [18]. The behavior of these dependences is very similar to that of the dependence of 
probability of close collisions with atoms on the impact parameter, shown in Fig. 3. The dashed line in Fig. 5 shows the 
value of MPEL when particles pass through an amorphous target. It can be noted that taking incoherent scattering into 
account leads to the fact that the dependence of MPEL on the impact parameter becomes more similar to this 
dependence in an amorphous target. This is because incoherent scattering leads to dechanneling of some of the particles. 
The motion regime of these particles changes. They become overbarrier with respect to the potential of atomic planes. 
In this case, their motion becomes more similar to scattering in an amorphous target. At the same time, from Fig. 5 we 
see that even after taking into account the incoherent scattering of particles by thermal vibrations of atoms and 
electronic subsystem of the crystal, there remains a large group of particles, which MPEL in an oriented crystal is 
smaller than in an amorphous target. This group consists of particles with large impact parameters.  

Fig. 5 indicates a rather wide spread of MPEL values in the allowed range of impact parameters, which explains 
the large width of the distribution in an oriented crystal in Fig. 1 compared to the one in the disoriented crystal. The 
significant dependence of MPEL of negatively charged particles on the impact parameter is quite unusual, since it is 
much less pronounced in the case of positively charged channeled particles, which have ionization loss distribution with 
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the width close to the one typical for the disoriented crystal [4]. In this regard, it would be highly desirable to carry out 
thorough experimental study of the ionization energy loss distribution of negatively charged channeled particles. For 
such a study it is best of all to use crystal targets of thickness smaller than the dechanneling length in order to minimize 
the effect of incoherent scattering. 

 

 

Figure 5. The impact parameter dependence of the most probable ionization energy loss of 150 GeV/c    mesons during planar 
channeling in the field of (110) planes of Si crystal with (dot-dashed line) and without (solid line) taking into account incoherent 

scattering and during motion in an amorphous target (dashed line). 

 
CONCLUSION 

The investigation of ionization energy loss distribution of high-energy negatively charged particles which move in the 
planar channeling mode in a silicon crystal showed a significant dependence of the value of the most probable energy loss 
on the impact parameter. It is quite unusual, since such a dependence is much less pronounced in the case of positively 
charged particles. It is shown that, for a large group of particles with large impact parameters, the most probable ionization 
energy loss during planar channeling in a crystal is lower than in an amorphous target, while for particles with small 
impact parameters the most probable ionization energy loss in a crystal is significantly higher than in an amorphous target. 
It is demonstrated that negatively charged channeled particles with large impact parameters can move in the ‘hanging’ 
mode (which resembles the case of positive over-barrier particles) having considerably suppressed probability of close 
collisions with the crystal atoms. The presented investigation explains the two-humped structure and considerable 
broadening of the ionization energy loss distribution for negatively charged channeled particles, revealed in our previous 
study. More detailed investigation of this problem requires taking into account the non-zero angle between the initial 
momentum of the particles and atomic planes, and is planned to be performed in the future.  
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ПРО ЗАЛЕЖНІСТЬ ІОНІЗАЦІЙНИХ ВТРАТ ЕНЕРГІЇ ШВИДКИХ НЕГАТИВНО ЗАРЯДЖЕНИХ ЧАСТИНОК 

В ОРІЄНТОВАНОМУ КРИСТАЛІ ВІД ПРИЦІЛЬНОГО ПАРАМЕТРА 
С.В. Трофименкоa,b, І.В. Кирилінa,b, O.П. Щусьb 

aІнститут теоретичної фізики імені Ахієзера Національного наукового центру «Харківський фізико-технічний інститут» 
Академічна вул., 1, Харків, 61108, Україна 

bХарківський національний університет імені В.Н. Каразіна 
пл. Свободи, 4, Харків, 61022, Україна 

Коли швидка заряджена частинка рухається в речовині, вона втрачає частину своєї енергії на збудження та іонізацію атомів. 
Ці втрати енергії називаються іонізаційними втратами енергії. У досить тонких шарах речовини значення таких втрат 
енергії є стохастичним. Воно розподіляється відповідно до закону, що його вперше отримав Л.Д. Ландау. В аморфних 
речовинах такий розподіл (або спектр), відомий як розподіл Ландау, має єдиний максимум, який відповідає найбільш 
ймовірному значенню втрат енергії частинок. При русі частинки в режимі площинного каналювання у кристалі відбувається 
зменшення (при позитивному заряді частинки) або збільшення (при негативному заряді) ймовірності близьких зіткнень 
частинки з атомами, що призводить до зміни величини найбільш ймовірної втрати енергії порівняно з аморфною мішенню. 
Нещодавно було показано, що при каналюванні негативно заряджених частинок у кристалі розподіл іонізаційних втрат 
енергії частинок є значно більш широким, ніж у аморфній мішені. При цьому цей розподіл може бути двогорбим, якщо 
знехтувати некогерентним розсіянням заряджених частинок на теплових коливаннях атомів кристала та електронній 
підсистемі кристала. В даній роботі пояснюється причина виникнення такого розподілу іонізаційних втрат енергії частинок. 
За допомогою чисельного моделювання досліджено розподіл іонізаційних втрат енергії негативно заряджених частинок 
високої енергії, які рухаються в режимі площинного каналювання в кристалі кремнію. Розглянуто залежність цього 
розподілу від прицільного параметра частинок відносно атомних площин. Знайдено залежність найбільш ймовірних 
іонізаційних втрат енергії частинок від прицільного параметра. Показано, що для великої групи частинок найбільш ймовірні 
іонізаційні втрати енергії при площинному каналюванні у кристалі є нижчими, ніж у аморфній мішені. 
Ключові слова: іонізаційні втрати енергії, площинне каналювання, негативно заряджені частинки. 
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Виготовлено тонкі плівки CuO методом реактивного магнетронного розпилення при постійному струмі в універсальній 
вакуумній установці Leybold-Heraeus L560 на скляні підкладки, температура яких складала 300 К та 523 К. Досліджено 
структурні, електричні та оптичні властивості для отриманих зразків тонких плівок CuO, а саме було визначено: 
елементний склад, представлено розподіл елементів на поверхні, які входять до складу даних плівок, розмір зерен, енергію 
активації, оптичну ширину забороненої зони, показник заломлення, проведений аналіз кривих спектрів пропускання і 
відбивання  для плівок СuO, нанесених на скляні підкладки. Елементний склад тонких плівок  та морфологію поверхні 
отримано за допомогою скануючого електронного мікроскопа (MIRA3 FEG, Tescan) оснащеного детектором відбитих 
електронів (BSE) і енергодисперсним рентгенівським детектором (EDX). Встановлено, що розмір зерен для плівок 
отриманих при нижчій температурі підкладки D становить  16 нм, а для плівок отриманих при вищій температурі – 
D  26 нм. На дифрактограмах тонких плівок CuO спостерігається більша інтенсивність піків для тонких плівок отриманих 
при вищих температурах підкладки CuO №2, що може бути зумовлено кращою структурною досконалістю тонких плівок 
та більшим розміром зерен. З дослідження електричних властивостей, встановлено, що температурні залежності 
електричного опору для тонких плівок CuO мають напівпровідниковий характер, тобто опір зменшується при збільшенні Т. 
Чотирьохзондовим методом виміряно величини поверхневого опору плівок: зразок №1 - ρ = 18,69 кОм/, зразок 
№ 2 –- ρ = 5,96 кОм/. На основі незалежних вимірювань коефіцієнтів відбивання і пропускання визначили оптичну 
ширину забороненої зони (Eg

op) для двох зразків екстраполяцією прямолінійної ділянки кривої (αhν)2 = f (hv) на вісь hv. 
Для зразка CuO №1 Eg

op = 1,62 еВ; для зразка CuO №2 Eg
op = 1,65 еВ. Для тонких плівок CuO №2 також використовували 

конвертний метод для визначення основних оптичних коефіцієнтів Eg
op = 1,72 еВ, отримані значення Eg

op  визначені двома 
методами добре корелюють між собою. 
Ключові слова: тонка плівка, CuO, оптичні властивості, енергія активації. 
PACS: 68.65.Pq, 68.55.Jk, 68.37.Hk, 68.37.−d, 71.20.−b, 71.20.Nr 
 

Останнім часом проводиться пошук і дослідження дешевих та нетоксичних матеріалів для використання у 
тонкоплівкових сонячних елементах. Оксид міді широко використовується в фотоелектричній галузі, літій-
іонних батареях, біологічних датчиках, газових датчиках, магнітних накопичувачах, мікроприладах та в якості 
негативних електродів для сучасних літій-іонних акумуляторів [1-5]. Він є актуальним матеріалом для 
виготовлення сонячних елементів. Основною його перевагою є те, що він може утворювати сполуки CuO та Cu2O 
з шириною забороненої зони для CuO 1,3 еВ – 2,1 еВ, а для Cu2O 2,1 еВ – 2,6 еВ. Такі плівки можуть володіти n- 
або p- типом провідності. Завдяки цьому вченим вдалося створити тонкоплівкові сонячні елементи на основі 
гетеропереходів Cu2O/CuO. 

В останні роки основним питанням застосування оксидів міді в якості компонентів для конструкції сонячних 
елементів являється покращення оптичних, електричних і структурних характеристик цих оксидів. Теоретичний 
ККД сонячних елементів на основі оксиду міді становить 30,5 % при 1,6 еВ [6]. Мідь не є рідкоземельним 
металом, що робить її дешевшою в порівнянні з галієм та індієм, які використовуються у виробництві сонячних 
елементів. Відомо, що прямозонні напівпровідники успішно використовуються в фотовольтаїці [7,8], а CuO є 
прямозонним напівпровідником, тому він має високий коефіцієнт оптичного поглинання у видимій та ІЧ області 
спектра. Нетоксичність і економічність виробничого процесу могли б зробити оксиди міді альтернативою 
кремнію, який в основному використовується для виробництва сонячних елементів. Отже, тонкі плівки оксиду 
міді можуть бути використані для виготовлення сонячних елементів і фотоприймачів. 

Тонкі плівки CuO створюють з використанням різних методів осадження тонких плівок [9,10], таких як 
хімічне осадження з парової фази, термічне випаровування, реактивне магнетронне розпилення. Однак 
електричні та оптичні властивості даних плівок суттєво залежать від технологічних режимів їх виготовлення. 
Тому дослідження технологічних режимів виготовлення тонких плівок оксиду міді залишається актуальною 
задачею. 
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ЕКСПЕРИМЕНТАЛЬНА ЧАСТИНА 
Виготовлення тонких плівок CuO проводилося в універсальній вакуумній установці Leybold-Heraeus L560. 

Напилювались тонкі плівки CuO методом реактивного магнетронного розпилення при постійному струмі [11, 12] 
на скляні підкладки, температура яких складала (Tпідкл): для зразка №1 – 300 К та для зразка №2 – 523 К. Мідна 
мішень – шайба діаметром 100мм і товщиною 5мм, розміщується на столику магнетрона з водяним 
охолодженням на відстані 7см під підкладками. Вакуумна камера має товщину 10 мм і виготовлена з нержавіючої 
сталі. З неї проводиться відкачка газу до високого вакууму за допомогою турбомолекулярного насосу 
(30000 об/хв) до 5·10-5 мбар (5·10-3 Па). Контролюється тиск залишкових газів за допомогою іонізаційного та 
термопарного манометричного перетворювача. 

В табл.1. наведені технологічні параметри процесу виготовлення тонких плівок CuO. Протягом процесу 
напилення формування газової суміші в потрібних пропорціях аргону (PAr) і кисню (PO2) відбувалося з 2-х 
незалежних джерел. Щоб запобігти неконтрольованому забрудненню поверхонь підкладки і мішені, ми 
використовували короткочасне протравлювання їх бомбардуючими іонами аргону. 
Таблиця 1. Параметри тонких плівок CuO 

№ Плівка 
Pмагн., 
Вт Tпідк., К t, хв. PAr, мбар PО2, мбар Egop, еВ d, нм 

1 CuO 70 300 10 4·10-3 4·10-3 1,62 280 

2 CuO 70 523 10 4·10-3 4·10-3     1,72(*1) 
280     1,65(*2) 

Примітка: *1 – оптична ширина забороненої зони визначена за допомогою конвертного методу; *2 – оптична 
ширина забороненої зони визначена з незалежних вимірювань коефіцієнтів відбивання і пропускання 

Визначення елементного складу тонких плівок CuO та дослідження морфології поверхні було проведено за 
допомогою скануючого електронного мікроскопа (MIRA3 FEG, Tescan) оснащеного детектором відбитих 
електронів (BSE) і енергодисперсним рентгенівським детектором (EDX). Відносна похибка при вимірюванні 
атомних часток хімічних елементів, які входять до складу не перевищує 2,7 % у випадку Cu, а також 2,3 % у 
випадку O (Табл. 2). Дифрактограми плівок CuO були отримані на рентгенівському дифрактометрі 
XRD System - SmartLab, Rigaku. 

Вимірювання поверхневого опору тонких плівок оксиду міді проводилося за допомогою чотирьохзондового 
методу. Електричні контакти для вимірювання температурних залежностей електричного опору (R) тонких 
плівок CuO були зроблені на протилежних сторонах плівок шляхом осадження нікелю методом магнетронного 
розпилення при температурі підкладки 400 К. Дослідження проводили в інтервалі температур T = 305 ÷ 375 К. 
Оскільки незворотні процеси, наприклад, окиснення при вимірюванні температурних залежностей опору можуть 
змінювати параметри плівки, тому вимірювання проводили, як при нагріванні, так і при охолодженні. Товщину 
(d) тонких плівок CuO вимірювали за допомогою інтерферометра MИИ-4 за стандартною методикою. Оптичні 
властивості тонких плівок CuO досліджувались на основі аналізу їх спектрів пропускання та відбивання 
виміряних на спектрофотометрах СФ-2000 та Nicolet 6700 в діапазоні довжин хвиль від 400 до 2800 нм. 

  
РЕЗУЛЬТАТИ ТА ЇХ ОБГОВОРЕННЯ 

Структурні властивості тонких плівок CuO 
За допомогою скануючого електронного мікроскопа було одержано типові зображення поверхні утворені 

відбитими електронами (BSE) (рис. 1, а), які показано при збільшенні (1000х), а також на рисунку представлено 
розподіл елементів на поверхні, які входять до складу даних плівок. 

 
Рисунок 1. Типові  SEM  зображення  поверхні  плівки  (а,  д) утворені відбитими електронами (BSE) при збільшенні 

(1000х) для тонких плівок CuO 1 та CuO 2, відповідно. На рис. (б,  е) представлено розподіл елементів на поверхні плівок 
CuO 1 та CuO 2, а також окремих хімічних елементів Cu (в, є) та O (г, ж), які входять до складу тонких плівок. 
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Зображення отримані за допомогою SEM для оксиду міді показали, що для тонких плівок відсутні видимі 
дефекти (проколи, особливо для плівки CuO 2), що в свою чергу свідчать про їх хорошу структурну досконалість, 
а також підтверджено рівномірний розподіл елементів на поверхні для двох плівок рис.1 (б, е). Краща структурна 
досконалість тонкої плівки CuO 2 може бути обумовлено вищою температурою підкладки під час осадження, а 
відповідно й кращою рухливістю атомів на підкладці у процесі формування плівки порівняно з плівкою CuO 1. 

Опромінення зразків пучком електронів призвело не тільки до утворення вторинних і відбитих електронів, 
а також викликало появу характеристичного рентгенівського  випромінювання (типові спектри  представлено 
на рис. 2). 

 
Рисунок 2. EDX-спектр для тонкої плівки CuO 1. 

Аналіз характеристичного рентгенівського випромінювання дозволив визначити елементний склад 
досліджуваних тонких плівок (табл. 2). Визначений елементний склад  відповідає стехіометричному для тонких 
плівок CuO, а також показано деяке відхилення від стехіометрії для тонких плівок CuO №2. 
Таблиця 2. Елементний склад зразків 

 
Назва 

Атомні частки хімічних елементів, які 
входять до складу тонких плівок, % Похибка, % 

Cu O Cu O 
№1 

зона 1 51,38 48,62 2,6 2,2 
зона 2 51,55 48,45 2,6 2,3 

№2 
зона 1 54,24 45,76 2,7 2,0 
зона 2 54.28 45,72 2,7 2,1 

 
Враховуючи відносну похибку при вимірюванні атомних часток хімічних елементів, які входять до складу 

тонких плівок CuO для плівок отриманих при нижчих температурах підкладки зразок №1 склад плівок відповідає 
стехіометричному    ̴ 1,02:0,98 у випадку зі зразком №2 відбувається деяке відхилення від стехіометричного 
складу    ̴  1,08:0,92. Відхилення від стехіометрії для зразка №2 може бути обумовлено формуванням кластерів 
Cu2O при вищих температурах осадження тонких плівок. Це також підтверджується наявністю піків меншої 
інтенсивності для плівки CuO №2 на дифрактограмах рис.3 (б) де спостерігається відбивання від площин (200) 
при 42,4о та (220) при 61,5о  [13]. 

На дифрактограмах тонких плівок CuO (Рис. 3) спостерігаються домінуюче відбивання від площини 
(-111/002) при 35.5о і відбивання меншої інтенсивності від площин (111) при 38,54о , (110) – 32,5о і (220) при 66,7о. 
Наявність цих піків узгоджуються з літературними даними отриманими в роботах [13-15]. Спостерігається 
більша інтенсивність піків для тонких плівок отриманих при вищих температурах підкладки, що може бути 
зумовлено кращою структурною досконалістю тонких плівок та більшим розміром зерен [16].  

Використовуючи рівняння Шерера можна визначити розмір зерен для плівок CuO отриманих при різних 
температурах підкладки : 

 
0.94

cos
D


 

 , (1) 
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де D - розмір зерна, β - повна ширина на половині максимуму дифракційного піку, λ-довжина хвилі 
рентгенівського випромінювання, і θ - кут дифракції. 

Встановлено, що розмір зерен для плівок отриманих при нижчій температурі підкладки D становить  16 нм, 
а для плівок отриманих при вищій температурі – D  26 нм. 

 
Рисунок 3. Дифрактограми тонких плівок CuO отриманих при різних температурах підкладки: а) Зразок №1; б) Зразок №2. 

 
Електричні властивості тонких плівок CuO 

Одну з основних задач для досягнення високої ефективності роботи напівпровідникових приладів відіграє 
ефективне відведення носіїв електричного струму. Ця функція виконується за допомогою металічних контактів, 
які підводяться до тонкої плівки або напівпровідникової структури. Основна вимога до них: вони повинні 
володіти омічними властивостями, тобто малим електричним опором та лінійною вольт-амперною 
характеристикою[17]. Ці умови виконуються, якщо створити приконтактну область (з боку напівпровідника), 
збагачену на основні носії заряду. Співвідношення між роботами виходу електронів з напівпровідника і 
металу – не єдиний фактор створення омічного контакту. Треба звернути особливу увагу на поверхневі явища 
речовини, на ступінь легування напівпровідникового матеріалу, на можливе утворення різних хімічних сполук 
або структур в місці контакту, та ін.  

Щоб визначити електричні параметри тонких плівок оксиду міді, потрібно нанести якісні омічні контакти 
на них. В літературі на сьогоднішній день майже немає результатів детальних досліджень електричних 
властивостей омічних контактів для тонких плівок CuO. На рис. 4, зображені ВАХ нікелевого контакту, який був 
створений за допомогою магнетронного напилення до тонких плівок CuO. 

 

Рисунок 4. ВАХ нікелевого контакту до тонких плівок CuO: а) зразок №1; б) зразок №2. 

З рис. 4 можна зробити припущення, що отримані нікелеві контакти відповідають критеріям омічності 
контакту, а саме - це симетричність і прямолінійність гілок ВАХ. Щоб виміряти температурні залежності 
електричного опору тонких плівок оксиду міді  R = f (T), створювали контакти на 2-х протилежних сторонах 
досліджуваної плівки. Вимірювання температурних залежностей проводилися в інтервалі температур 
305 ÷ 375 К. Із рис. 5 видно, що після процесу нагрівання в плівках відбуваються незначні зміни (невелике 
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зростання питомого опору). Температурні залежності опору тонких плівок CuO  приведені на рис. 5, мають 
активаційний характер провідності,  з цього можна зробити висновок, що тонкі плівки оксиду міді мають 
напівпровідниковий тип провідності. З експоненційних ділянок отриманих експериментальних залежностей 
R = f(T) визначали енергію активації для наших зразків CuO (рис. 4), яка складає 0,24 еВ і може відповідати 
глибині залягання робочого рівня. 

 
Рисунок 5. Температурна залежність опору тонких плівок CuO: а) зразок №1; б) зразок №2. 

Були виміряні значення поверхневого опору тонких плівок CuO при кімнатній температурі 
чотирьохзондовим методом: зразок №1 складає ρs = 18,69 кОм/□, зразок № 2 - ρs = 5,96 кОм/□. 

 
Оптичні властивості тонких плівок CuO 

На рис. 6 зображено спектри пропускання тонких плівок CuO. На спектрі пропускання зразка №2 видно 
періодичні піки та впадини, які обумовлені інтерференційними явищами, що свідчить про хорошу однорідність 
та якість поверхні тонких плівок[18]. Оптичні коефіцієнти тонких плівок (показник заломлення n(λ), товщина 
плівок d, коефіцієнти поглинання α(λ) та екстинції k(λ)) визначаються із спектрів пропускання, на яких 
спостерігаються інтерференційні явища, використовуючи конвертний метод[19]. Цей метод можна застосовувати 
при слабкому поглинанні тонкими плівками та прозорості підкладки, товщина якої значно більша від товщини 
плівки. У даній роботі ці вимоги задовольняються. 

Однією з основних частин конвертного методу служать конвертні криві Tmax(λ)=ТМ(λ) та Tmin(λ)= Тт(λ). 
Отримуються вони за допомогою екстраполяції попередньо визначених точок, які відповідають положенню 
інтерференційних екстремумів (рис. 6). 

 
Рисунок 6. Спектр пропускання тонкої плівки CuO та конвертні криві для інтерференційних максимумів Tmax(λ) та 

мінімумів Tmin(λ) 

Після того, як ми отримали конвертні криві, можна визначити показник заломлення n(λ) тонкої плівки CuO, 
який знаходиться за допомогою рівняння: 
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де ns – це показник заломлення підкладки, який визначається за виразом: 

 
ss

s TT
n

1)11( 2  , (3) 

де Ts - пропускання підкладки і воно практично постійне в прозорій області.  
Для підкладки, в якості якої використане покривне скло, Тs = 0,91. Тоді з рівняння (3) отримаємо, 

що ns = 1,554. 
Значення показника заломлення тонких плівок CuO розраховане з використанням рівняння (2). З рис. 7 

видно, що при збільшенні довжини хвилі показник заломлення спадає і при довжинах хвиль λ  > 1000 нм 
стабілізується. Великі значення n при довжинах хвиль λ < 800 нм обумовлене різким зменшенням пропускання 
біля краю власного поглинання тонких плівок оксиду міді. Наступним кроком конвертного методу є визначення 
товщини плівок CuO з рівняння (4): 
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d
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Рисунок 7. Графік залежності показника заломлення від 
довжини хвилі для тонкої плівки CuO (№2).

Рисунок 8. Графік залежності α(λ) тонкої плівки CuO (№2) 

 
де: λ1 та λ2 – довжини хвиль, котрі відповідають сусіднім точкам екстремуму на спектрі пропускання, величина 
А = 1 для 2-х сусідніх точок екстремуму одного типу (min – min, max – max) і А = 0,5 для 2-х сусідніх екстремумів 
протилежного типу (min – max, max – min). 

Товщина тонкої плівки оксиду міді, розрахована за допомогою виразу (4) складає 280 нм. Коефіцієнт 
поглинання α(λ) (рис. 8) для плівок оксиду міді можна обчислити за допомогою виразу (5): 
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 (5) 

На рис. 8 можна побачити що значення коефіцієнта поглинання α в області коротких хвиль, біля краю 
власного поглинання є великими, а однорідним поглинання стає в області λ > 1000 нм. За допомогою рівняння 
(6) визначено коефіцієнт екстинкції, графік якого зображено на рис. 9. 
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Рисунок 9. Графік залежності k(λ) тонкої плівки CuO (№2) 

З рис. 9 видно, що біля краю області власного поглинання плівки коефіцієнт екстинції теж високий. 
В області λ > 800 нм значення коефіцієнта екстинції k слабо залежить від довжини хвилі λ. Даний метод 
застосовується тільки у межах області прозорості тонкої плівки. В області власного поглинання виконуються такі 
умови: сильне поглинання в тонкої плівки CuO, повністю прозора підкладка та n2>>k2.  

Показник поглинання α в області власного поглинання тонкої плівки оксиду міді може бути визначений з 
наступного виразу[20]: 
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де T – коефіцієнт пропускання; R1, R12, R2 – це коефіцієнти відбивання від границь: плівка – підкладка, повітря – 
плівка, підкладка – повітря.  
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Рисунок 10. Графік залежності 2( ) ( )h f hv   для зразка CuO №2 

Коефіцієнт поглинання α для тонких плівок добре узгоджується із наступною залежністю: 

    1 2
gh A h E    , (9) 

де A – константа. 
Визначено ширину забороненої зони тонкої плівки CuO (№2) Eg=1,72 еВ, здійснивши екстраполяцію 

прямолінійної ділянки кривої (α�hv)2 = f (hv) на вісь енергії hv (рис. 10). 
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Також було проведено визначення оптичних властивостей за допомогою незалежних вимірювань 
коефіцієнтів пропускання (рис. 6) і відбивання (рис. 11) [21]. Оптичні коефіцієнти взаємо пов’язані з оптичними 
константами n i k [22]. Якщо падіння світлового пучка на поверхню зразка нормальне, то відбивна здатність 
поверхні визначається за формулою: 
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2 2

2 2

1

1

n k
R

n k
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При низькому коефіцієнті поглинання світла в об’ємі напівпровідника, коли k2 << 1 (або k2  << n2), із (10) 

одержуємо: 
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з якого отримуємо: 
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На рис. 11 наведені спектри відбивання і показник заломлення (вставка), який розрахований за 
формулою 12. 

Встановлено, що коефіцієнт поглинання (рис. 12) тонких плівок CuO в області власного поглинання добре 
описується залежністю (9). Така залежність свідчить про те, що матеріал тонких плівок CuO, напилених методом 
реактивного магнетронного розпилення при постійній напрузі, є прямозонним напівпровідником. Шляхом 
екстраполяції лінійної ділянки кривої (α�hν)2 = f (hv) до перетину з віссю енергії hv, визначено оптичну ширину 
забороненої зони для зразка №1 CuO (Eg

op = 1,62 еВ); для зразка №2 CuO (Eg
op = 1,65 еВ). 

 
Рисунок 11. Спектральні залежності коефіцієнта відбивання 
тонкої плівки CuO (№2), на вставці залежність показника 
заломлення 

Рисунок 12. Графік залежності  (α�hν)2 = f (hv) для зразка 
СuO №1. На вставці - для зразка №2. 

Варто відмітити, що отримані плівки володіють шириною забороненої зони близькою до оптимальної 
ширини забороненої зони (1,5 еВ) матеріалів поглинача в конструкції сонячних елементів. Тому ці плівки можна 
використовувати в сонячних елементах. 

 
ВИСНОВКИ 

1. Визначено елементний склад тонких плівок CuO, представлено розподіл елементів на поверхні, які входять 
до складу даних плівок, встановлено, що розмір зерен для плівок отриманих при нижчій температурі 
підкладки D становить  16 нм, а для плівок отриманих при вищій температурі – D  26 нм. На 
дифрактограмах тонких плівок CuO спостерігається більша інтенсивність піків для тонких плівок отриманих 
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при вищих температурах підкладки CuO №2, що може бути зумовлено кращою структурною досконалістю 
тонких плівок та більшим розміром зерен. 

2. На основі незалежних вимірювань коефіцієнтів відбивання і пропускання визначили оптичну ширину 
забороненої зони для двох зразків екстраполяцією прямолінійної ділянки кривої (αhν)2 = f (hv) на вісь hv.  Для 
зразка CuO №1 Eg

op = 1,62 еВ; для зразка CuO №2 Eg
op = 1,65 еВ. Для тонких плівок CuO №2 також 

використовували конвертний метод для визначення основних оптичних коефіцієнтів Eg
op = 1,72 еВ, отримані 

значення Eg
op  визначені двома методами добре корелюють між собою. 

3. З дослідження електричних властивостей, встановлено, що температурні залежності електричного опору для 
тонких плівок CuO мають напівпровідниковий характер, тобто опір зменшується при збільшенні Т. 
Чотирьохзондовим методом визначено величини поверхневого опору плівок: зразок №1- ρ = 18,69 кОм/, 
зразок № 2 - ρ = 5,96 кОм/. 
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STRUCTURAL, ELECTRICAL AND OPTICAL PROPERTIES OF CuO THIN FILMS 
OBTAINED BY REACTIVE MAGNETRON SPUTTERING 

S.I. Kuryshchuka, Taras T. Kovalyuka,b, Hryhorii P. Parkhomenkoa, Mykhailo M. Solovana 
aYuriy Fedkovych Chernivtsi National University, st. Kotsyubyns'kogo 2, 58012, Chernivtsi, Ukraine 

bCharles University in Prague, Faculty of Mathematics and Physics 
Ke Karlovu 5, 121 16 Prague 2, Czech Republic 

CuO thin films were produced by the method of reactive magnetron sputtering at direct current in a universal vacuum system Leybold-
Heraeus L560 on glass substrates, the temperature of which was: 300 K and 523 K. The structural, electrical and optical properties for 
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the obtained samples of CuO thin films were studied, namely: elemental composition, distribution of elements on the surface, which 
are part of these films, grain size, activation energy, optical band gap, refractive index, analysis of curves of transmission and reflection 
spectra for CuO thin films deposited on glass substrates. The elemental composition of the thin films and the surface morphology were 
performed using a scanning electron microscope (MIRA3 FEG, Tescan) equipped with a reflected electron detector (BSE) and an 
energy-dispersed X-ray detector (EDX). It was found that the grain size for films obtained at a lower substrate temperature D is  16 nm, 
and for films obtained at a higher temperature - D  26 nm. On the diffractograms of CuO thin films, a higher peak intensity is observed 
for thin films obtained at higher CuO no. 2 substrate temperatures, which may be due to better structural perfection of thin films and 
larger grain size. From the study of electrical properties, it was found that the temperature dependences of the electrical resistance for 
CuO thin films have a semiconductor character, ie the resistance decreases with increasing T. The surface resistance of the films was 
measured by the four-probe method: no. 1- ρ = 18,69 kΩ/, sample no. 2 – ρ = 5,96 kΩ/. Based on independent measurements of 
the reflection and transmission coefficients, the optical band gap was determined for the two samples by extrapolation of the rectilinear 
section of the curve (αhν)2 = f (hv) to the hv axis. For the sample CuO №1 Eg

op = 1.62 eV; for the sample CuO no. 2 Eg
op = 1.65 eV. 

For CuO no. 2 thin films, the envelope method was also used to determine the basic optical coefficients Eg
op = 1.72 eV, and the obtained 

Eg
op values determined by the two methods correlate well with each other. 

Keywords: thin film, CuO, optical properties, activation energy. 
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An energy-efficient thermal-vacuum method for continuous production of nanodispersed powder of amorphous zirconium dioxide from 
zirconium hydroxide has been developed. This approach is based on a principle of creating an aerodynamic flow with an initial powder-like 
material in the cavity of the heating element of a thermal-vacuum installation. In this way, short-term contacts of particles of zirconium 
hydroxide with the inner surface of the heating element made in the form of the winding helical are created. As a result, the crushing of the 
particles is carried out due to the high thermal stresses in the particles contacted. This process is aggravated by the presence of residual moisture 
in the original powdery material. Transformations of the zirconium hydroxide in the process of thermal-vacuum treatment have been 
investigated. Amorphous dioxide has been obtained. The study of structural composition of the material in the initial state and processed in a 
thermal-vacuum installation was carried out using X-ray analysis and scanning microscopy. Experimental data on the structural-phase 
composition of the original material and data on the closest structural prototypes of crystalline-impurity compounds are presented. They are 
also given data on the volume of crystal cells and estimates of the molar concentration of the components. A mass spectrometric assessment 
of the elemental composition of the obtained zirconium dioxide is given. Thermal-vacuum method allows toobtain highly dispersed zirconium 
dioxide in its amorphous state directly from zirconium hydroxide without using liquid media and, moreover, in a short time – within 15...20 s. 
Keywords: zirconium hydroxide, zirconium dioxide, fabrication, dispersion method, nanopowder. 
PACS: 81.05.Je, 81.07.Wx, 81.16.-c 
 

One of the problems of current interest associated with the needs of modern technology is the scientific and technical 
principles of creating nanostructured materials for products and structures of industrial production and other technical 
needs. Objects of interest include zirconium dioxide, which is widely used in the manufacture of fire-resistant materials, 
as well as in dentistry. 

To create nanosized zirconium dioxide, the method of forced hydrolysis [1], as well as the method of pyrolysis of 
sprayed salt solutions [2], have recently been used. There is also a method for producing zirconium-dioxide nanopowders 
by the method of electron beam evaporation and vacuum deposition [3]. However, this process is lengthy and energy 
intensive. Hydrothermal synthesis is one of the most industry-wide methods for obtaining nanodispersed ZrO2 powders 
[4]. But this process requires acid treatment. And in this case, it is necessary to change in a wide range the temperature, 
pressure, concentration and acidity of the solutions used. Nano-dispersed zirconium dioxide is obtained by its heterophase 
synthesis from zirconium oxychloride with the participation of solutions of different bases (for example, from the 
compound ZrOCl2·8H2O in aqueous solutions of KOH, NaOH or ammonia [5]). 

So, the methods described above make it possible to obtain nanodispersed zirconium dioxide using aqueous solutions 
of acids, alkalis and alcohols. 

The featured thermal-vacuum method makes it possible to obtain highly dispersed zirconium dioxide directly from 
the hydroxide without using liquid media and, moreover, in a short time – 15...20 s. This takes place in the air flow 
through the heating element duct. On the basis of this, in particular, a nanodispersed graphite powder was obtained – a 
material that can be used in printers and other copying equipment [6]. 
 

THERMAL-VACUUM INSTALLATION FOR DISPERSION AND DEHYDRATION 
On the basis of the performed theoretical and experimental studies, an energy-efficient thermal-vacuum method for 

continuous dispersion and dehydration of wet powdery materials had been developed [7]. This method is based on 
combining a fast evacuation process – creating aerodynamic driving force – and thermal heating to a required temperature. 
This is accompanied by acts of direct contact of surface layer of particles of original material with the inner surface of the 
hollow heater, what provides instantaneous heating of the material particles in a vacuum.  

For the closest contact with the initial powdery material, the heater is made in the form of a helical spiral. The 
physical principle of this technique is that the decrease in pressure inside the heating element, produced by a vacuum 
pump, creates a pressure gradient that stimulates an intense flow of air with powder. When such a flow moves in the 
spiral, due to its sufficient speed and inertia of the particles, an impact contact of the particles with the inner surface of 
the heater occurs, which makes it possible to efficiently use the heat of the heating element in this process. An 
instantaneous heating of the surface layer of zirconium hydroxide particles to a high temperature occurs. This stimulates 
the fragmentation of particles. 
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Under the conditions of the existence of residual moisture in the original powder in combination with a reduced air 
pressure, the process of crushing particles can be aggravated. So, in this case, the temperature of the contacting layer 
becomes higher than the temperature of moisture evaporation. This causes intense vapor release from the surface layer of 
zirconium hydroxide – a steam explosion, which facilitates the crushing process. The physical details of the powder 
dispersion process are described in [6-7]. 

The thermal-vacuum installation is shown in Fig. 1[6, 8]. It consists of a feed hopper (1), a hollow heater (2), a 
vacuum pump (3), tunnels (4, 11), a cyclone (5), a receiver for dried raw materials (6), and a floodgate (7). The installation 
has a thermocouple (8, 13), a control panel (9), a conveyer (10), a filter (12), a level sensor for dried raw materials (14), 
and a vacuum gauge (15). 

 
Figure 1. Thermal-vacuum scheme. 

This design of the installation provides highly efficient dispersion of material in a space thermally insulated from 
the external environment, and, simultaneously, its continuous dehydration. In general, effectiveness of dispersion depends 
on thermal-physical properties of material and its state: on the relationship between thermal conductivity, heat capacity 
and thermal coefficient of expansion, on dispersion and moisture content of original material, on ambient pressure, and 
on the heater temperature. In our case, the heater temperature is 350ºC. 
 

EXPERIMENTAL 
As is known, zirconium hydroxide – the original material in our studying – is obtained by chemical processing 

zircon concentrate [4]: 

ZrSiO4 + [(Na,K)OH + CaF4] → … → (Na,K)2ZrF6 + ZrO2 + CaSiO3 (1) 

By treating the resulting mixture in a hydrochloric acid solution, zirconium oxychloride ZrOCl2 is obtained from the 
first two products, from which zirconium hydroxide is then precipitated in an ammonia solution. In this case, insoluble 
impurities may remain [4]. 

The study of structural composition of the material in the initial state and processed in a thermal vacuum installation 
was carried out using X-ray structural analysis and scanning microscopy. The X-ray measurements were carried out on a 
DRON4-07 diffractometer with CuKα radiation recording by a proportional counter using the pair of Soller slits. 

A semi-quantitative phase analysis was performed using a full-profile X-ray diagram, and this referred to the original 
material. Based on the measurement results, the molar portion of the structural components of the material was estimated 
by integrating the intensity of X-ray reflection recorded as profiles of the I(θ) diagram in the coordinates of the diffraction 
angle θ. Integration was carried out over polar coordinates in the volume of the sphere of reflections (Ewald’s sphere). 
The initial variable of integration is reduced to an analog of the diffraction vector: s = sinθ/λ, where λ is the radiation 
wavelength. The following formula was used to calculate the averaged parameter of the reduced intensity of an individual 
phase or fraction, which is directly related to the numerical content of the reflecting molecular units of this fraction: 
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Herein the first integrand is the integration of the full-profile intensity of reflections from some of the phases or 
fractions, taken individually, over the volume of the reciprocal lattice space bounded by the limiting radii of the Ewald 
sphere s0 and sM; P(θ) – multiplier of correction for the polarization of the reflected beam: P(θ) = (1 + cos²2θ)/2; U is the 
volume of the integration area in the space of reciprocal lattices; f is the atomic factor; u is the volume fraction of the 
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space of reflections attributable to any node of the reciprocal lattice: u = 1/8v, where v is the real volume of the molecular 
unit (~ 10-22 cm3).  

The f-factor expresses the diffraction effect due to the size of atoms and the number of its electrons 
(ordinal number N), and is presented as an algebraic sum over the atoms of a molecular unit with their stoichiometric 
numbers ni:  

   2 2
i i

i

f s n f s  (3) 

We limited this to the region of non-large diffraction angles and the values of fi(0) as parametric coefficients when 
integrating according to the formula (2). This approach is sufficient for estimating the content of phases and fractions at 
the level of their scales.  

In general, the molar concentration of the j-th phase or fraction was estimated by the ratio cj = ij/ik (2), with which 
the normalization condition ck = 1 is met.  

 
RESULTS 

X-ray CuKα-diagrams of the original and processed material are shown in Figure 2. 

 
Figure 2. X-ray diagrams of the original zirconium hydroxide (a) and the dioxide obtained after thermal-vacuum treatment (b). 

The presence of elements of similarity in the general form of angular distributions (Fig. 2a,b) gave grounds to believe 
that the original material contains a significant amount of zirconium dioxide. 

According to the analysis of the complex of X-ray lines in the diagram (Fig. 2a), it was found that the original 
material contains two crystalline phases of an unidentifiable nature. Apparently, these are impurities of precipitates 
remaining after the preliminary treatment of zirconium oxychloride in an ammonia solution to obtain hydroxide. It is 
assumed that these are structures based on (Na,K)2ZrF6 and CaSiO3 (1), modified by other elements in the course of 
chemical separation reactions. 

Table 1 shows experimental data on the structural-phase composition of the original material and data on the closest 
structural prototypes of impurity compounds with a crystalline nature. Data on the volume of crystal cells and estimates 
of the molar concentration of the components are also given. Molar concentrations were estimated from chart analysis 
based on the approach described in the previous section.  

Table 2 shows the mass spectrometric estimates of the elemental composition of the obtained zirconium dioxide. 
Table 1. Structural-phase composition of the original material. 

composition structure a (nm) b (nm) c (nm) V (nm3) mol. % 

exp. cubic 0.667 
(0.471) 

0.667 
(0.471) 

0.667 
(0.471) 

0.296 
(0.105) 0.5 

K2ZrF6 rhombic 0.658 1.144 0.694 0.522  
       

exp. rhombic 0.987 0.792 0.553 0.4325 3 

CaSiO3 triclinic 1.01 
99.5°* 

0.731 
83.4° 

1.106 
100.6° 

0.789  

       
Zr hydroxide amorphous     32-45 

ZrO2 amorphous     53-66 
(*) – angles between two other basal planes of the lattice. 

Table 2. Elemental composition of the obtained zirconium dioxide. 

el.      B            C          N          O          F         Na         Mg         Al          Si          P           S          Cl         K                       
at.%   0.0003     4.64     0.56      67.9      2.64     0.067     0.045      0.08      0.36     0.018     0.09     0.018    0.028 
el.     Ca           Ti         V          Cr       Mn        Fe          Ni          Co         Cu        Zn         Sr          Zr         Sn 
at.%     0.4        0.008   0.001    0.048    0.004    0.29      0.015     0.003     0.043    0.004    0.003     22.8     0.003 
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These data indicate the predominance of impurities C, N, Ca, Si, Fe and F in the resulted dioxide. This, in particular, 
confirms the result of the analysis of the crystalline-impurity composition of the original material (Table 1). 

By the method of thermal-vacuum dispersion, amorphous zirconium dioxide was obtained with 20...200 nm size of 
the powder particles (Fig. 3). There were no conglomerates in the powder. 
 

DISCUSSION 

The original material with zirconium hydroxide 
(Fig. 2a) was a powder with a moisture content of 12.5%. 
The obtained dioxide in the amorphous state (Figs. 2b, 3) 
has a moisture content of 1.8%. The presence of hydroxide 
in its environment, had noted by analyzing the diagrams 
(Fig. 2a,b), is associated with the time period before X-ray 
measurements, during which it gained atmospheric 
humidity up to 6%.  

Of course, the dispersion process is determined by 
the physical capabilities of the thermal-vacuum 
installation. However, the actual result depends also on the 
characteristics of the filters. In our case, a system of two 
filters was used. Amorphous zirconium dioxide was 
retained by a fine filter (Fig. 3). Crystalline-impurity 
fractions were retained in the coarse filter. The process 
time of the entire technological cycle is 15...20 s. 

As a result, the amorphous zirconium dioxide was 
obtained with a yield of 30 wt%, the apparent density of 

1.64 g/cm3, wherein the apparent density of zirconium hydroxide was 1.05 g/cm3.  
 

SUMMARY 
1. As a result of thermal-vacuum treatment of a powder based on zirconium dioxide containing zirconium hydroxide, 

pure dioxide was obtained in the amorphous state with a moisture content of 1.8%, a particle size of 20...200 nm and an 
yield of 30%. 

2. It is noted that this method makes it possible to obtain fine and nanodispersed powders in a cycle of 15...20 s. 
This is due to a combination of sharp thermal effects when particles come into contact with the heater surface, the design 
feature of the heater, and the aerodynamic conditions of the process – with a positive effect of the residual moisture 
content of the powder material on the process. 

3. It is noted that in the process of thermal-vacuum treatment, the material is able to change the crystalline-structure 
state under the conditions of the existing variety of its known crystallographic modifications. Under such conditions, an 
amorphous state of zirconium dioxide was obtained.  

The described thermal vacuum-method significantly reduces the technological process and energy consumption – 
and can be used for the continuous and energy-efficient production of nanodispersed materials, as well as for drying 
powder materials. 

The principle of this method provides wide possibilities for physical-mathematical developments on optimization 
industrial dispersion processes for various specific types of powder materials.  
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ТЕРМОВАКУУМНИЙ СПОСІБ ОДЕРЖАННЯ НАНОДИСПЕРСНОГО ДІОКСИДУ ЦИРКОНІЮ 
В.О. Кутовий, Д.Г. Малихін, В.Д. Вірич, Р.Л. Василенко 

Національний науковий центр «Харківський фізико-технічний інститут» НАНУ 
Україна, 61108, г. Харків, вул. Академічна 1  

У даній роботі наведено енергоефективний термовакуумний спосіб безперервного отримання нанодисперсного діоксиду 
цирконію з гідроксиду цирконію. У цьому підході закладено принцип створення аеродинамічного потоку з вихідним 
порошкоподібним матеріалом в порожнині нагрівального елементу. Таким способом створюються короткомоментні контакти 
частинок з внутрішньою поверхнею нагрівального елементу. В результаті цього дроблення частинок здійснюється завдяки 
високим термічним напруженням в частинках, що контактують. Цей процес посилюється існуванням залишкової вологи у 
вихідному порошкоподібному матеріалі. Досліджено фазові перетворення у процесі термовакуумной обробки гідроксиду 
цирконію. Отримано аморфний діоксид цирконію. Дослідження структурного складу матеріалу в початковому стані і 
обробленого в термовакуумній установці здійснено за допомогою рентгеноструктурного аналізу і скануючої мікроскопії. 
Приведено експериментальні дані зі структурно-фазового складу вихідного матеріалу і дані по найближчим структурним 
прототипам домішкових сполук кристалічного характеру. Наведено також дані з об’єму кристалічних комірок і оцінка 
молярної концентрації компонентів. Дана мас-спектрометрична оцінка елементного складу отриманого діоксиду цирконію. 
Термовакуумний метод дозволяє отримувати високодисперсний діоксид цирконію у аморфному стані безпосередньо з 
гідроксиду цирконію без використання рідких середовищ і до того ж за короткий час – протягом 15...20 с. 
Ключові слова: гідроксид цирконію, діоксид цирконію, виробництво, метод диспергувания, нанопорошок. 
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The study of the processes occurring in a matter when ionizing radiation passes through is important for solving various problems. 
Examples of such problems are applied and fundamental problems in the field of radiation physics, chemistry, biology, medicine and 
dosimetry. This work is dedicated to computer modeling of the parameters of a tungsten converter for studying the processes of 
radiation damage during the interaction of ionizing radiation with solutions of organic dyes. Simulation was carried out in order to 
determine the optimal thickness of the converter under predetermined experimental conditions. Experimental conditions include: 
energies and type of primary particles, radiation intensity, target dimensions, relative position of the radiation source and target. 
Experimental studies of the processes of radiation damage occurring in solutions of organic dyes are planned to be carried out using 
the linear electron accelerator "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics and Technology". 
Electrons with 15 MeV energy are chosen as primary particles. The interaction of electrons with the irradiated target substances is 
planned to be studied in the first series of experiments. Investigations of the interaction of gamma quanta with the target matter will 
be carried out in the second series of experiments. The tungsten converter is used to generate a flux of bremsstrahlung gamma rays. 
One modeling problem is determination of the converter thickness at which the flux of bremsstrahlung gamma will be maximal in 
front of the target. At the same time, the flow of electrons and positrons in front of the target should be as low as possible. Another 
important task of the work is to identify the possibility of determining the relative amount of radiation damage in the target material 
by the Geant4-modeling method. Radiation damage of the target substance can occur due to the effect of bremsstrahlung, as well as 
electrons and positrons. Computational experiments were carried out for various values of the converter thickness – from 0 mm (no 
converter) to 8 mm with a step of 1 mm. A detailed analysis of the obtained data has been performed. As a result of the data analysis, 
the optimal value of the tungsten converter thickness was obtained. The bremsstrahlung flux in front of the target is maximum at a 
converter thickness of 2 mm. But at the same time, the flux of electrons and positrons crossing the boundaries of the target does not 
significantly affect the target. The computational experiment was carried out by the Monte Carlo method. A computer program in 
C++ that uses the Geant4 toolkit was developed to perform calculations. The developed program operates in a multithreaded mode. 
The multithreaded mode is necessary to reduce the computation time when using a large number of primary electrons. The 
G4EmStandardPhysics_option3 model of the PhysicsList was used in the calculations. The calculations necessary for solving the 
problem were carried out using the educational computing cluster of the Department of Physics and Technology of V.N. Karazin 
Kharkiv National University. 
Keywords: bremsstrahlung, Geant4-simulation, bremsstrahlung converter, interaction of radiation with matter. 
PACS: 07.05.Tp, 02.70.Uu, 81.40wx 

 
Linear electron accelerators are currently used to solve various applied and fundamental problems. In particular, 

accelerators are used in nuclear medicine, materials science, in the development of radiation detectors, etc. Experiments 
on the irradiation of organic dyes were carried out in [1]. Aqueous, alcoholic and glycerol solutions of methylene blue 
(C16H18N3SCl), as well as methyl orange (C14H14N3O3SNa), were irradiated with an electron beam. The authors 
investigated the optical density of the irradiated dyes. The electron beam energy was 16 MeV. It was found that aqueous 
solutions have less radiation resistance than alcohol and glycerol solutions. Further experimental studies of radiation-
stimulated chemical processes during the destruction of dyes organic molecules have become necessary. 

An experimental stand with a bremsstrahlung converter is usually used to study the effects that occur in matter 
when interacting with a flux of gamma quanta. The generation of a gamma quanta flux occurs in the converter due to 
the conversion of part of the electron beam energy into bremsstrahlung. The converter must be made of a material with 
a high atomic number and a high density in order to obtain a sufficient amount of gamma quanta. Tantalum and 
tungsten are appropriate materials due to their physical and chemical properties [2]. 

Computer simulation using Geant4 allows virtual nuclear physics experiments. These experiments are necessary 
for preliminary assessment, as well as choice of the bremsstrahlung converter optimal parameters for real experiments. 

The aim of this work is to select the optimal thickness of the bremsstrahlung converter as part of the experimental 
stand "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics and Technology" for studying the 
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radiation resistance of organic dye solutions. The primary electron energy is 15 MeV. It is necessary to determine the 
optimal thickness of the tungsten converter, at which the bremsstrahlung flux will be maximum directly in front of the 
target containing the solution. At the same time, the flux of electrons and positrons should be as low as possible. A 
converter with these parameters will be necessary to study the nature of the mechanisms that lead to radiation damage 
that occurs when ionizing radiation interacts with organic dye solutions. 

 
MATERIALS AND METHODS 

The scheme of the planned experiment is shown in Figure 1. The primary electrons beam passes through the 
titanium outlet window foil of the LINAC accelerator. The electron energy is Ее=15 MeV. The thickness of the foil is 
50 µm. The bremsstrahlung converter is located at a distance of 50 mm from the titanium foil. The converter is marked 
in black in Figure 1. The electrons beam is directed along the normal to the converter surface. The target containing the 
solution is located after the converter. The target is marked in light green in Figure 1. The irradiated target contains 1% 
aqueous solution of an organic dye. Methylene blue C16H18N3SCl was chosen as an organic dye, as one of the 
substances studied in [1]. 

The dimensions of the target are 
10 mm10 mm10 mm, i.e., rather small, due to the need 
for further studies of the target. The transverse 
dimensions of the converter are 40 mm  40 mm. The 
irradiated target is located at a distance of 1 mm after the 
converter. The thickness of the tungsten converter is 
varied from 0 mm to 8 mm in 1 mm increment in a series 
of computational experiments. A value of 0 mm 
corresponds to the case when the converter is absent. This 
case is necessary to study the interaction of electrons with 
the target material in the absence of bremsstrahlung. In 
this case, there will still be a small amount of gamma 
quanta formed in the titanium foil material when primary 
electrons pass through it. 

One of the objectives of this work is to determine the thickness of the converter at which the flux of 
bremsstrahlung gamma quanta immediately in front of the target will be maximum, regardless of the amount of 
electrons and positrons in front of the target. The number of electrons and positrons in front of the target in this case 
should be minimal. It is necessary to estimate the relative amount of radiation damage in the target containing the 
organic dye solution for each value of the tungsten converter thickness. 

We have developed a computer model of the planned experiment to solve the problem. The model is based on a 
computer program. The program is developed in C++ and uses the Geant4 toolkit of version 10.6 [3, 4]. 

The Geant4 toolkit has a complete set of tools for computer modeling of nuclear physical processes of radiation 
with matter interaction. Geant4 modules used in our program include Instrumentation for describing the detectors 
geometry and the experimental setup as a whole, description of particles and physical processes, transport and tracking 
of particles, simulation of the detector response. The Geant4 library uses CLHEP classes [5] and has a wide range of 
utility functions as well as random number generators. 

The developed program contains the definition of several main classes that correspond to the specifics of the task 
when using the Geant4 library. All these classes must be registered in a special object-instance of the G4RunManager 
class, which controls the modeling process. The main classes are G4VUserDetectorConstruction, G4VPhysicsList, 
G4VUserPrimaryGeneratorAction [3]. The G4VUserDetectorConstruction class contains the geometry definition of the 
experimental setup model and its constituent parts, their mutual arrangement, as well as their materials. The 
G4VPhysicsList class is necessary to describe the models of physical processes [4] that occur during the interaction of 
ionizing radiation with materials of experimental setup components. We specify the primary particles source in the 
simulation, their type and energies in the G4VUserPrimaryGeneratorAction class. We also specify the particles 
movement direction and other parameters that characterize the radiation source in the G4VUserPrimaryGeneratorAction 
class. In addition, optional classes, for example, G4UserEventAction, G4UserSteppingAction [3], etc. can also be 
registered in the instance of the G4RunManager class. These classes allow one to control the behavior of the developed 
program at various stages of its execution, as well as set the required level of detail when displaying results. 

The Geant4 toolkit developers offer about 30 predefined PhysicsList models to date. These models are described 
in detail in the documentation [6], and have application in modeling of almost any problem - from problems in high 
energy physics to applications in microdosimetry. We have chosen the G4EmStandardPhysics_option3 model of the 
PhysicsList module to solve our problem. This model is the most suitable [6] for simulating the passage of 15 MeV 
electron beam through the blocks of the studied facility. A monoenergetic electron beam is used in our problem to 
simulate ideal experimental conditions. The electron beam diameter in the model is specified to be 2 mm due to the fact 
that this series of calculations is preliminary. We will be able to find out the real parameters of the beam after carrying 
out a real experiment in order to use them in further calculations. The particle transport-tracking threshold was specified 

Figure 1. Simplified scheme of the experiment.  
The target size is 10 mm  10 mm  10 mm 
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to be 0.1 mm in length units. We used the setCut() function to calculate the threshold for tracking particle transport in 
units of energy. The threshold is approximately 351 keV for electrons in tungsten, and 36 keV for gamma rays in 
tungsten. The tracking threshold for particle transport is, respectively, 85 keV for electrons and 1 keV for gamma 
quanta in an aqueous solution of methylene blue. 

The program we have developed contains a visualization module that uses the OpenGL library. A screen shot of 
the visualization module is shown in Figure 2 (a, b) in order to visualize the relative position of the experimental setup 
components, as well as to demonstrate the result of the particles passage through the converter. 

 

 

Figure 2. Passage of 10 primary electrons through the facility. The electron energy is 15 MeV. 
(Figure 2a – The converter is absent; Figure 2b – We use a bremsstrahlung converter, its thickness is 2 mm) 
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Figure 2 shows the converter with a thickness of 2 mm. The converter thickness increases by 1 mm in each 
subsequent series of computational experiments. The energy of primary electrons is 15 MeV. The trajectories of 
electrons are shown in red in Figure 2, the trajectories of bremsstrahlung gamma quanta are shown in green. The 
OpenGL visualization of 10 primary electrons passing through the setup is shown in Figure 2a. There is no 
bremsstrahlung converter in this case, but the outline of the converter is shown in the screen shot in order to to keep the 
scale. We use air instead of a tungsten converter in the DetectorConstruction module in this case. A slight deviation of 
the electron beam can be seen after passing through the thin titanium foil. All primary electrons hit the target. 

The passage of 10 electrons through a tungsten bremsstrahlung converter is shown in Figure 2b. The trajectories of 
gamma quanta are shown in green, the trajectories of electrons are shown in red in Figure 2b, similar to the marking in 
Figure 2a. It can be seen that primary electrons are decelerated in the converter, and bremsstrahlung gamma quanta are 
formed. A certain amount of gamma quanta does not hit the target in this case due to the small size of the target. 
Therefore, calculations using a large number of events are necessary, as well as an analysis of the obtained results.  

The program developed by us has a batch mode for performing calculations by the Monte Carlo method for the 
purpose of further statistical data processing. The passage of 107 primary electrons with energy Ее=15 MeV through the 
setup containing the target was simulated in the batch mode. The statistical error of the Monte Carlo method will be less 
than 1% for this amount of primary electrons. 

The calculations required to solve the problem were carried out using the educational computing cluster of the 
Scientific and Educational Institute "Physics and Technology Faculty" of V.N. Karazin Kharkiv National University. 
The educational compute cluster (Figure 3) consists of Dell Power Edge 1850 blocks of various configurations. These 
blocks are integrated into a local network, and use the Linux operating system. 

 

 

Figure 3. Educational computing cluster of the Scientific and Educational Institute "Physics and Technology Faculty"  

We used the multi-threaded mode of the Geant4 toolkit. The required additional libraries have been installed for 
this. In addition, we modified the source codes of the G4MPI module [3, 7] in order to uniformly load the computing 
blocks of the cluster, depending on their performance. 

 
RESULTS AND DISCUSSION 

The series of computational experiments were carried out using the batch mode of the developed program. 
The energy spectra of bremsstrahlung gamma quanta (Figure 4) in front of the target containing an organic dye 
solution were obtained as a result of data processing. The values of the gamma quanta flux directly in front of the 
target were also calculated for different converter thicknesses (Figure 5). The values of the electron flux in front 
of the target (Figure 6) were obtained depending on the thickness of the converter. In addition, the energy spectra 
of electrons in front of the target were calculated for two values of the converter thickness (Figure 7), at which a 
significant flux of gamma quanta is observed in front of the target. All presented results are normalized to 
1 incident electron. The transverse dimension of the target is 10 mm10 mm. The transverse dimension of the 
converter is 40 mm40 mm. 

The energy spectra of bremsstrahlung gamma quanta for primary electrons with energy Ee = 15 MeV in front of 
the target are shown in Figure 4. These spectra have 100 keV resolution and are presented in a log scale on Y-axis. It 
can be noted that the maximum relative amount of gamma rays crossing the target boundary will occur for tungsten 
converter thickness of 2 mm. 

The relative amount of bremsstrahlung gamma quanta crossing the target boundary, depending on the converter 
thickness, is shown in Figure 5. The flux is normalized to 1 incident electron. It can be seen that the maximum flux of 
bremsstrahlung gamma quanta in front of the target will be at the converter thickness of 2 mm for primary electrons 
with energy of 15 MeV. The flux of gamma quanta decreases when the converter thickness is 3 mm. 

The electron flux values in front of the target (Figure 6) were obtained for the same values of the converter 
thickness from 0 mm to 8 mm with a step of 1 mm. 

It can be seen that with a converter thickness of 2 mm, when the largest amount of bremsstrahlung gamma quanta 
is observed in front of the target, there is also a significant amount of electrons in front of the target. The relative 
electrons number in front of the target, depending on the converter thickness, is presented in Table 1. The presented 
results are normalized to 1 incident electron. 



95
GEANT4 Modeling of the Bremsstrahlung Converter Optimal Thickness...          EEJP. 4 (2021)

 
Figure 4. Energy spectra of gamma quanta crossing the target boundary 

 

 
Figure 5. The gamma quanta flux crossing the target boundaries, depending on the converter thickness  

 

 
Figure 6. The electrons flux crossing the target boundaries, depending on the converter thickness  
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Table1. Relative number of electrons crossing the target boundary, depending on the bremsstrahlung converter thickness for primary 
electrons with energy Ee = 15 MeV 

Tungsten 
thickness, mm 

0 1 2 3 4 5 6 7 8 

Amount of 
electrons in front 

of the target 

0.982 0.815 0.339 0.0703 0.0162 0.0112 0.0092 0.0076 0.0064 

 
Comparison of the electrons energy spectra in front of the target was carried out for two values of the tungsten 

converter thickness. These studies are necessary to choose the optimal converter thickness, at which it is expedient to 
study the mechanisms of radiation damage in the target. Two values of thickness for the tungsten converter are 2 mm 
and 3 mm (Figure 7). The calculations of spectra were done in same steps of 1 MeV for the convenience of results 
comparing. 

 

 
Figure 7. Comparison of the electrons energy spectra in front of the target for two values of the tungsten converter thickness. 

These values are 2 mm and 3 mm. The energy of primary electrons is Ee = 15 MeV. The electrons spectrum in the case of 2 mm 
converter is indicated by dark squares. The electrons spectrum in the case of 3 mm converter is indicated by light triangles  

It can be seen (Figure 7) that a significant amount of high-energy electrons are still present in front of the target 
with a converter thickness of 2 mm. However, the energies of electrons in front of the target noticeably decrease with 
increasing the converter thickness to 3 mm. The relative amount of electrons also decreases. The electrons energy 
spectra (Figure 7) are normalized to 1 incident electron. A significant decreasing the number of electrons in front of the 
target, as well as decreasing the electron energy, suggests us that it is desirable to use a 3 mm thick tungsten 
bremsstrahlung converter irradiated with 15 MeV primary electrons to study the radiation damages processes in organic 
solutions irradiated by gamma quanta. 

The simulation of the 16O nuclei formation in the target was carried out in order to determine the possibility of a 
preliminary assessment of radiation damage occurring in a 1% aqueous solution of an organic dye upon irradiation by 
primary electrons. We took into account 16O nuclei with energies above 5 eV. This simulation was carried out for 
various values of the tungsten converter thickness. The dependence of the number of 16O nuclei with energies above 
5 eV on the converter thickness is shown in Figure 8. 

It can be noted that the rupture of water molecules’ chemical bonds is practically not observed in the absence of 
bremsstrahlung gamma quanta, i.e., with a converter thickness of 0 mm. The relative number of such events is 
approximately 3.7×10-5. A significant increase in radiation-stimulated chemical processes of the target substance 
destruction [8] is observed with increasing the number of gamma quanta (Figure 4 and Figure 5) crossing the target 
boundaries. The number of water molecules chemical bonds rupture is 5.4×10-4 per one primary electron with energy of 
15 MeV at 1 mm tungsten thickness. The relative number of ruptures of water molecules chemical bonds is now about 
10 times greater than in case of absent converter. Approximately 6×10-4 ruptures of water molecules chemical bonds per 
1 incident electron occur when tungsten is 2 mm thick. 

The attenuation of the gamma-ray beam occurs due a further increase in the converter thickness [9]. This fact 
explains decreasing (Figure 8) of the number of water molecules chemical bonds ruptures while increasing the 
converter thickness. 

Therefore, further experimental studies of the interaction of radiation with organic dye solutions are necessary to 
reveal the mechanisms leading to radiation damage of dye solutions. 
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Figure 8. Formation of 16О nuclei with energies above 5 eV depending on the thickness of the converter 

 

CONCLUSIONS 
The simulation of the passage of electrons flux with energy of 15 MeV through tungsten converters of various 

thickness values, from 0 mm to 8 mm, was carried out with a step of 1 mm. The values of the bremsstrahlung gamma 
flux immediately in front of a small target containing 1% aqueous solution of an organic dye were obtained as a result 
of simulation. It is shown that it is necessary to locate the target at the minimum possible distance from the converter 
due to the rather small dimensions of the target. The values of the converter thickness for carrying out experimental 
studies at the linear electron accelerator "LINAC-300" of the National Scientific Center "Kharkov Institute of Physics 
and Technology" were obtained as a result of a computational experiment. It is shown that the flux of gamma quanta in 
front of the target is maximum at 2 mm of tungsten, but there are also high-energy electrons in front of the target. The 
electron flux in front of the target is much less for a 3 mm thick tungsten converter. The gamma quanta flux decreased 
slightly in this case. 

The method of radiation damage preliminary estimation in the target for different converter thickness values, and, 
therefore, different values of the gamma quanta flux crossing the target boundaries, was investigated by the computer 
simulation method using Geant4 toolkit. 

The possibility to optimize the experimental stand for studying the main mechanisms leading to the ruptures of 
organic dye molecules appeared on the basis of the obtained results. It is planned to receive specific proposals for 
optimizing the experimental stand in further research. 
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GEANT4-МОДЕЛЮВАННЯ ОПТИМАЛЬНОЇ ТОВЩИНИ КОНВЕРТЕРУ ГАЛЬМІВНОГО ВИПРОМІНЮВАННЯ 
ДЛЯ ДОСЛІДЖЕННЯ ПРОЦЕСІВ РАДІАЦІНИХ ПОШКОДЖЕНЬ ПРИ ВЗАЄМОДІЇ ВИПРОМІНЮВАННЯ 

З РОЗЧИНАМИ ОРГАНІЧНИХ БАРВНИКІВ 
Т.В. Малихінаa,b, В.Є. Ковтунa, В.Й. Касіловb, С.П. Гоковb 

aХарківський національний університет імені В.Н. Каразіна, майдан Свободи, 4, 61022, Харків, Україна 
bНаціональний науковий центр «Харківський фізико-технічний інститут», вул. Академічна, 1, 61108, Харків, Україна 

Дослідження процесів, що відбуваються у речовині при проходженні через нього іонізуючого випромінювання, має важливе 
значення для вирішення різних задач. Прикладом таких задач є прикладні та фундаментальні завдання в галузі радіаційної 
фізики, хімії, біології, медицини та дозиметрії. Представлена робота присвячена комп'ютерному моделюванню параметрів 
вольфрамового конвертера для дослідження процесів радіаційних ушкоджень при взаємодії іонізуючого випромінювання з 
розчинами органічних барвників. Моделювання проведено з метою визначення оптимальної товщини конвертера при 
заздалегідь визначених умовах експерименту. До умов експерименту відносяться: енергії і тип первинних частинок, 
інтенсивність випромінювання, розміри мішені, взаємне розташування джерела випромінювання і мішені. 
Експериментальні дослідження процесів радіаційних ушкоджень, що відбуваються в розчинах органічних барвників, 
планується проводити з використанням лінійного прискорювача електронів «ЛУЕ-300» Національного наукового центру 
«Харківський фізико-технічний інститут». В якості первинних частинок обрані електрони з енергією 15 МеВ. У першій серії 
експериментів планується дослідити взаємодію електронів з речовиною мішені. У другій серії експериментів будуть 
проводитися дослідження взаємодії гамма-квантів з речовиною мішені. Для отримання потоку гамма-квантів 
використовується конвертер з вольфраму. Одним із завдань моделювання є визначення товщини конвертера, при якій потік 
гальмівних гамма-квантів безпосередньо перед мішенню буде максимальним. У той же час потік електронів і позитронів 
перед мішенню повинен бути мінімально можливим. Ще одним важливим завданням роботи є виявлення можливості 
визначення методом Geant4-моделювання відносної кількості радіаційних ушкоджень в речовині мішені під дією 
гальмівних гамма-квантів, а також під дією електронів і позитронів. Обчислювальні експерименти для різних значень 
товщини конвертера – від 0 мм (немає конвертера) до 8 мм проведені з кроком 1 мм. Виконано детальний аналіз отриманих 
даних. В результаті аналізу даних проведених обчислювальних експериментів отримані значення товщини вольфрамового 
конвертера, при якій потік гальмівного випромінювання безпосередньо перед мішенню є максимальним, але в той же час 
потік електронів і позитронів, що перетинають межі мішені, не робить істотного впливу на мішень. Обчислювальний 
експеримент проведений методом Монте-Карло. Для проведення розрахунків нами була розроблена комп'ютерна програма 
мовою С++, яка використовує бібліотеки класів Geant4, і працює у багатопотоковому режимі. Багато потоковий режим 
необхідний для зменшення часу обчислень при використанні великої кількості первинних електронів. При проведенні 
розрахунків використовувалася модель G4EmStandardPhysics_option3 модуля PhysicsList. Необхідні для вирішення завдання 
розрахунки здійснені з використанням навчального обчислювального кластера Науково-навчального інституту «Фізико-
технічний факультет» Харківського національного університету імені В.Н. Каразіна. 
Ключові слова: гальмівне випромінювання електронів, Geant4-моделювання, конвертер гальмівного випромінювання, 
взаємодія випромінювання з речовиною. 
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The effect of radiation damage on the retention of deuterium in tungsten (W) was examined. A vacuum-arc plasma source with magnetic 
stabilization of the cathode spot was used for tungsten coatings preparation. W samples were treated with D ions at temperatures 
300-600 K with a fluence of (1 – 10) 1020 D2+/m2 and ion energies of 12 keV/D2+. The influence of radiation damage on microstructure 
and accumulation of deuterium implanted in W samples at room temperature and after annealing have been studied. Thermal desorption 
(TD) spectroscopy was used to determine the D retained throughout the bulk of the sample. The structure of TD spectra represents the 
multi-stage process of deuterium release suggesting the trapping of gas atoms by a number of defect types. Computational evaluation 
of deuterium desorption within the framework of the diffusion-trapping model allows to associate characteristics of experimental TD 
spectra with specific trapping sites in the material. Experimental TD spectrum was fitted by assigning four binding energies of 0.55 
eV, 0.74 eV, 1.09 eV and 1.60 eV for the peaks with maxima at 475, 590, 810 and 1140 K, respectively. The low temperature peak in 
the TD spectra is associated with desorption of deuterium bounded to the low energy natural traps, whereas the other peaks are related 
to the desorption of deuterium bounded to the high energy ion induced traps: monovacancies and vacancy clusters. 
Keywords: tungsten, irradiation, damage, microstructure, thermal desorption, deuterium trapping, activation energies, de-trapping 
processes 
PACS: 52.40HF, 28.52FA, 68.49SF, 79.20RF 

An important problem in the development of fusion plasma devices that utilize tritium is the loss of tritium from the 
fuel cycle. The tritium leaking can cause safety issues because of the regulatory limits for the amount of tritium in the 
vessel walls. In addition, operational problems due to possible uncontrolled hydrogen isotopes recycling fluxes can affect 
global plasma stability. It is therefore advisable to investigate the features of the thermal release of hydrogen isotopes 
from plasma-facing materials in order to evaluate their applicability as candidate materials with respect to fuel 
retention [1]. 

Currently, tungsten is selected as the main armor material for the plasma-facing components of the next step fusion 
reactor due to a high melting point, low tritium retention, low sputtering ration as well as good behavior under neutron 
irradiation. A lot of works has been performed to qualify existing materials related to issues for fusion reactor ITER, in 
particular for W, as plasma facing materials for first wall and diverter [2]. However, it is now believed that fabrication 
the first wall of a fusion reactor completely from tungsten is not economically feasible due to the high cost, as well as the 
difficulties with machining due to the hardness and brittleness of tungsten. Recently, tungsten coatings on a stainless steel 
substrate have come to be considered as an alternative option from the point of view of economics and protection of 
structural material against plasma exposure [3]. In order to evaluate the applicability of W-coatings as plasma-facing 
materials, it is necessary to carefully examine the behavior of these materials under intense neutron irradiation from the 
fusion reaction and plasma exposure. Understanding the mechanisms of microstructural changes during operation is also 
of high importance. 

Extensive studies have been made on the interaction of hydrogen isotopes with various tungsten materials [1–10]. 
The surface topography of W bulk prepared by powder sintering (20 μm thickness), and W coatings deposited by cathodic 
arc evaporation and by argon ion sputtering was studied under the influence of low-energy hydrogen (deuterium) and 
helium plasma at room temperature [4, 5]. The exposure predominantly resulted in the formation of blisters and sputtering. 
After helium and deuterium plasma irradiation, numerous blisters were observed on the surface of W foils samples and 
coatings deposited by argon ion sputtering. The surface of W coatings deposited by cathodic arc evaporation was 
undergone only sputtering process under the same irradiation conditions [4]. Processes of sputtering, surface modification 
and deuterium retention in W coatings deposited on stainless steel by cathodic arc evaporation were studied under the 
influence of low-energy (500 eV) deuterium plasma with a fluence of 4·1024 D+/m2 at room temperature. The values of 
the experimentally measured sputtering yield of the tungsten coatings exposed to the D plasma are two times higher 
compared to bulk W but almost an order of magnitude smaller compared to ferritic martensitic steels. The total 
D retentions of W coatings were on the order of 5·1019 D/m2 [5]. 

Since the solubility of hydrogen isotopes in tungsten is very low, the trapping at defects mainly determines the 
retention. These defects are either natural defects which are present after fabrication or they may be created by treatment 
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after fabrication such as, for example, radiation-induced defects. Therefore, parameters of trapping are essential for 
predicting hydrogen isotope transport in irradiated tungsten. Many aspects of hydrogen retention in bulk tungsten have 
been investigated in the past and the available literature is extensive [6-10]. However, there are few data on the behavior 
of hydrogen isotopes in tungsten coatings. 

The objective of this study is to evaluate the role of radiation defects on deuterium retention in tungsten coatings 
prepared by cathodic arc evaporation (CAE) and irradiated with energetic deuterium ions. 

 
MATERIAL AND METHODS 

Tungsten coatings were deposited on tungsten substrates by means of PVD method using unfiltered cathodic arc 
evaporation in a “Bulat-6” system equipped with a W (99.9%) cathode of 60 mm diameter. Magnetic stabilization of the 
cathode spot was used in a vacuum-arc plasma source [11]. The main advantage of the cathodic arc evaporation method 
over conventional magnetron sputtering deposition is a much higher degree of plasma ionization and energy of metallic 
ions [12. This can be the explanation of the high quality and adhesion of such deposited coatings. 

Tungsten foil was chosen as a substrate material to eliminate the possible influence of various effects from other 
substrate materials, for example, differences in thermal expansion coefficients, mutual diffusion of elements, eutectic 
formation, etc., during high-temperature annealing in TD experiments. This approach in choosing W foils as substrates 
was used to study the TD of deuterium [13, 14], helium blistering [15], TD of helium [16], as well as in determining the 
thermal stability [17] of the W coatings deposited by magnetron sputtering. 

The tungsten foil substrates (8×5×0.3 mm) were chemically degreased and ultrasonically cleaned in a hot alkaline 
bath for 10 min and dried in warm air. After cleaning they were mounted on a substrate holder without rotation. The 
substrate-cathode distance was about 250 mm. The chamber was evacuated to a pressure of 2 × 10-3 Pa before the coating 
deposition. The substrates were ion etched with tungsten ion bombardment by applying a DC bias of -1300 V during 
3 min. The arc current was 120 A. Noble gas Ar (99.9 %) was introduced in to vacuum chamber up to pressure of 2 Pa 
for stabilization of the arc discharge. The deposition of tungsten coating was performed at a substrate bias voltage of -30 V 
and a substrate temperature of ~ 400 °C. The deposition time was 60 min. The coating thickness was ~ 8 μm. The 
concentration of impurities ions (oxygen, nitrogen and carbon) did not exceed 3 at.% in accordance with the EDX and 
WDS data.  

Hydrogen isotopes trapping by irradiation damages is often simulated using higher energy ion irradiation technique to 
introduce the defects, such as dislocation loops, vacancies and voids, etc [9]. In the current study, W foils and coatings have 
been irradiated with deuterium ions at temperatures 300 - 600 K with a fluence of (1 – 10)·1020 D2

+/m2 and ion energies of 
12 keV/D2

+. The SRIM code [18] was used to evaluate the ion projected ranges (Rp) and range straggling (Rp), the 
concentration of gas atoms, and the dpa (displacement per atom) (Fig. 1). The calculations were performed with a target 
density of 19.35 g cm-3 and a displacement threshold energy of 90 eV [9].  
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Figure1. Depth distribution profiles of damage and concentration for 12 keV/D2+ in tungsten calculated for a fluence of 1·1021 m-2  

The specimen temperature was measured by the thermocouple and was maintained at about (27±2.5) °C during 
irradiation. The experimental ion flux and fluence were calculated from the measured ion currents and beam spot areas. 
The deuterium release from irradiated specimens was investigated by the thermal desorption technique in the temperature 
range from 300 to 1400 K at a rate of 6 K s-1. This temperature range is expected to encompass the characteristic detrapping 
temperatures of hydrogen isotopes with radiation defects in tungsten materials [6]. The gas release was registered by a 
monopole mass-spectrometer. Irradiations and measurements of TD spectra were performed in one chamber, to exclude 
contact of the specimens with air that prevented the formation of artifact trap sites associated with the surface. The residual 
gas pressure in the experimental chamber was measured to be ~5·10-5 Pa.  
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The microstructure of tungsten substrate and coatings was investigated using transmission electron microscopy at 
room temperature, employing standard bright–field techniques on JEM-2100 electron microscope. Investigations of 
surface microstructure were performed using scanning electron microscope JEOL JSM-7001F. Chemical composition of 
the coatings was determined by energy dispersive X-ray spectroscopy – EDS. 

 
RESULTS AND DISCUSSION 

Fig. 2 shows SEM images of surface morphology, cross-section images and TEM microstructure of tungsten foil 
substrates and W coatings deposited by CAE in the initial state.  

 

a b 

 
c d 

 
e f 

Figure 2. Structure of tungsten foil (a,c,e) and coating (b,d,f): SEM surface morphology (a,b) and cross-section (c,d); TEM plan view 
(e,f). Higher magnification detail of the ‘nanoridges’ coating morphology (insert fig. 2, b). The interface between the coating and 

substrate is indicated by the dashed horizontal line (Fig. 2, d). 

Surface morphology of tungsten foil substrates has ‘smoothening’ relief (Fig. 2a). The microstructure of the tungsten 
foil substrates was characterized by layers with high elongation grains arranged parallel to the surface, see Fig. 2c. TEM 
investigation demonstrated high elongation grains with dimensions in the 0.5-1.5 μm range. Dislocations were distributed 
inhomogeneously even within a single grain (Fig. 2e). The dislocation density was found to be about 1·1014 m−2. The 
dislocation density was measured by counting the number of intersections with dislocation lines made by random strips 
drawn on micrographs. 

Substrate 
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The as-deposited W coatings have a rough surface (Fig. 2b). Surface morphology of initial W coatings exhibit 
surfaces of densely packed “nanoridges” or overlapping tiles, which is the typical morphology of refractory metal films 
deposited at the relatively low temperatures (see Fig. 2b, insert). These “nanoridges” were observed on the -W phase 
film surfaces irrespective of the film thickness. It is found that many individual grains contain two types of “nanoridge” 
domains oriented with each other with an angle ranging between 109 and 124º. Each domain has ridges with an average 
height and period of (1.5±0.5) and (7.5±1.0) nm, respectively [4]. As-deposited W coating show a typical columnar 
epitaxial growth with grain boundaries preferentially oriented perpendicular to the substrate (Fig. 2d). The structure of 
W-coating is dense and without pores, as shown on SEM cross-section image (Fig. 2d).  

According to the TEM analysis data, a single α-W phase with an average grain size of 180 nm is formed in the 
tungsten coatings. The density of dislocations was found to be about 2.2·1014 m-2. The structure of coatings may be 
explained by sufficiently high relative energy of tungsten ions (140 eV) and by the high degree of plasma ionization 
(90 %) of the tungsten cathodic arc [12, 19]. 

Figs. 3-4 shows deuterium TD spectra from tungsten substrates and coatings irradiated with deuterium ions at 
temperature 300 K with a fluence of (2–10)·1020 D2

+/m2 and ion energy of 12 keV/D2
+. 

Gas evolution from both types of specimens is characterized by the following common features: (i) initial 
temperature of desorption is consistent with the terminal temperature of exposure; (ii) the structure of TD spectrum 
represents the multi-stage process with well-defined desorption peaks at about 600, 850 and 1150 K for all studied 
irradiation fluences with the exception of high-temperature desorption stage for smallest fluences; (iii) the broad low 
temperature desorption stage looks like a peak with shoulders, and thus appears to consist of several narrow peaks. 
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Figure 3. Deuterium TD spectra from tungsten foils  
after deuterium ions irradiation at temperature 300 K 

Figure 4. Deuterium TD spectra from tungsten coatings 
after deuterium ions irradiation at temperature 300 K 

Characteristic temperatures of TD spectra depend on hydrogen retention parameters, predominantly on activation 
energy of de-trapping processes. In the case of the keV implantation, both radiation-induced and natural trap types are 
present in the material. 

Energetic ion irradiation can greatly increase the local point defects concentration by displacing the lattice atoms 
through collisions. The 6 keV D+ energy is well above the threshold for displacement damage [20] and capable of creating 
Frenkel pair defects within the implantation zone. At room temperature, the interstitials are mobile [21] and most of them 
quickly recombine with vacancies, however a fraction of vacancies survives and becomes the dominant deuterium traps 
in near surface layer of material. On the other hand, several studies [6,7] of the damage structure produced in W crystals 
under D ion implantation have revealed that in addition to radiation-induced defects, intrinsic defects strongly influence 
deuterium retention. Moreover, intrinsic defects like dislocations and grain boundaries are thought to be responsible for 
accumulation of large amounts of deuterium, especially in polycrystalline W at near room temperatures. 

The deuterium concentration is found to be inhomogeneous throughout the bulk, according to previously published 
data on the evolution of the deuterium depth distribution as a function of fluence [22, 23]. The highest deuterium content 
is observed in the ion stopping range, while a decreasing tail of deuterium concentration with reaching the plateau is 
detected at depths of up to several microns. It has been shown, that the near surface high concentration layer is associated 
with radiation-induced defects, whereas the latter zone is related to natural defects in the material, since certain portion 
of the D atoms implanted in tungsten at room temperature diffuse deep into the bulk and is captured by dislocations and 
grain boundaries.  

Computational evaluation of deuterium desorption within the framework of the diffusion-trapping model [24] 
provides the ability to assess activation energies of de-trapping processes and to associate characteristics of experimental 
TD spectra with specific trapping sites in the material. This was accomplished by numerically solving the equations for 
diffusion in a field of traps. 
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where C is the concentration of hydrogen in the solution; Gk is the concentration of hydrogen in traps of k-type; Rk is the 
radius of defect trap; mk is the number of hydrogen atoms per trap; z is the number of solution sites per host atom; NV is 
the atomic density of the host; Wk is trap concentration; φ(x) is the distribution of the hydrogen introduction rate through 
depth; Qk is the binding energy of hydrogen atom with the trap; kB is Boltzmann‘s constant; and D(T) = Do exp (-Em/kBT) 
is the deuterium diffusivity.  

Since solute deuterium atoms remain mobile in tungsten at room temperature, the calculations include two steps 
imitating the experimental procedure: deuterium implantation at room temperature, and then linear heating of the sample 
to the certain temperature.  

Present calculations assumed up to four different trap energies. This assumption is supported by the thermal 
desorption data (see Fig. 4) that show at least three clearly visible peaks, and by preliminary estimations indicating the 
complex structure of low temperature desorption stage, which is not a simple single peak, but rather composed of several 
narrower peaks that suggest the presence of multiple trap energies.  

Model calculations also assumed that injected deuterium diffuses through the material, interacting with intrinsic and 
radiation defects. The defect traps representing radiation-induced displacement defects are distributed along the depth 
according to the damage profile calculated using SRIM (see Fig. 1) and located in the near-surface region within 100 nm 
of the surface. Obviously, natural defects are distributed over the whole thickness of the sample, but in present calculations 
they were assumed to distribute uniformly in the depth range of 0-2 microns. Both these assumptions are supported by 
the results [25, 26] of experimentally measured depth distribution of keV-energy deuterium in tungsten after implantation 
at 300 K.  

Modeling of thermal desorption data suggest a rate-dependent boundary conditions, that requires the value for the 
recombination coefficient. The obtained values for the hydrogen recombination coefficient on tungsten vary by more than 
six orders of magnitude [27-29]. Current calculations utilize recently published data [30] for experimentally measured 
recombination coefficient for a pristine and clean W surface under well-controlled surface conditions by means of X-ray 
photoelectron spectroscopy. We used the coefficient Kr = 3.8×10-26 exp(-0.15/kT) m4s-1 for the pristine surface due to 
special preparation of specimens’ surface was not performed.  

Other necessary calculation parameters include NV = 6,31028 m-3, D = 2.9×10-7 exp(-0.39/kT) m2s-1 [31]; 
Rk = 3,1610-10 m; z = 6. 

The system of equations (1) was solved numerically by previously described and used method [24, 32]. The best 
agreement between the calculated and experimental deuterium TD spectrum is shown in Fig. 5. 
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Figure 5. Experimental points and the calculated curve of thermal desorption of deuterium from W coating irradiated at temperature 

300 K by 12 keV D2+ ions to a fluence of 1·1021 m-2 

Experimental TD spectrum is rather well fitted by assigning four binding energies of 0.55 eV, 0.74 eV, 1.09 eV and 
1.60 eV for the peaks with maxima at 475, 590, 810 and 1140 K, respectively. The corresponding trapping energies 
representing binding energies plus the activation energy for diffusion (0.39 eV [31]) are 0.94 eV, 1.13 eV, 1.48 eV and 
1.99 eV. The first peak in the TD spectra appears to be associated with desorption of deuterium bounded to the low energy 
natural traps, whereas the other peaks are related to desorption of deuterium bounded to the high energy ion induced traps. 

The low-temperature desorption peak with binding energy of 0.5-0.6 eV is often attributed to natural defects without 
separation of trap types into impurities, dislocations, grain boundaries, etc. In present study high dislocation density has 
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been observed in the microstructure of W coatings (Fig. 2) that suggests the dominative role of dislocation type defects 
on the formation of 475 K low-temperature peak. In addition, the derived binding energy value of 0.55 eV for this peak 
correlates well with results of ab initio atomistic calculations [33] demonstrating that hydrogen atoms in tungsten are 
bound to the screw dislocation core with the binding energy of ~0.6 eV. 

Hydrogen isotope retention in various W grades has been studied quite extensively under different experimental 
conditions. Under low-energy irradiation, vacancies are considered to be the predominant radiation-induced defects. The 
value of hydrogen de-trapping energy from a single vacancy in W varies among different researchers in the range 
of 1.3-1.6 eV [34-36]. Therefore, it appears reasonable to suppose that the desorption peak with a de-trapping energy 
of 1.48 eV in our spectrum can be interpreted as the deuterium release from monovacancies. 

Recent ab-initio calculations have demonstrated that multiple hydrogen atoms can be trapped around a single defect, 
leading to a distribution of binding energies [36-38]. Furthermore, trapping of multiple hydrogen atoms in one 
monovacancy is quite possible and the binding energy of subsequent H atoms decreases with increasing occupancy. 
Following density functional theory calculations [36-37, 39], hydrogen capturing with de-trapping energy in the range of 
1.1-1.2 eV can be attributed to hydrogen multiplicity binding in monovacancies, where it is energetically favorable for 
up to six hydrogen atoms to participate in the occupancy. Based on these findings, desorption stage with a maximum at 
590 K and characterized in our simulations by de-trapping energy of 1.13 eV is associated with deuterium release from 
multiply occupied monovacancies. 

The ion-irradiated tungsten coatings also showed deuterium desorption in the high-temperature region, 
i.e. 1000-1300 K. The high temperature peak is usually associated with deuterium trapped in vacancy clusters [23, 40-42]. 
The de-trapping energy of 1.99 eV attributed to this peak in our calculations correlates with previously published values 
of hydrogen de-trapping energy from vacancy cluster – in the range of 1.7–2.2 eV [23, 34-35, 43-44]. It is worth noting, 
that this desorption stage is absent at lowest implantation fluence (see Fig. 4) due apparently to impeded vacancy 
clustering caused by the deficiency of monovacancies. 

Fig. 6 shows deuterium TD spectra for tungsten coating after deuterium ions irradiation to a fluence of 1·1021 D2
+/m2 

at different temperatures Troom – 600 K. The D retention is strongly reduced at high implantation temperatures of 
500-600 K compared to that at 300 K. These observations agree with [45] where it was shown the deuterium retention of 
Plansee tungsten decreased at irradiation with energy upon 200 eV/D+ and increasing irradiation temperature in the 
300-500 K range. The highest retention level was ~1.7·1020 D+/m2 at 300 K, followed by a linear decreasing trend, 
reaching ~5·1019 D+/m2 at 500 K [45].  
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Figure 6. Deuterium TD spectra from tungsten coatings after deuterium ions irradiation to a fluence of 1·1021 D2+/m2 at different 

temperatures 300 – 600 K 

The desorption stage associated with natural defects is characterized by a noticeable gas release already at ~400 K 
and a maximum at about 475 K. Therefore, the amount of trapped deuterium in low-energy intrinsic traps decreases 
rapidly at implantation temperature of 500 K, whereas the population in the stronger radiation-induced traps varies slightly 
at this temperature. High-energy traps population begin to decrease considerably after 600 K as the sample temperature 
is high enough for de-trapping of deuterium from those traps. 

 
CONCLUSIONS 

In the present study, deuterium interaction with tungsten protective coatings deposited by cathodic arc evaporation 
has been investigated by means of ion irradiation combined with thermal desorption spectroscopy. Scanning and 
transmission electron microscopy were used for specimen’s microstructure characterization. W samples were treated 
with D ions at temperatures 300 - 600 K with a fluence of (1 – 10)·1020 D2

+/m2 and ion energies of 12 keV/D2
+. 

Characteristics of experimental TD spectra were associated with specific trapping sites in the material on the base of 
computational evaluation of deuterium desorption within the framework of the diffusion-trapping model. The main results 
are summarized as follows.  
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Deuterium gas release from tungsten coatings and tungsten foils demonstrates similar trend.  
The trapping of ion-implanted deuterium in tungsten is attributed to the interaction of gas atoms with natural and 

radiation-induced defects.  
The trapping energies of deuterium with traps are determined within the framework of the diffusion-trapping model. 

The derived trapping energy values of 0.94 eV, 1.13 eV, 1.48 eV and 1.99 eV are associated with deuterium interaction 
with intrinsic dislocations, radiation-induced monovacancies at multiple and single deuterium occupation, and vacancy 
clusters, respectively.  

It was found that an increasing of the implantation temperature leads to a significant decrease of deuterium retention 
in tungsten coatings.  
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ТЕРМОДИНАМІЧНІ ТА КІНЕТИЧНІ ПАРАМЕТРИ ПРОЦЕСІВ ВЗАЄМОДІЇ ДЕЙТЕРІЮ 
ІЗ ЗАХИСНИМИ ПОКРИТТЯМИ ВОЛЬФРАМУ 

Сергій Карпов, Валерій Ружицький, Галина Толстолуцька, Руслан Василенко, Олександр Купрін, Сергій Леонов 
Національний науковий центр “Харківський фізико-технічний інститут”, Харків, Україна 

Досліджено вплив радіаційних пошкоджень на утримування D в вольфрамі (W). Для приготування вольфрамових покриттів 
використовувалося вакуумно-дугове плазмове джерело з магнітною стабілізацією катодної плями. Зразки W опромінювали 
іонами D при температурах 300-600 К до дози (1-10) 1020 D2+/м2 з енергією іонів 12 кеВ / D2+. Досліджено вплив радіаційних 
пошкоджень на мікроструктуру і накопичення дейтерію, імплантованого в зразки W при кімнатній температурі і після 
відпалу. Термодесорбційна спектроскопія (ТДС) використовувалася для визначення D, утримуваного в об'ємі зразків. 
Структура ТД-спектра являє собою багатоступінчастий процес виділення дейтерію, який свідчить про захоплення атомів газу 
дефектами кількох типів. Розрахункова оцінка десорбції дейтерію в рамках моделі дифузійного захоплення дозволила зв'язати 
характеристики експериментальних ТД-спектрів з конкретними центрами захоплення в матеріалі. Експериментальний 
TД-спектр досить добре апроксимується шляхом присвоєння чотирьох енергій зв'язку 0,55 еВ, 0,74 еВ, 1,09 еВ і 1,60 еВ для 
піків з максимумами при 475, 590, 810 і 1140 К, відповідно. Низькотемпературний пік в спектрах TD, вірогідно, пов'язаний з 
десорбцією дейтерію, асоційованого з природними пастками з низькою енергією зв’язку, тоді як інші піки пов'язані з 
десорбцією дейтерію з пасток, індукованих іонами високої енергії: моновакансій та вакансійних кластерів. 
Ключові слова: вольфрам, опромінення, пошкодження, мікроструктура, термодесорбція, уловлювання дейтерію, енергія 
активації 
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The phosphonium-based optical probes attract ever growing interest due to their excellent chemical and photophysical stability, high 
aqueous solubility, long wavelength absorption and emission, large extinction coefficient, high fluorescence quantum yield, low 
cytotoxicity, etc. The present study was focused on assessing the ability of the novel phosphonium dye TDV to monitor the changes 
in physicochemical properties of the model lipid membranes. To this end, the fluorescence spectral properties of TDV have been 
explored in lipid bilayers composed of zwitterionic lipid phosphatidylcholine (PC) and its mixtures with cholesterol (Chol) or/and 
anionic phospholipid cardiolipin (CL). It was observed that in the buffer solution TDV possesses one well-defined fluorescence peak 
with the emission maximum at 533 nm. The dye transfer from the aqueous to lipid phase was followed by the enhancement of the 
fluorescence intensity coupled with a red shift of the emission maximum up to 67 nm, depending on the liposome composition. The 
quantitative information about the dye partitioning into lipid phase of the model membranes was obtained through approximating the 
experimental dependencies of the fluorescence intensity increase vs lipid concentration by the partition model. Analysis of the 
partition coefficients showed that TDV has a rather high lipid-associating ability and displays sensitivity to the changes in 
physicochemical properties of the model lipid membranes. The addition of CL, Chol or both lipids to the PC bilayer gives rise to the 
increase of the TDV partition coefficients compared to the neat PC membranes. The enhancement of the phosphonium dye 
partitioning in the CL and Chol-containing lipid bilayers has been attributed to the cardiolopin- and cholesterol-induced changes in 
the structure and physicochemical characteristics of the polar membrane region. 
KEYWORDS: phosphonium probe, lipid membranes, fluorescence, partitioning 
PACS: 87.14.C++c, 87.16.Dg 
 

During the last decades the phosphonium-based optical probes attract ever growing interest due to their 
favorable characteristics, namely, the excellent chemical and photophysical stability, high aqueous solubility, long 
wavelength absorption and emission, large extinction coefficient, high fluorescence quantum yield, low cytotoxicity, 
etc [1-14]. The above properties render phosphonium dyes highly suitable for the selective staining of 
mitochondria [3-5], antioxidants detection [6, 7], probing the structural differences of DNA/RNA grooves [1, 2], 
exploring the tumor multidrug resistance [8], to name only a few. More specifically, the cyanine-based phosphonium 
dyes can be used for the kinetic differentiation between homo-and alternating AT-DNA forming dimers within DNA 
minor grooves [1, 2]. Moreover, the cyanine-based phosphonium dyes demonstrated the strongly selective 
antiproliferative activity toward HeLa cancer cell lines [1]. The phosphonium-tagged coumarin derivatives can be 
used for the identification of the peptide fragment [9]. In recent years it was shown that phosphonium-based 
fluorophores are highly efficient for mitochondria imaging with phosphonium groups serving as specific targeting 
sites toward mithochondria [3-5]. Specifically, Li and colleagues developed a perylene-based phosphonium 
fluorophore possessing the dual-emissive luminescence in living cells [3]. The possibility of mitochondria imaging 
in living cells was described also for a new conjugated phosphonium salt TPP characterized by the high intracellular 
selectivity toward mitochondria and the aggregation-induced emission [4]. A highly efficient cellular uptake and 
specific accumulation in mitochondria was observed for cyanine-based phosphonium probes possessing the potential 
dependent mitochondria-related fluorescent signal without exhibiting the cell toxicity [5]. Moreover, the 
phosphonium conjugates proved to be very effective in monitoring the oxygen variations within mitochondria [10] 
and measuring the hydrogen peroxide levels [11]. Furthermore, numerous studies have demonstrated that 
phosphonium fluorescent dyes can be effectively used for optical detection of disease-related protein aggregates, 
amyloid fibrils [12,13]. In particular, a phosphonium dye TDV was used as a mediator in the amyloid-scaffolded 
multichromophoric systems for monitoring the amyloid transformation of the N-terminal fragment of apolipoprotein 
A-I [12] and insulin [13]. Moreover, previous studies suggested that phosphonium dyes may prove of value in 
elucidating the mechanism of DNA interactions with pathogenic protein aggregates [14]. 

As a next logical step in evaluating the biomedical potential of phosphonium-based fluorescent probes, the present 
study was directed at assessing an ability of the novel phosphonium dye TDV to monitor the properties of lipid bilayers. 
More specifically, the aim of the present study was two fold: i) to obtain the quantitative information about the dye 
partitioning into lipid phase of the model membranes and ii) to assess the TDV sensitivity to the changes in the 
physicochemical properties of the lipid bilayer. 
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EXPERIMENTAL SECTION 
Materials 

Egg yolk phosphatidylcholine, beef heart cardiolipin and cholesterol were purchased from Sigma (St. Louis. MO, 
USA). The phosphonium dye TDV (Fig.1) was provided by Professor Todor Deligeorgiev, University of Sofia, 
Bulgaria. All other materials were commercial products of analytical grade and were used without further purification. 

 

 

Figure 1. The structural formula of TDV
 

Preparation of lipid vesicles 
Unilamellar lipid vesicles composed of zwitterionic lipid phospatidylcholine (PC) or PC mixtures with anionic 

lipid cardiolipin (CL) and sterol cholesterol (Chol) were prepared by the extrusion method [15]. The thin lipid films 
were obtained by evaporation of lipids’ ethanol solutions. The dry lipid residues were subsequently hydrated with 5 mM 
sodium phosphate buffer, pH 7.4 at room temperature to yield lipid concentration of 1 mM. Thereafter, lipid suspension 
was extruded through a 100 nm pore size polycarbonate filter (Millipore, Bedford, USA). In this way, 6 types of lipid 
vesicles containing PC and 5, 10 or 20 mol% CL, 30 mol% of Chol or the combination of 10 mol% CL and 30 mol% of 
Chol with the content of phosphate being identical for all liposome preparations. Hereafter, the liposomes containing 5, 
10 or 20 mol% CL are referred to as CL5, CL10 or CL20, respectively, while the liposomes bearing 30 mol% Chol are 
denoted as Chol30, respectively. Accordingly, the liposomes with cardiolipin content 10 mol% and cholesterol content 
30 mol% were marked as CL10/Chol30. 

 
Spectroscopic measurements 

The stock solution of TDV was prepared by dissolving the dye in 10 mM Tris buffer, pH 7.4. The concentration of 
TDV was determined spectrophotometrically, using the extinction coefficient 5 1 1

480 2.1 10 M cm     The dye-

liposome mixtures were prepared by adding the proper amounts of the probe stock solutions in buffer to the liposome 
suspension of different composition varying the lipid concentration from 0 to 4.76 µM. The dye-liposome mixtures 
were incubated for an hour. The steady-state fluorescence spectra were recorded with FL-6500 spectrofluorimeter 
(Perkin-Elmer Ltd., Beaconsfield, UK) at 20°C using 10 mm path-length quartz cuvettes. The excitation wavelength 
was 480 nm. The excitation and emission slit widths were set at 10 nm. 

 
Partitioning model 

The TDV binding to the model lipid membranes has been analyzed in terms of the partition model [16]. The total 
concentration of the dye distributing between aqueous and lipid phases ( totZ ) can be represented as: 

 tot F LZ Z Z  , (1) 

where subscripts F and L denote free and lipid-bound dye, respectively. The coefficient of dye partitioning between the 
two phases ( PK ) is defined as [16]: 

 L W
P

F L

Z V
K

Z V
 , (2) 

where WV , LV  are the volumes of the aqueous and lipid phases, respectively. Given that under the employed 

experimental conditions the volume of lipid phase is much less than the total volume of the system tV , we assume that 

1W tV V   sm3. Therefore 
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The dye fluorescence intensity measured at a certain lipid concentration can be calculated as: 
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where fa , La  represent molar fluorescence of the dye free in solution and in a lipid environment, respectively. From 

the Eqs. (3) and (4) one obtains: 

 
(  )

 
1  

tot f L P L

P L

Z a a K V
I

K V





. (5) 

The volume of lipid phase can be determined from: 
  L A L i iV N C v f  , (6) 

where LC  is the molar lipid concentration, if  is mole fraction of the i-th bilayer constituent, iv  is its molecular volume 

taken as 1.58 nm3, 3 nm3 and 0.74 nm3 for PC, CL and Chol respectively.  

The relationship between pK  and fluorescence intensity increase ( I ) upon the dye transfer from water to lipid 

phase can be written as [16]: 

 
 

Lp

WLp
WL VK

IIVK
III





1

max
, (7) 

where LI  is the fluorescence intensity observed in the liposome suspension at a certain lipid concentration LC , WI  is 

the dye fluorescence intensity in a buffer, maxI  is the limit fluorescence in a lipid environment. 

 
Lipophilicity calculation 

The resources of the virtual computational laboratories (http://biosig.unimelb.edu.au/pkcsm/prediction#, 
http://www.swissadme.ch/ and https://mcule.com/apps/property-calculator/) were used for the calculation of the 
lipophilicity of the examined dye. 

 

RESULTS AND DISCUSSION 
To examine how the TDV lipid associating ability depends on the membrane physical properties, at the first step 

of our study the emission spectra of this phosphonium dye were recorded in the buffer solution and liposomal 
suspensions of different composition. TDV was found to be weakly-emissive in the buffer with the fluorescence 
maximum at 533 nm. Typical fluorescence spectra measured at increasing lipid concentration are presented in Fig. 1. 

Figure 2. Typical emission spectra of TDV in the PC (A), CL20 
(B) and Chol30 (C) lipid bilayers. TDV concentration was 1.0 
μM. 
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As seen in Fig. 1, the TDV transfer from the aqueous to lipid phase resulted in a significant increase of the 

fluorescence intensity coupled with a red shift of the emission maximum F  up to 67 nm, depending on liposome 

composition (Table 1). The observed fluorescence enhancement is most likely to arise from the decreased mobility of 
the fluorophore and the reduced polarity of its surroundings. To quantitate the dye partitioning in the lipid phase of the 
model membranes, the experimental dependencies ( )LI C were obtained (Fig. 2). The resulting binding isotherms were 

hyperbolic in shape for all dye-lipid systems under study. To obtain the quantitative parameters of the TDV partitioning 
into lipid bilayers of varying composition the binding curves were approximated by the equation (7). 

 

Figure 2. Isotherms of TDV binding to the model lipid membranes. TDV concentration was 1.0 μM. Solid lines represent an 
approximation of the experimental profiles ( )LI C  by equation (7). 

The parameters of TDV partitioning into lipid bilayers are presented in Table 1. The analysis of partition 
coefficients showed that TDV possesses a rather high lipid-associating ability. Importantly, the estimated pK  values for 

the model membranes of different lipid composition are in good agreement with the lipophilicity of TDV evaluated 
using the resources of different virtual computing laboratories (Table 2). A molecular parameter, such as lipophilicity, is 
commonly used to characterize the tendency of a molecule to distribute between water and water-immiscible 
solvent [17] and can be expressed by a term accounting for hydrophobic and dispersion forces, and polarity 
term [18,19]. 

Table 1. Parameters of TDV partitioning into lipid systems 

 F , nm 
5K 10p   4

max 10I   Fluorescence anisotropy 

PC 602 0.96±0.2  4.8±0.9  0.165 
CL5 600 2.4±0.4  3.7±0.6  0.161 

CL10 600 3.9±0.6  3.5±0.6  0.161 
CL20 600 6.4±1.1 3.7±0.7  0.163 

Chol30 594 1.4±0.4  5.7±0.8  0.169 
CL10/Chol30 596 3.3±0.5  6.1±0.6  0.160 

 

 
It turned out that addition of CL and Chol to PC bilayer gives rise to the increase of partition coefficients 

compared to the neat PC membrane. In terms of the modern theories of membrane electrostatics partition coefficient 
can be represented as consisting of electrostatic and nonelectrostatic terms [20,21]: 

   p el Born h n dK exp w w w w w / kT      (8) 

where elw  characterizes the Coulombic ion-membrane interactions; Bornw  corresponds to the free energy of charge 

transfer between the media with different dielectric constants; wn is the term determined by hydrophobic, van der Waals 
and steric factors; hw  related to the membrane hydration; dw  depends on the membrane dipole potential [21-23]. 

Considering the cationic nature of TDV, the observed increase in pK  values with an increase of the CL content can be 

explained by electrostatic dye-lipid interaction. 
However, in an attempt to interpret the observed increase of the partition coefficients for TDV in the presence of 

the anionic lipid CL, one should bear in mind the ability of CL to modify the physicochemical properties of the lipid 
bilayers [24, 25]. Specifically, Shibata et al, based on the FTIR data, demonstrated that CL negative charge tends to 
move the N+ end of P-N dipole parallel to the membrane surface, causing the rearrangement of water bridges at the 
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bilayer surface and stabilizing the intermolecular hydrogen-bonded network including hydrational water [24]. They 
hypothesized that the above perturbations in the bilayer surface are coupled with the increased amount of the 
membrane-bound water in the presence of a cone-shaped CL molecules, leading to the enhancement of the hydration of 
ester C=O groups in the presence of cardiolipin [24]. Moreover, the ability of CL to increase bilayer hydration was also 
evidenced from the molecular dynamic simulations of lipid membranes with cardiolipin [25]. 

Table 2. Lipophilicity of TDV calculated using the resources of the virtual computational laboratories 

Resource Method LogP 

http://www.swissadme.ch/ 

XLOGP3 8.01 
WLOGP 6.21 
MLOGP 6.25 
SILICOS-IT 7.61 
Consensus  6.00 

https://mcule.com/apps/property-calculator/  6.2095 
http://biosig.unimelb.edu.au/pkcsm/prediction#)  6.2095 

 
To determine whether i) the novel phosphonium dye is sensitive to the changes in lipid packing density and 

reflects the CL-induced changes in the hydrophobic membrane part; or ii) TDV preferentially resides in the polar part of 
the lipid bilayer and the increase in pK  values in the CL-containing membranes is caused by alterations in the bilayer 

physicochemical properties produced by cardiolipin, the fluorescence anisotropy of TDV was measured (Table 1). It is 
known that the fluorescence anisotropy of the membrane-bound dye is determined by the rate of its rotational diffusion 
and reflects the changes in lipid packing density. As illustrated in Table 1, the anisotropy values of TDV appeared to be 
insensitive to the changes in membrane composition, indicating that the dye is most probably located in the polar 
membrane region. Most likely, the phosphonium part of TDV resides in the polar water/membrane interface, while the 
rest part of its molecule penetrates more deeply into the membrane interior. 

 

Figure 3. Possible bilayer location of TDV 

Additional argument in favour of the TDV ability to monitor the physicochemical properties of the polar 
membrane part comes from the fluorescence response of this phosphonium dye to the presence of Chol. As seen in 
Table 1, the measured anisotropy values in the Chol-containing membranes are comparable with those obtained in pure 
PC and PC/CL membranes, therefore the TDV location in the non-polar membrane part seems less probable due to a 
well-known ability of Chol to produce tighter lateral packing of lipid molecules (condensing effect) [26]. An 
assumption was made that the observed increase in pK  value in the presence of cholesterol is associated with the ability 

of Chol to alter hydration and packing density of lipid membranes [27-30]. It was previously shown that cholesterol is 
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capable of producing the increase in separation of phospholipid headgroups [27]. Moreover, numerous studies provide 
evidence for the decreased polarity at the level of glycerol backbone of phospholipids in the presence of 
cholesterol [28-30]. The TDV sensitivity to the membrane hydration is confirmed by the observed blue shift of the 
position of emission maxima in the presence of Chol in comparison with CL-containing and pure PC membranes, 
indicating that TDV accommodates in the less polar environment in the presence of cholesterol. The blue shift of the 
emission maxima in the presence of cholesterol was observed also for Prodan and Laurdan [30,31]. Given that addition 
of Chol to PC bilayer gives rise to the increase of partition coefficients compared to the neat PC membrane, the 
possibility of the TDV preferential interactions with cholesterol cannot be excluded. Most probably, similarly to 
Prodan, TDV tends to reside in the cholesterol-rich regions of the lipid bilayer [31]. Moreover, one cannot rule out the 
possibility that TDV is sensitive to the Chol-induced changes in the dipole potential of lipid bilayer [3,4,32]. To 
uncover the factors contributing to the membrane association of TDV, further studies are needed.  

 
CONCLUSIONS 

To summarize, the present study has been undertaken to evaluate the potential of the novel phosphonium dye to 
trace the changes in the physicochemical properties of the model lipid membranes. TDV was found to display a marked 
lipid-associating ability and high sensitivity to the physicochemical properties of lipid bilayers. Based on the 
comprehensive analysis of the binding parameters and spectral characteristics of TDV in the different lipid systems it 
was assumed that membrane electrostatics and hydration can contribute to the membrane association of TDV. High 
environmental sensitivity of the examined posphonium dye allowed us to recommend this probe for membrane studies. 
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ВЗАЄМОДІЯ НОВОГО ФОСФОНІЄВОГО ЗОНДУ З ЛІПІДНИМИ МЕМБРАНАМИ: 
ФЛУОРЕСЦЕНТНЕ ДОСЛІДЖЕННЯ 

О. Житняківська 
Кафедра медичної фізики та біомедичних нанотехнологій, Харківський національний університет імені В.Н. Каразіна 

м. Свободи 4, Харків, 61022, Україна 
Останнім часом оптичні зонди на основі фосфонію привертають все більший інтерес завдяки їх чудовій хімічній та 
фотофізичній стабільності, високій розчинності у воді, поглинанню та випромінюванню в довгохвильовій області, великих 
коефіцієнтах екстинкції, високому квантовому виходу флуоресценції, низькій цитотоксичності, тощо. Дана робота була 
спрямована на оцінку чутливості нового фосфонієвого барвника TDV до змін фізико-хімічних властивостей модельних 
ліпідних мембран. З цією метою, було досліджено флуоресцентні спектральні властивості TDV в ліпідних бішарах, що 
складались із цвіттеріонного ліпіду фосфатидилхоліну (ФХ) та його сумішей з холестерином (Хол) та/або аніонним 
фосфоліпідом кардіоліпіном (КЛ). Виявилось, що в буферному розчині TDV має один добре виражений пік еміссії з на 
довжині хвилі 533 нм. Перехід барвника з водної в ліпідну фазу супроводжувався зростанням інтенсивності флуоресценції 
зонду, поряд із червоним зсувом максимуму випромінювання, величина якого досягала 67 нм, залежно від складу ліпосом. 
Була отримана кількісна інформація щодо розподілу барвника в ліпідну фазу модельних мембран шляхом апроксимації 
експериментальних залежностей зміни інтенсивності флуоресценції зонду від концентрації ліпіду моделлю розподілу. 
Аналіз отриманих коефіцієнтів розподілу демонструє високу ліпід-асоціюючу здатність TDV та його чутливість до змін 
фізико-хімічних властивостей модельних ліпідних мембран. Включення КЛ, Хол або обох ліпідів до ФХ бішару спричиняло 
збільшення коефіцієнтів розподілу TDV, порівняно з чистими ФХ мембранами. Зростання коефіцієнтів розподілу 
фосфонієвого барвника в ліпідних мембранах, що містили КЛ та Хол, було інтерпретовано в рамках уявлень про зміни 
структури та фізико-хімічних характеристик полярної області мембрани під впливом кардіоліпіну та холестерину. 
Ключові слова: фосфонієвий зонд, ліпідні мембрани, флуоресценція, розподіл. 
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Background: The software used by treatment planning systems (TPS) plays an important role for treatments using radiation. The 
accuracy of the calculated dose in radiation treatments depends on the assumptions made by the TPS. In this study, we summarize our 
methods and results regarding clinical commissioning of the basic functions needed for photon therapy. Materials and Method: 
Measurements were obtained for the 6 and 15 MV photon energies obtained from the Siemens Artiste linear accelerator device. 
Important data such as percent deep dose, profile and output measurements were taken in the water phantom and transferred to the 
RayStation Treatment Planning System. Results: When the absolute dose values calculated by the RayStation TPS are compared with 
the water phantom data, the differences obtained are less than 3%. When the 2-dimensional quality control of asymmetrical areas and 
patients with IMRT plan was controlled by gamma analysis method, the gamma rate was more than 95%. Conclusion: One of the most 
important quality control tests is TPS acceptance tests, which must be performed before clinical use. In this study, in which we checked 
the basic dose measurement and patient planning, it was seen that the RayStation TPS can be used in patient treatment for clinical use. 
The doses calculated by the RayStation TPS were found to be reliable and within the expected accuracy range. These results are 
sufficient for the application of 3-dimensional conformal radiotherapy (3D-CRT) and IMRT technique. 
Keywords: RayStation, Commissioning, Dosimetric Verification 
PACS: 87.55.Qr 
 

The software used by treatment planning systems (TPS) plays an important role for treatments using radiation [1]. 
The accuracy of the calculated dose in radiation treatments depends on the assumptions made by the TPS. In TPS, 
operations such as defining the target volume, making the treatment plan, determining the treatment areas, and calculating 
the appropriate Monitor Unit (MU) value are performed. Considering what has been done, it is extremely important to 
carry out quality controls before TPSs are put into use for clinical use [2,3,4]. 

The International Atomic Energy Agency (IAEA) has published a report on the quality control of TPSs [5]. In 
addition, IAEA has also prepared a technical document file numbered TECDOC 1583, which includes practical tests for 
dosimetric calculations [6]. Reports published by the Association of Physicist in Medicine (AAPM) are also available in 
the literature [7,8]. 

RayStation (RaySearch Labs, Stockholm/Sweden) is a good example of advanced TPS. Raysearch laboratories have 
an important place in the world in the field of advanced software and are the creators of the RayStation TPS for radiation 
therapy [9]. Studies for the commissioning of TPS models are available in the literature [10,11,12,13]. 

RayStation is a treatment planning system that has just started to be used in our country. It started to be used in our 
clinic in 2021. We aimed to check the accuracy of the radiation dose calculations of the RayStation TPS before it is used 
in the clinic. In this study, we summarize our methods and results regarding clinical commissioning of the basic functions 
needed for photon therapy. 
 

MATERIALS AND METHODS 
In the study, Somatom Sensation 4 (Siemens, Erlangen) device was used for computed tomography images. 

Measurements were obtained for the 6 and 15 MV photon energies obtained from the Siemens Artiste linear accelerator 
(Linac) device. IBA Bule Phantom-2 (IBA dosimetry, Schwarzenbruck, Germany) water phantom device was used in the 
study. The compact ion chambers used in the water phantom are CC04 (13808) (IBA dosimetry, Schwarzenbruck, 
Germany). All absolute measurements were obtained with DOSE 1 (IBA dosimetry, Schwarzenbruck, Germany) 
electrometer. PTW OCTAVIUS was used for 2D quality control measurements (PTW, Freiburg, Germany). 

For 6 and 15 MV photons, Percent deep dose (PDD) measurements were obtained in field sizes 
of 2x2 cm2-40x40 cm2, on the central axis and at 100 cm source to skin distance (SSD). In addition, profile measurements 
were taken at maximum dose depth (dmax), 5 cm, 10 cm and 20 cm depths and inplane-crossplane directions. 

For 2x2 cm2-40x40 cm2 fields, 100 MU irradiation was made at SSD=100 cm, 10 cm depth, and Output 
measurements were taken for both photon energies and normalized to 10x10 cm2. 

The MLC transmission factor was calculated by irradiating the multi-leaf collimators (MLC) in the closed state 
while the jaws were open at maximum width. 

After all data were transferred to the TPS system, dose measurements at different depths for asymmetrical areas 
were taken in a water phantom and compared with the doses calculated by the RayStation TPS. In addition, dose 
                                                            
† Cite as: T. Tuğrul, East. Eur. J. Phys. 4, 114 (2021), https://doi.org/10.26565/2312-4334-2021-4-13 

https://orcid.org/0000-0002-0557-1334
https://doi.org/10.26565/2312-4334-2021-4-13
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334


115
Clinical Commissioning and Dosimetric Verification of the Raystation Treatment...          EEJP. 4 (2021)

distribution results obtained in patients planned for Intensity Modulated Radiotherapy (IMRT) and in different 
asymmetrical areas in TPS were compared with the dose distribution calculated by RayStation's QA module using gamma 
analysis test. For the gamma index, dose confirmation distance and dose difference criteria were chosen as 3 mm and 3%, 
respectively[1,14]. Absorbed dose measurements were made according to the IAEA TRS-398 protocol [15]. 

 
RESULTS 

The 6 MV and 15 MV photon beam data required for the RayStation TPS were measured with the water phantom. 
Then, the measured beam data was transferred to the RayStation system by normalizing the maximum dose. Figure 1 and 
Figure 2 show the PDD and profile results measured in the water phantom. 

 
Figure 1. Profile results obtained in the water phantom. 

 

Figure 2. PDD results obtained in the water phantom. 

Output values obtained for different fields at a depth of 10 cm and the results normalized to 10x10 cm2 are shown 
in Table 1 and Table 2. 

Table 1. For 6 MV photon energy, the dose values obtained as a result of 100 MU irradiation in different areas, at a depth of 10 cm, 
and the ratios normalized to 10x10 cm2. 

Field Size 
(cm2) Detector Model 

6 MV
1st 

Measurement 
(pC) 

2nd  
Measurement 

(pC) 

3rd

Measurement 
(pC) 

Average Ratio 

2x2 CC04 1661,3 1661,3  1661,3  1661,3 0, 783928 
3x3 CC04 1764 1764  1764  1764 0, 83239 
4x4 CC04 1835,8 1835,8  1835,8  1835,8 0, 86627 
5x5 CC04 1893,6 1893,6 1893,45 1893,55 0, 893521 
7x7 CC04 2000,1 2000,2 2001,2 2000,5 0, 943988 

10x10 CC04 2118,2 2119,2 2120,2 2119,2 1 
10x20 CC04 2220,5 2217,3 2220 2219,267 1, 047219 
12x12 CC04 2177,1 2176,4 2177,4 2176,967 1, 027259 
15x15 CC04 2246,9 2244,6 2244,5 2245,333 1, 059519 
20x20 CC04 2332,7 2331,3 2333 2332,333 1, 100573 
20x10 CC04 2192,7 2192,7 2193,2 2192,867 1, 034762 
25x25 CC04 2398,9 2396,1 2395,1 2396,7 1, 130946 
30x30 CC04 2446 2442,3 2441,3 2443,2 1, 152888 

40x40 CC04 2497 2498,4 2495,3 2496,9 1, 178228 
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Table 2. For 15 MV photon energy, the dose values obtained as a result of 100 MU irradiation in different areas, at a depth of 10 cm, 
and the ratios normalized to 10x10 cm2. 

 
Field Size 

(cm2) 

 
Detector 
Model 

15 MV
1st 

Measurement 
(pC) 

2nd  
Measurement 

(pC) 

3rd 
Measurement 

(pC) 

Average Ratio 

2x2 CC04 1916,5  1916,5 1916,5  1916,5 0,779086 
3x3 CC04 2109  2109 2109  2109 0,85734 
4x4 CC04 2203,5  2203,5 2203,5  2203,5 0,895756 
5x5 CC04 2272,1 2272,5 2272,2 2272,267 0,923711 
7x7 CC04 2363,5 2366,6 2364 2364,7 0,961286 

10x10 CC04 2460 2459,5 2460,3 2459,933 1 
10x20 CC04 2538,7 2537,4 2538,6 2538,233 1,03183 
12x12 CC04 2501,7 2501,7 2504,8 2502,733 1,017399 
15x15 CC04 2555,3 2554,1 2554 2554,467 1,038429 
20x20 CC04 2617,2 2616,8 2617,7 2617,233 1,063945 
20x10 CC04 2509,2 2511,8 2511,7 2510,9 1,020719 
25x25 CC04 2661,9 2661,4 2660,8 2661,367 1,081886 
30x30 CC04 2696 2698,6 2696,6 2697,067 1,096398 
40x40 CC04 2734,5 2734,8 2734,4 2734,567 1,111643 

After taking measurements in accordance with the IAEA TRS-398 protocol and determining the desired factors in 
the protocol, absolute dose measurements were taken in different areas and at different points and compared with the 
dose values obtained in the RayStation system. the differences in percentages are shown in Table 3 and Table 4. 

Table 3. For 6 MV photon energy, absolute dose values obtained in RayStation and water phantom as a result of 100 MU irradiation 
in different areas and at different points. 

Field Size 
(cm2) 

Points X,Y,Z 
(cm) 

RayStation TPS 
(cGy)

Water Phantom 
(cGy)

Difference 
(%) 

3x3 (0,1,5) 72,1 70,85 1,73 
10x10 (3,-3,8) 73,5 73,96 0,63 
15x15 (0,0,5) 89,6 90,16 0,62 
20x20 (-3,7,10) 73,4 73,76 0,50 
30x30 (5,12,7) 87,4 88,92 1,73 

3x5 (0,0,5) 77,4 78,12 0,93 
10x5 (0,0,7) 73,4 73,93 0,72 
10x20 (1,1,9) 73,9 73,83 0,10 
30x15 (5,-3,11) 70,2 71,01 1,16 
20x9 (3,0,6) 84 85,18 1,41 
30x40 (2,-5,5) 95 96,88 1,9 
5x40 (0,-1,9) 69,7 69,77 0,10 

Table 4. For 15 MV photon energy, absolute dose values obtained in RayStation and water phantom as a result of 100 MU irradiation 
in different areas and at different points. 

Field Size 
(cm2) 

Points X,Y,Z 
(cm) 

RayStation TPS 
(cGy)

Water Phantom 
(cGy)

Difference (%) 

4x4 (0,1,5) 83,5 84,52 1,22 
7x7 (1,0,8) 79,3 79,97 0,84 

10x10 (3,-3,6) 90,5 91,13 0,70 
15x15 (0,0,7) 89,8 90,01 0,23 
20x20 (-3,7,7) 91,7 91,93 0,26 

 
30x30 

(0,0,5) 

(5,12,9) 
 

100 

84,9 

100,50 

85,81 

0,50 

1,07 
 

40x40 (0,0,5) 100 100,92 0,92 
4x7 (0,0,5) 88,8 89,59 0,89 

10x5 (0,0,4) 93,5 93,92 0,45 
10x20 (1,1,7) 88 88,82 0,93 
30x15 (5,-3,5) 99,5 100,50 1,01 
20x9 (3,0,10) 78,6 78,59 0,02 
30x40 (2,-5,5) 102,5 103,84 1,31 
5x40 (0,-1,12) 69,4 69,70 0,43 

Before starting the gamma analysis measurements, a calibration factor for the 2D-array was obtained by irradiating 
100 MU in a 10x10 cm2 area. Comparison of 2-dimensional measurement results was made in 4 different ways. 
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The images of the 2D-Array, whose computerized tomography was taken, were sent to the RayStation system. In 
the RayStation system, 20x20 cm2 area was opened on the 2D-Array images and 100 MU irradiation was made. Then, 
the MLCs were closed by 2 cm and 100 MU irradiation was performed again. This process was repeated 5 times. The 
Figure 3 demonstrates gamma analysis results from the comparison between measurement maps and calculated plan maps. 

 

Figure 3. (a) Dose distribution calculated by RayStation; (b) Dose distribution measured by PTW OCTAVIUS; 
(c) Gamma Index results. 

Then, with the help of MLCs, an irregular area was created on the RayStation and this area was controlled in 2 
dimensions. The field created on the RayStation TPS and gamma analysis results are shown in Figures 4 and 5, 
respectively. 

 

Figure 4. The irregular area created with the help of MLCs in the TPS system. 

 

Figure 5. (a) Dose distribution calculated by RayStation; (b) Dose distribution measured by PTW OCTAVIUS; 
(c) Gamma Index results. 
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In order to see the effect of MLC leakage and Tongue and Groove effect on planning, MLCs were closed by leaving 
a gap in the +x direction and 100 MU irradiation was made. Then, the MLCs in the -x direction were closed by leaving a 
gap and 100 MU irradiation was made. The dose distribution obtained as a result of the irradiation was compared with 
the gamma analysis method. The fields of MLC created on the RayStation TPS and gamma analysis results are shown in 
Figures 6 and 7, respectively. 

 

Figure 6. For MLC leakage and Tongue and Groove effect, the fields created with the help of MLCs in the TPS system. 
(a) The MLC's are in the +x direction. (b) The MLC's are in the -x direction. 

 

Figure 7. (a) Dose distribution calculated by RayStation; (b) Dose distribution measured by PTW OCTAVIUS; 
(c) Gamma Index results. 

IMRT plans were made with the 9-field Step and Shoot technique for 5 different patients. The plans made were set 
to have 150 segments. Then, with the help of the QA mode in the RayStation system, the dose distribution created by 
these patients was obtained and 2-dimensional quality controls were made. The dose distribution obtained for an 
exemplary patient is shown in Figure 8. 
All 2-dimensional dosimetric controls performed have a gamma rate of over 95%. 

 

Figure 8. (a) Dose distribution calculated by RayStation; (b) Dose distribution measured by PTW OCTAVIUS; 
(c) Gamma Index results. 

CONCLUSION 
One of the most important quality control tests is TPS acceptance tests, which must be performed before clinical use. The 

necessary data of the Linac device should be measured completely and accurately and transferred to the Treatment planning 
system. The dosimetric accuracy of the RayStation treatment planning system was investigated for 6 MV and 15 MV beams 
obtained from the Siemens Artiste Linac. In the study, acceptable differences were observed between the treatment planning 
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system and the measurement results. As a result of the examinations made in homogeneous and heterogeneous environments, 
it was observed that there was a high level of agreement between the treatment planning system and the measurement data. The 
difference between the absolute dose data measured and calculated according to the AAPM Task Group 53 should not be more 
than 3%. In the results we found, the difference was less than 3%. In this study, in which we checked the basic dose measurement 
and patient planning, it was seen that the RayStation TPS can be used in patient treatment for clinical use. The doses calculated 
by the RayStation TPS were found to be reliable and within the expected accuracy range. These results are sufficient for the 
application of 3-dimensional conformal radiotherapy (3D-CRT) and IMRT technique. 
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КЛІНІЧНИЙ ПУСК ТА ДОЗИМЕТРИЧНА ПЕРЕВІРКА СИСТЕМИ ПЛАНУВАННЯ ЛІКУВАННЯ 

ПРОМЕНЕВОЮ СТАНЦІЄЮ 
Тайлан Тугрул 

Кафедра радіаційної онкології, медичний факультет Університету Ван Юзюнджю Йіл, Ван, ТУРЕЦІЯ 
Програмне забезпечення, яке використовується системами планування лікування (TPS), відіграє важливу роль для лікування з 
використанням радіації. Точність розрахункової дози при радіаційних обробках залежить від припущень, зроблених TPS. У 
цьому дослідженні ми підсумовуємо наші методи та результати щодо клінічного введення в дію основних функцій, необхідних 
для фотонної терапії. Матеріали та метод. Вимірювання проведено для енергій фотонів 6 і 15 МВ, отриманих з лінійного 
прискорювача Siemens Artiste. Важливі дані, такі як відсоток глибинної дози, профіль та вимірювання виходу, були зроблені у 
водному фантомі та передані в систему планування обробки RayStation. Результати: Коли абсолютні значення дози, розраховані 
RayStation TPS, порівнюються з даними водних фантомів, отримані відмінності становлять менше 3%. Коли двовимірний 
контроль якості асиметричних ділянок та пацієнтів із планом IMRT контролювали методом гамма-аналізу, рівень гамма-
потужності становив більше 95%. Висновок: одним з найважливіших тестів контролю якості є приймальні тести TPS, які 
необхідно виконати перед клінічним використанням. У цьому дослідженні, в якому ми перевірили основне вимірювання дози та 
планування пацієнта, було виявлено, що RayStation TPS можна використовувати для лікування пацієнтів для клінічного 
використання. Дози, розраховані за допомогою RayStation TPS, виявилися надійними та в межах очікуваного діапазону точності. 
Цих результатів достатньо для застосування 3-вимірної конформної променевої терапії (3D-CRT) та техніки IMRT. 
Ключові слова: променева станція, введення в експлуатацію, дозиметрична повірка 
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The study of the structural components of Fe-Mn-Si-Ti-Al-N-C with the carbon content of 0.50-0.60% (wt.), Silicon 0.80-0.90% 
(wt.), Manganese 0.90-0.95% ( wt. ), Aluminum - 0.20-0.30% (wt.), Titanium - 0.02-0.03% (wt.), Nitrogen - 0.015-0.02% (wt.), 
the rest - iron. Microstructural, micro-X-ray spectral and X-ray phase analyzes were used to determine the structural state of the 
alloys. It is shown that after crystallization and a number of phase transformations the structure of the alloy was presented - iron 
alloyed with cementite, oxides, nitrides and carbonitrides. Using the quasi-chemical method, the free energy dependence of the 
solid solution of α-iron alloyed with silicon, manganese and titanium was obtained. In α-iron, it can dissolve up to 0.016% (at.) 
Carbon, manganese up to 1.3% (at.), Silicon - 1.0% (at.), and titanium up to 0.5% (at.), which is consistent with experimental 
results. 
Keywords: complex alloying of steel with aluminum, titanium and nitrogen; inclusions; oxides; nitrides; carbonitrides; ferrite; free 
energy of ferrite. 
PACS: 61.50.Ah, 64.10.+h 
 

It is known that alloying elements have an effect on phase transformations and the formation of excess phases in 
steels. Alloying elements can be divided into (where) stabilizing carbides and ferrite in the formation of perlite [1]. 
Carbide-forming elements include Mn, V, Ti, Cr and Mo [2-3], while non-carbide-forming elements such as Si, Al, Ni 
and Co [1-3] have high concentrations in the α-Fe phase. The authors found that there is a strong repulsive force 
between Si and Mn atoms in α-Fe structure of BCC [4]. Si atoms predominantly dissolve in α-Fe and push Mn atoms 
into cementite. For Fe-4.18C-0.71Mn-0.42Si and Fe-4.16C-0.72Mn-1.82Si alloys, the distribution coefficient between 
the ratio of the concentration of manganese in cementite and silicon in ferrite was 3.66 ... 8.16, depending on the 
content of these elements in steel. The manganese content in the ferrite of Fe – 4.18C – 0.71Mn – 0.42Si and Fe – 
4.16C – 0.72Mn – 1.82 Si alloys was 0.7% (at.), Silicon - 0.8… 3% (at.), and in manganese cementite - 2.0% (at.), and 
silicon 0.1% (at.) [4].  

With the silicon content of 0.95% (at.) in the cementite of both alloys, its content is 0.06 ± 0.01% (at.) and the silicon 
content of 0.22% (at.) is 0.09 ± 0.02% (at.), respectively [1]. The content of Mn in α-Fe and in the cementite of the alloy 
with the content of 0.95% silicon is 0.41 ± 0.02% (at.) and 1.60 ± 0.03% (at.), and for the alloy with the content of 
0.22% (at.) Si - 0.50 ± 0.04% (at.) and 1.45 ± 0.31% (at.), respectively [1]. 

Studies of the content of alloying elements in the ferrite of Fe-3.2Mn-1.0Al-1.2 C alloy showed that the content of 
manganese in α-iron - 3… 10% (at.), Aluminum - 3… 9% (at.) and carbon <0.4 % (at.) [5]. In paper [6], it is indicated 
that the maximum solubility of elements in α-iron is: carbon - 0.017% (wt.), Manganese - 1.5% (wt.), Silicon - 1.3% (wt.), 
which is consistent with the results given in paper [7]. 

The authors of paper [8] note that the microstructure of steel Fe – 1.5% Mn – 0.6% Si –0.8% C had the ferrite-perlite 
structure, and Fe – 2 / 2.5% Mn – 0.6% Si – 0.8% C is pearlitic, which had higher hardness. The authors explain the 
obtained result by the joint effect of Mn and Si on the eutectic point of Fe-Fe 3 C system - both alloying elements shift 
S point (eutectoid point on the iron-carbon phase diagram) to the higher carbon content, which leads to the increase in the 
volume fraction of perlite in steel. 

It is known that Si and Al inhibit the formation of carbides, and Si is more efficient than aluminum. Phosphorus and 
sulfur occupy the position of carbon substitution in all carbides, while Si can replace carbon in two of them - Fe 3 C and 
Fe5C2 [9]. Currently, the literature contains insufficient data on the structural components and features of the phases of 
high-alloy alloys, in particular, alloys of Fe-Mn-Si-Ti-Al-N-C system. 

The aim of this work was to investigate the phase composition of alloys of Fe-Mn-Si-Ti-Al-NC system and to 
determine the solubility of elements in α-iron. 
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4334-2021-4-14 
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MATERIALS AND RESEARCH METHODS 
The study was performed on alloys of Fe-Mn-Si-Ti-Al-NC system with the carbon content of 0.50-0.60% (wt.), 

Silicon 0.80-0.90% (wt.), Manganese 0.90-0.95 % (wt.), aluminum - 0.20-0.30% (wt.), titanium - 0.02-0.03% (wt.), 
nitrogen - 0.015-0.02% (wt.), the rest - iron. 

The smelting of the alloy was carried out in the furnace in alundum crucibles in the argon atmosphere. The cooling 
rate of the alloy after casting was 10 K/s. Metallographic sections of the alloy were made according to standard methods 
using diamond pastes. Chemical and spectral analysis were used to determine the chemical composition of the alloy [10]. 
The phase composition of the alloy was determined using the optical microscope "Neofot-21". The main results of micro-
X-ray spectral analysis were obtained using the electron microscope JSM-6490 with the scanning prefix ASID-4D and 
energy-dispersive X-ray microanalyzer "Link Systems 860" with software. X-ray diffraction analysis was performed on 
DRON-3 diffractometer in monochromatized Fe-K α radiation.  
 

RESULTS AND THEIR DISCUSSION 
The microstructure of the alloy in the cast state was represented by perlite and ferrite. Perlite had the fine morphology 

(Fig. 1, a). 

a b 
Figure 1. - Microstructure (a) and diffraction pattern (b) of the alloy system Fe-Mn-Si-Ti-Al-NC 

In the structure of the alloys were found multilayer inclusions, which had a size of 1.5-2 μm. The formation of the 
multiphase inclusion begins with the formation of the phase melt L → Al(TiFe)2O3. This phase additionally contains 
manganese 2.55% (at.), Silicon 1.0% (at.), Nitrogen 4.23% (at.) (Fig. 2). 

 a  b 

Figure 2.  Microstructure of multiphase inclusion (a) and diffractogram of chemical elements distribution 

The phase (Ti 0.3 Fe 0.2) (N 0.3 C 0.2) is placed around it, with stereometry of TiN phase. The formation of the phase (Ti0.3 
Fe0.2) (N0.3 C0.2) occurs by peritectic reaction –  L + Al(TiFe)2O3 → (Ti0.3 Fe0.2) (N0.3 C0.2). This phase is alloyed with 
manganese up to 2.4% (at.), Silicon up to 0.3% (at.), Aluminum up to 2.0% (at.). It should be noted that the nitrides that 
were formed during the crystallization of this alloy contained sulfur up to 0.9% (at.). In addition, the following inclusions 
were identified in the microstructure using X-ray phase and micro-X-ray diffraction analyzes: oxides - Fe3AlO2 with FeO 
stereometry, (FeAl)2O3 with Fe2O3 stereometry, F21Ti18O24N17C17, Fe40Al15O31; nitrides - FeTiN with stereometry TiN, Ti2 
FeN (Ti41Fe26N27); carbonitrides - Fe50N15C30, Fe3NC2, Fe3Ti2N3C (Fe20Ti28 N35C15), FeTiNC, Fe2(NC), which were alloyed 
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with manganese up to 0.5% ( at.), silicon 1.0% (at.), titanium up to 5.0% (at.). At doping the iron alloys with manganese, 
silicon and titanium, any pure carbides of manganese, silicon and titanium do not exist, but there are complex carbides [11]. 
In addition, the formation of Fe2.7Mn0.3C, carbide was determined in the structure and phase FeMn4, Fe2Si. 

It should be noted that the inclusions found in the microstructure were located not only along the grain boundaries, 
but also in the pearlite grain. 

The presence of ferrite was observed around the inclusions and along the boundaries of perlite. On the diffraction 
pattern, the α-iron lines were shifted toward larger angles compared to pure α-iron (Fig. 1, b). The obtained result can be 
explained by the fact that the ferrite is alloyed with manganese, silicon, titanium, aluminum and the lattice parameter of 
α-iron changes. Micro X-ray spectral studies of the surface of the samples performed in this work showed that ferrite 
could contain up to 1.0% (at.) Manganese, 1.7% (at.) Silicon, 1.0% (at.) Titanium, 0.032% (at.) Carbon.  

Thus, additional alloying with titanium and aluminum leads to the decrease in the content of manganese silicite in 
ferrite in comparison with the data given in [6-7]. Perlite cementite was alloyed with manganese up to 2.0% (at.), 
Titanium 1.2% (at.), Silicon 1.2% (at.), And aluminum 0.4% (at.).  

It is known that the lattice parameter of the BCC of iron at room temperature has the numerical value of 2,862 Å [12]. 
As can be seen from table 1, additional doping of the Fe-Mn-Si-C alloy with titanium, aluminum and nitrogen leads to 
the increase in the lattice parameter of α-iron [6]. The obtained result can be explained by the fact that in the α-iron lattice 
it is possible to replace iron atoms with manganese, silicon, titanium or aluminum. 
Table 1. Lattice parameter, crystallite size, dislocation density, degree of microstresses in α-Fe 

Lattice parameter, Å Block sizes L, Å Degree of microstress Dislocation density, cm-2 
2.867 1184 1.05·10-3 28·1010 

The structure of α-Fe has the volume-centered lattice and belongs to the spatial group 9
hO  - Im3m with 8 atoms in 

the first coordination sphere [13]. Each atom of the BCC lattice has six tetrahedral and three octahedral pores. Of the six 
atoms surrounding the octahedral pore, two are closest to the others. The arrangement of carbon atoms in theBCC lattice 
can be described as follows: the arrangement of carbon atoms in the octahedral pore, which has four nearest metal atoms 
at the distance of 2.02 Ǻ, and two at the distance of 1.43 Ǻ, each metal atom has 8 neighbors, which are located on 
distances of 2.48 Ǻ from each other. 

To determine the solubility limit of manganese, silicon, aluminum, titanium in α-iron and the effect of these elements 
on the solubility of carbon, the quasi-chemical method was used [14]. 

The interaction of Fe-Fe, Fe-C, Fe-Si, Fe-Mn, Fe-Al, Fe-Tit and Fe-V a atoms, where V a is the vacancy which can 
be considered as follows: the interaction energies of atomic pairs FeFev , FeSiv , VаFev , FeMnv , FeAlv , FeTiv . The energy of 

interaction between metal and carbon atoms at the distance of 2.02 Ǻ is denoted by – FeCv , SiCv , TiCv , MnCv . For carbon 
atoms located at the distance of 1.43 Ǻ – 1

FeCv , 1
SiCv , 1

TiCv , 1
MnCv . The results presented in paper [7] were used for numerical 

values of the interaction energy of pairs of atoms. 
The free energy of ferrite can be determined by the formula: lnF E kT W  , where E is the internal energy of ferrite, 

W is the thermodynamic probability of the placement of atoms in the nodes of the crystal lattice of ferrite, k = 1.38 ·10-

23 J / K is the Boltzmann constant, T is the absolute temperature. Thus, the free energy of ferrite is determined as follows: 
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To calculate the solubility of carbon in α-iron, we need to find the solution of the system of equations:  
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The resulting system of equations (1) is transcendental. Usually the solution of such equations can be obtained 
graphically or numerically. But in the framework of this problem, it is expedient to consider the asymptotic solution of 
the equations. To do this, we present the logarithm included in each of the equations of system (1) in the form of Taylor 
series (this is acceptable under the conditions of its convergence): 
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To obtain the asymptotic estimate of the solution of system (1), it suffices to consider the first two terms of the 
development of logarithms. 

The results of solving the system of equations showed that in α-iron it could dissolve in 0.016% (at.) Carbon, 
manganese up to 1.3% (at.), Silicon - 1.0% (at.), and titanium up to 0.5% (at.). It should be noted that additional alloying 
of Fe-Mn-Si-C alloy with titanium, aluminum and nitrogen leads to the decrease in the content of silicon, manganese and 
carbon in α-iron [6-7]. 

The obtained results can be explained by the fact that additional alloying of Fe-Mn-Si-C alloy with titanium, 
aluminum and nitrogen promotes the formation of complex carbides of oxides, nitrides and carbonitrides, and reduces the 
content of doped elements in α-iron. 

 
CONCLUSIONS 

1. The analysis of the phase composition of alloys of Fe-Mn-Si-Ti-Al-NC system with the carbon content of 0.50-
0.60% (wt.), Silicon 0.80-0.90% (wt.), Manganese 0, 90-0.95% (wt.), Aluminum - 0.20-0.30% (wt.), Titanium - 0.02-0.03% 
(wt.), Nitrogen - 0.015-0.02% (wt.), the rest - iron. It is determined that after crystallization and a number of phase 
transformations the structure of the alloy was presented by  -iron, alloyed with cementite, oxides, nitrides and carbonitrides.  

2. Using the quasi-chemical method we obtain or the dependence of the free energy of the solid solution of α-iron 
doped with silicon, manganese and titanium. It was found that in α-iron it can dissolve in 0.022% (at.) carbon, manganese 
up to 1.6% (at.), Silicon - 1.0% (at.), and titanium up to 0.5% (at.), which is in agreement with the experimental results. 

3. It is established that the maximum solubility of carbon, manganese, titanium and silicon in α-iron of Fe-Mn-Si-C 
alloys is lower in comparison with their solubility in the corresponding binary systems. 
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ДОСЛІДЖЕННЯ СТРУКТУРНОГО СКЛАДУ СПЛАВІВ СИСТЕМИ Fe-Mn-Si-Ti-Al-N-C 
ТА РОЗЧИННОСТІ ЕЛЕМЕНТІВ В α- ЗАЛІЗІ 

Н.Ю. Філоненкоa,b, О. І. Бабаченкоb, Г. А. Кононенкоb, О.С. Баскевичc 
aДніпровський державний медичний університет 

bІнститут чорної металургії ім. З.І. Некрасова НАН України (ІЧМ НАНУ) 

cУкраїнський державний хіміко-технологічний університет 
В роботі проведене дослідження структурних складових сплавів системи Fe-Mn-Si-Ti-Al-N-C з вмістом карбону 0,50-0,60 % 
(мас.), силіцію 0,80-0.90 % (мас.), мангану 0,90-0.95 % (мас.), алюмінію – 0.20-0.30 % (мас.), титану – 0.02-0.03 % (мас.), 
азоту – 0.015-0.02 % (мас.) решта – залізо. Для визначення структурного стану сплавів використовували мікроструктурний, 
мікрорентгеноспектральний та рентгенофазовий аналізи. Показано, що після кристалізації та низки фазових перетворень 
структура сплаву була представлена - залізом, легованим цементитом, оксидами, нітридами та карбонітридами. З 
застосуванням квазіхімічного методу отримали залежність вільної енергії твердого розчину α-заліза легованого силіцієм, 
манганом та титаном. В α-залізі може розчинятись до 0,016 % (ат.) карбону, мангану до 1,3 % (ат.), силіцію – 1,0 % (ат.), а 
титану до 0.5 % (ат.), що узгоджується з експериментальними результатами. 
Ключові слова: комплексне легування сталі алюмінієм, титаном і азотом; включення; оксиди; нітриди; карбонітриди; ферит, 
вільна енергія фериту 
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The results of computer simulation of the high-energy electrons passage through thin layers of titanium (Ti) and polyimide Kapton 
(C22H10N2O5) in the energy range from 3 MeV to 20 MeV are presented. Simulation is carried out using the Geant4 toolkit. The 
number of primary electrons is 6.24×107 for each series of calculations. The thickness of the titanium foil in the model experiment is 
50 µm, the thickness of the Kapton film is 110 µm. The energies of primary electrons are chosen as following: 3 MeV, 5 MeV, 
10 MeV, 15 MeV, and 20 MeV. The purpose of the calculations is to reveal the possibility of using the Kapton film in the output 
devices of linear electron accelerators. It was necessary to calculate the probable values of the energy absorbed in a Kapton film 
and in a titanium foil for each value of primary electrons energy. Another important characteristic is the divergence radius of the 
electron beam at a predetermined distance from the film, or the electron scattering angle. As a result of calculations, the energy 
spectra of bremsstrahlung gamma-quanta, formed during the passage of electrons through the materials of the films, are obtained. 
The most probable values of the energy absorbed in the titanium foil and in the Kapton film are calculated. The scattering radii of 
an electron beam for the Kapton film and also for the titanium foil at a distance of 20 centimeters are estimated. These calculations 
are performed for electron energies of 3 MeV, 5 MeV, 10 MeV, 15 MeV, and 20 MeV. A comparative analysis of the obtained 
results of computational experiments is carried out. It is shown that the ratio of the total amount of bremsstrahlung gamma quanta in 
the case of use the Kapton film is approximately 0.56 of the total amount of bremsstrahlung gamma quanta when using the titanium 
foil. The coefficients of the ratio of the electrons scattering radius most probable value after passing through Kapton to the most 
probable value of the scattering radius after passing through titanium are from 0.62 at electrons energy of 3 MeV to 0.57 at electrons 
energy of 20 MeV. The analysis of the calculated data showed that the use of Kapton (C22H10N2O5) as a material for the 
manufacture of output devices for high-energy electron beams is more preferable in comparison to titanium films, since the use of 
Kapton instead of titanium makes it possible to significantly reduce the background of the generated bremsstrahlung gamma quanta 
and reduce the scattering radius of the electron beam. 
Keywords: bremsstrahlung, Geant4-simulation, LINAC, Kapton film, (C22H10N2O5), interaction of radiation with matter, electron 
angular scattering. 
PACS: 07.05.Tp, 02.70.Uu, 81.40wx 

 
Linear electron accelerators are used to solve various applied problems related to the processes and effects 

occurring during the interaction of ionizing radiation with matter. These problems include irradiation of samples 
required for research in nuclear and medical physics, in particular, the improvement of methods for the production of 
radioisotopes. Applied studies of irradiated materials properties, as well as many other problems, are no less important 
tasks. All these tasks in most cases require an electron beam with certain characteristics. For example, there is a 
requirement to minimize the radius of the electron beam, as well as to reduce the bremsstrahlung background after 
passing through the output device of the electron accelerator. Great attention is paid to the study of the influence of the 
primary electron flux angular distribution on the irradiated object in work [1]. In particular, the study of the absorbed 
dose distribution was carried out depending on the penetration depth of the electron beam. The electron scattering angle 
at low energies (up to 10 MeV) was calculated for polyethylene layers. The layers thickness was more than 1 radiation 
length. The results of these studies suggest the expediency of studying the angular scattering of electrons after passing 
through thin polymer films, which could be used in the output devices of accelerators. We chose Kapton (C22H10N2O5) 
as an object to study the possibility of optimizing the accelerator beams parameters in the energy range from 3 MeV to 
20 MeV. We took into account the physical and chemical properties [2, 3] of Kapton, in particular, the Kapton 
density, the value of the critical energy, etc. Kapton is a fairly stable material in the range from low temperatures to 
+400°C [4]. Despite the widespread use of Kapton [3, 4] in medicine, aircraft construction, astronautics, vacuum 
technology, and other industries, the possibility of its use in accelerator technology has not been sufficiently studied. 

 

MATERIALS AND METHODS 
We carried out a computer simulation of the passage of electron beams of various initial energies through a 

titanium foil. This simulation is carried out in order to study the possibility of optimizing the parameters of the output 
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devices of linear electron accelerators. The output window of a typical LINAC usually is made of titanium foil. We 
consider the titanium foil thickness of 50 microns.  This value of the titanium foil thickness is selected in accordance to 
the real foil thickness used in the LINAC-300 accelerator at National Scientific Center "Kharkiv Institute of Physics and 
Technology". The energies of primary electrons are equal to 3 MeV, 5 MeV, 10 MeV, 15 MeV, and 20 MeV in the 
simulation. The fluencies of bremsstrahlung gamma quanta and the electron beam scattering radii are calculated at a 
distance of 20 centimeters after the foil, since an irradiated target is supposed to be installed in this position. Similar 
calculations are performed for the Kapton film with a thickness of 110 μm. This thickness of the Kapton film was 
chosen for our research because of studies of the mechanical properties of various thicknesses of Kapton films were 
carried out earlier in laboratory conditions. The obtained data were in good agreement with the data from the 
manufacturers' catalogs [5], as well as with the literature data [6]. 

We have developed a computer program in the C++ language that uses the Geant4 toolkit [7–9] for modeling the 
processes of interaction of radiation with matter. The primary electrons amount is 6.24×107, and the threshold Ecut for 
particle tracking [7] is 0.1 μm. We have used the low energy emlivermore model of the PhysicsList unit. This 
model is based on the data of EEDL, EPDL libraries [9], and is applicable for electromagnetic processes modeling in 
the energy range from 100 eV to 20 GeV. 

The results of Monte Carlo simulation of the absorbed energy spectra in the titanium foil and in the Kapton film 
are shown in Figure 1. The calculation results are normalized to 1 primary electron. It can be seen that the most 
probable value of the absorbed energy in the case of using Kapton is slightly less than the most probable value of the 
absorbed energy in the case of using titanium. The value of the absorbed energy is calculated for two values of the 
primary electrons energy. These values are 3 MeV and 15 MeV. The most probable values of the absorbed energy in 
Kapton and titanium are obtained as a result of statistical data processing. The value of the electron energy absorbed 
in Kapton is 17 keV for both values of the primary electron energy. The most probable energy absorbed in titanium is 
20 keV for primary electrons with energy of 3 MeV, and 21 keV for primary electrons with an energy of 15 MeV. The 
statistical error is no more than 1%. The step of creating histograms when calculating the energy spectra is 1 keV. 

 

Figure 1. Energy spectra of absorbed energy in the titanium foil and in the Kapton film for primary electron energies of 3 MeV and 
15 MeV (triangles indicate values for Kapton, circles indicate values for titanium) 

The total and average values of the energy absorbed in titanium and in Kapton during the passage of 3 MeV 
electrons beam, as well as 15 MeV electrons beam are presented in Table 1. 

Table 1. Total (for Ne=6.24×107) and average values of energy absorbed in titanium and in Kapton 

Titanium 50 microns 
Electrons 

energy, MeV 
Total absorbed energy, MeV Average value of absorbed energy, MeV 

3 Sum= 1.79×106 Sum/Ne= 0.0286 
15 Sum= 1.82×106 Sum/Ne= 0.0292 

Kapton 110 microns 
Electrons 

energy, MeV 
Total absorbed energy, MeV Average value of absorbed energy, MeV 

3 Sum=1.514×106 Sum/Ne= 0.0243 
15 Sum=1.514×106 Sum/Ne= 0.0243 
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The scattering radii of electrons at a distance of 20 cm after passing through a 50 μm thick titanium foil are 
estimated by the Monte Carlo method. A similar series of simulations is carried out to estimate the scattering radii of 
electrons after passing through a Kapton film with a thickness of 110 μm. The distance of 20 cm after the foil is 
chosen as the position at which we estimate the electron scattering radius, because the irradiated sample will be placed 
at this position. The calculations are carried out for several values of the primary electrons energy. These values are 
3 MeV, 5 MeV, 10 MeV, 15 MeV, 20 MeV. The number of simulated events is 6.24×107. The graphs characterizing the 
value of the scattering radius of the electron beam after passing through the titanium foil, as well as after passing 
through the Kapton film, for each energy of primary electrons are shown in Figure 2. The corresponding values of the 
scattering radii, as well as the comparison result, are presented in Table 2. The error in determining the scattering radii 
of electrons is 0.1 mm. This error is due to the size of the histograms calculating step during data processing. Graphs of 
changes in the values of the electrons scattering radii depending on the primary electrons energy for each of two 
materials are shown in Figure 3. 

 

 

Figure 2. The scattering radius of electrons of various energies after passing through the titanium foil as well as after 
the Kapton film at 20 cm distance after the film or foil 

Table 2. The most probable values of scattering radii of electrons at the distance of 20 cm after the titanium foil or the Kapton film, 
as well as the ratio coefficient of the electron scattering radii 

Electrons energy, 
MeV 

The most probable scattering 
radius (mm) of electrons after 

the Kapton film, 110 μm 

The most probable scattering 
radius (mm) of electrons after 

the Ti foil 50 μm 

The coefficient of 
the scattering radii 

ratio 
3 13 21 0.62 
5 8 14 0.57 

10 4 7 0.57 
15 2.5 4.5 0.56 
20 2 3.5 0.57 

 
It can be noted (Fig. 2, Table 2) that with an increase in the primary electrons energy, the scattering radius 

decreases both in the case of using titanium and in the case of using Kapton. However, in the case of using the 
Kapton film, we have a much smaller scattering radius. For example, the scattering radius for 10 MeV electrons when 
using Kapton is 4 mm (Table 2). This value is even less than the scattering radius of 15 MeV electrons in the case of 
using the titanium film. The scattering radius of 15 MeV electrons is 4.5 mm. 

It can be noted that the general tendency towards a decrease in the electrons scattering radius persists with an 
increase in the electron energy from 3 MeV to 20 MeV (Table 2). The scattering radius of electrons at the distance of 
20 cm after passing through the Kapton film is smaller than the scattering radius of electrons after passing through the 
titanium foil. Therefore, we can assume that the use of the Kapton film instead of the titanium foil in the design of the 
linear electron accelerators output devices would make it possible to obtain narrower electron beam. 

One of the tasks of this work is to determine the possibility of reducing the bremsstrahlung background after 
passing through the output device of the electron accelerator. The energy spectra of bremsstrahlung gamma quanta at 
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the distance of 20 cm after passing through the titanium foil, as well as after the Kapton film, are shown in Figure 4. 
The calculation step for each spectrum is 100 keV. 
 

 
Figure 3. The comparison of the electrons scattering radii at the distance of 20  cm after the titanium foil (blue solid dots) as well as 

after the Kapton film (green open points) 

 

Figure 4. The comparison of the bremsstrahlung spectra at the distance of 20 cm after the titanium foil as well as after the Kapton 
film for different values of the primary electrons energies 

It can be seen (Figure 4) that the amount of bremsstrahlung gamma quanta at the distance of 20 cm after a 110 μm 
thick Kapton film is less than the amount of bremsstrahlung gamma quanta after a 50 μm thick titanium foil for the 
same values of the primary electrons energy. The numerical values of the bremsstrahlung gamma quanta amount for 
each material, as well as the coefficient of their ratio, are presented in Table 3.  

Table 3. The numerical values of the bremsstrahlung gamma quanta amount (S) for each material, as well as the coefficient of their 
ratio, at the distance of 20 cm after Kapton or titanium 

Electrons energy, MeV S (for Kapton) S (for Ti) S(Kapton) / S (Ti) 
3 452486 804833 0.562 

10 634884 1.148E6 0.553 
15 676580 1.198E6 0.564 
20 724679 1.309E6 0.554 

 
Figure 5 shows the values of the bremsstrahlung amount at the distance of 20 cm after the foil. Data are 

normalized to 1 primary electron. 
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Figure 5. The comparison of the bremsstrahlung fluences at the distance of 20 cm after the titanium foil (blue solid points) as well as 
after the Kapton film (green open points) 

Gamma quanta are formed as a result of the primary electrons passage through the titanium foil, or the Kapton 
film (Figure 5). It can be noted that in the case of using Kapton, the fluence of bremsstrahlung gamma quanta is 
significantly less. 
 

CONCLUSIONS 
A series of simulations of the electron beam passage through 50 μm thick titanium foil, as well as through 110 μm 

thick Kapton film, are carried out for electrons of various energies. The electron energies are 3 MeV, 5 MeV, 
10 MeV, 15 MeV, and 20 MeV. The fluence values of bremsstrahlung gamma quanta after the passage of the foil as 
well as after the film are obtained as a result of simulation. The most probable values of the absorbed energy in the 
titanium foil and in the Kapton film are calculated for each value of the primary electrons energy. The values of the 
most probable scattering radius of an electron beam after passing through a 50 μm thick titanium foil and after passing 
through a 110 μm thick Kapton film were calculated for the same values of the primary electrons energy. A 
comparative analysis of the obtained results of computational experiments is carried out. It is shown that the ratio of the 
total amount of bremsstrahlung gamma quanta when using a Kapton film is approximately 0.56 to the total amount of 
bremsstrahlung gamma quanta when using a titanium film. The ratio coefficients of the most probable values of the 
scattering radii of electrons at a distance of 20 cm after passing through Kapton to those after titanium are from 0.62 
at 3 MeV electrons energy to 0.57 at 20 MeV electrons energy. 

Analysis of the calculated data showed that the use of Kapton (C22H10N2O5) as a material for the manufacture of 
high-energy electron beam output devices is promising in comparison to titanium films. The use of Kapton instead of 
titanium makes it possible to significantly reduce the background of the produced bremsstrahlung gamma rays, as well 
as to reduce the scattering radius of the electron beam. Additional studies of the material thermal stability are necessary 
for the final decision on the experimental research. 
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МОДЕЛЮВАННЯ ПРОХОДЖЕННЯ ПУЧКА ВИСОКОЕНЕРГЕТИЧНИХ ЕЛЕКТРОНІВ 

ЧЕРЕЗ ТОНКІ ПЛІВКИ ТИТАНУ ТА КАПТОНУ 
Т.В. Малихінаa,b, С.Г. Карпусьb, О.О. Шопенb, В.І. Приступаb 

aХарківський національний університет імені В.Н. Каразіна 
bНаціональний науковий центр «Харківський фізико-технічний інститут» 

Представлені результати комп’ютерного моделювання проходження високоенергетичних електронів через тонкі шари 
титану (Ti) та Каптону (C22H10N2O5) у діапазоні енергій від 3 МеВ до 20 МеВ.  Моделювання проведено з використанням 
бібліотеки класів Geant4. Кількість первинних електронів дорівнювала 6.24×107 для кожної серії розрахунків. Товщина 
титанової фольги у модельному експерименті дорівнювала 50 мкм, товщина плівки з Каптону дорівнювала 110 мкм. 
Енергії первинних електронів обрані такими: 3 МеВ, 5 МеВ, 10 МеВ, 15 МеВ та 20 МеВ. Метою розрахунків є виявлення 
можливості використання плівки з Каптону у вивідних пристроях лінійних прискорювачів електронів. Тому необхідно 
розрахувати вірогідні значення поглиненої у каптоні та у титані енергії для кожної енергії первинних електронів. Також 
важливою характеристикою є радіус розходження пучка електронів на певній відстані від плівки, або кут розсіювання 
електронів. У результаті розрахунків отримано енергетичні спектри гальмівних гамма-квантів, що утворюються під час 
проходження електронів через речовину плівок. Розраховані найбільш вірогідні значення поглиненої у титані та у Каптоні 
енергії. Оцінені радіуси розходження пучка електронів для плівки з каптону, а також для титанової плівки, на відстані 
20 сантиметрів. Ці розрахунки проведені для енергії електронів 3 МеВ, 5 МеВ, 10 МеВ, 15 МеВ та 20 МеВ. Проведений 
порівняльний аналіз отриманих результатів обчислювальних експериментів. Показано, що коефіцієнт відношення сумарної 
кількості гальмівних гамма-квантів у разі використання плівки з Каптону становить приблизно 0.56 до сумарної кількості 
гальмівних гамма-квантів у разі використання плівки з титану. Коефіцієнти відношення найбільш вірогідного значення 
радіусу розсіювання електронів після проходження Каптону до найбільш вірогідного значення радіусу розсіювання після 
титану дорівнює від 0.62 при енергії електронів 3 МеВ до 0.57 при енергії електронів 20 МеВ. Аналіз розрахункових даних 
показав перспективність використання Каптону (C22H10N2O5), як матеріалу для виготовлення вивідних пристроїв пучків 
високоенергетичних електронів у порівнянні з плівками титану, оскільки дозволяє суттєво знизити супутній фон утворених 
гальмівних гамма-квантів та зменшити радіус розсіювання пучка електронів.  
Ключові слова: гальмівне випромінювання, Geant4-моделювання, лінійний прискорювач електронів, плівка з Каптону®, 
C22H10N2O5, взаємодія випромінювання з речовиною, кутове розсіювання електронів. 
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The emergence of powerful sources of ionizing radiation, the needs of nuclear energy, technology and medicine, as well as the need to 
develop reliable methods of protection against the harmful effects of penetrating radiation stimulated the development of such branches of 
science as radiation chemistry, radiation biology, radiation medicine. When an organic dye solution is exposed to ionizing radiation, it 
irreversibly changes color. As a result, the absorbed dose can be determined. The processes of interaction of neutron fluxes with an aqueous 
solution of an organic dye methyl orange (МО) – C14H14N3О3SNa, containing and not containing 4% boric acid, have been investigated. The 
work was carried out on a LINAC LUE-300 at NSC KIPT. A set of tungsten plates was used as a neutron-generating target. The electron 
energy was 15 MeV, the average current was 20 μA. The samples were located behind the lead shield and without it, with and without a 
moderator. Using the GEANT4 toolkit code for this experiment, neutron fluxes and their energy spectra were calculated at the location of 
experimental samples without a moderator and with a moderator of different thickness (1-5 cm). An analysis of the experimental results 
showed that when objects without lead shielding and without a moderator are irradiated, the dye molecules are completely destroyed. In the 
presence of lead protection, 10% destruction of the dye molecules was observed. When a five-centimeter polyethylene moderator was 
installed behind the lead shield, the destruction of dye molecules without boric acid on thermal neutrons was practically not observed. When 
the fluxes of thermal and epithermal neutrons interacted with a dye solution containing 4% boric acid, 30% destruction of dye molecules was 
observed due to the exothermic reaction 10B (n, α). The research has shown that solutions of organic dyes are a good material for creating 
detectors for recording fluxes of thermal and epithermal neutrons. Such detectors can be used for radioecological monitoring of the 
environment, in nuclear power engineering and nuclear medicine, and in the field of neutron capture therapy research in particular. 
Keywords: organic dye, neutrons, dosimeters 
PACS: 61.72.Cc, 61.80.Hg, 78.20.Ci, 87.80.+s, 87.90.+y, 07.05.Tp , 78.70.−g 
 

The emergence of powerful sources of ionizing radiation, the needs of nuclear energy and technology, as well as 
the need to develop reliable methods of protection against the harmful effects of penetrating radiation stimulated the 
rapid development of radiation chemistry, radiation biology, and radiation medicine. At present, intensive development 
of chemical dosimetry methods is underway. The most convenient model objects for researching the processes of 
interaction of ionizing radiation with a substance are liquid and solid solutions of organic dyes and pigments [1-14]. 
Organic dye solutions have intense absorption and fluorescence bands in the visible region of the spectrum. When the 
dye solution is exposed to ionizing radiation, an irreversible loss of dye color occurs (a decrease in the intensity of the 
long-wavelength band of the absorption spectrum). In this case, the shape of the absorption spectrum band, as a rule, 
does not change. 

Previous researches [12-13] have shown that irreversible radiation destruction of dyes in solutions occurs as a 
result of the oxidation of organic dyes by radicals and radical ions formed during the radiolysis of solvents (OH˙, HO2˙, 
etc.). A relatively stable product of the radiolysis of solvents, hydrogen peroxide, also participates in the decolorization 
of dye solutions. 

The rate of radiation destruction of a dye in a solution essentially depends on both the chemical nature of the dye 
and the nature and physicochemical properties of the solvent. The lowest radiation resistance of dyes is observed in 
aqueous solutions, the highest - in solvents whose molecules do not contain oxygen atoms (for example, in 
dimethylamine), and in solid solutions (for example, in polymer films) [1-14]. So, from the decrease in the intensity of 
the long-wave absorption band of the dye solution under the action of ionizing radiation, it is possible to determine the 
value of the radiation dose. Thus, an organic dye solution can serve as a radiation dose detector and be used for 
radiation monitoring of the environment [2-6]. For example, aqueous solutions of dyes can be successfully used to 
visually determine the radiation dose in the range of 0.003 – 0.5 Mrad, and polymer films colored with dyes- 0.3 –
40 Mrad. 

According to literature data, the USA and England produce polymethyl methacrylate and paper coated with 
polyvinyl chloride containing a dye for use in dosimetry. Depending on the degree of degradation of the dye, it is 
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possible to determine doses in the range from 0.1 to 6 Mrad. The US industry produces cellophane films containing 
some colorants. These films are widely used to measure doses of various types of radiation because they change color 
when exposed to them. The degree of discoloration is linearly dependent on the dose. In this case, the dose range is 
from 0.1 to 10 Mrad. All these systems are characterized by the independence of the readings from changes in the dose 
rate and temperature during irradiation. These systems retain their properties for a sufficiently long period of time after 
irradiation, which greatly simplifies the measurement process. Before irradiation, they can be stored in the dark for a 
long time. These systems can be used to determine the spatial distribution of absorbed doses that are received under the 
influence of high-energy electrons. With their help, the processes of radiation processing of various materials are 
controlled in production conditions. To solve such problems, a chemical dosimetry method [14] was developed at the 
Pisarzhevsky Institute of Physical Chemistry of the Academy of Sciences of the Ukrainian SSR, based on the use of 
films made of colored polyvinyl alcohol. Thus, irradiation of organic dyes can lead to various photochemical reactions. 
At present, the nature of these processes is still poorly understood. 
 

FORMULATION OF THE PROBLEM 
In this work, the processes of interaction of neutron fluxes with an aqueous solution of an organic dye methyl 

orange (МО) – C14H14N3О3SNa, containing and not containing 4% boric acid, have been researched. The work was 
carried out on a LINAC LUE – 300 at NSC KIPT. The work was carried out with the aim of researching the processes 
of interaction of neutrons with matter, as well as the possibility of creating detectors based on these materials for 
registering fluxes of thermal and fast neutrons. 

A number of nuclear reactions are used to register neutrons, such as: 10В (n, α) 7Li, 6Li (n, α) T, 3Не (n, р) T, 
elastic, inelastic scattering, etc. The methods used in the work are elastic neutron scattering and nuclear reaction 
10В (n, α) 7Li. 

 
Elastic neutron scattering 

In the case of researching fast neutron fluxes in the elastic scattering reaction, the neutron transfers part of its 
kinetic energy to the nucleus. The neutron gives up the maximum share of energy in a central (head-on) collision with 
nuclei. The mass of the neutron differs little from the mass of the proton. A neutron transfers all of its kinetic energy to 
the nucleus of a hydrogen atom in the event of a central collision. Elastic neutron scattering by hydrogen nuclei is used 
to register fast neutrons from recoil protons. In this work, an aqueous solution of methyl orange was used. Irreversible 
radiation destruction of the dye occurred due to the radiolysis of water as a result of oxidation by 
radicals (ОН˙, HO2˙, etc.) and the kinematic destruction of dye molecules in collisions with fast neutrons. 

 
Nuclear reaction 10В (n, α) 7Li 

Natural boron consists of two isotopes: 10В (18.2%) and 11В (81.8%). Slow neutrons interact intensely with the 
nuclei of the 10B isotope. In the exothermic reaction 10В (n, α), α-particles and a 7Li nucleus appear. This reaction takes 
place through two channels: 

 
10B+n→(7Li)*+α+E1; 

10B+n→7Li+α+E2, 

where E1 and E2 – the reaction energy, is released in the form of the kinetic energy of the reaction products. In the 
first channel, the 7Li nucleus is formed in an excited state with an excitation energy of 0.48 MeV. The excited state of 
7Li is indicated by an asterisk. The transition of the nucleus from the excited state to the ground state is accompanied by 
the emission of a γ-quantum with an energy of Еγ = 0.48 MeV. Therefore, the first reaction channel can be rewritten as 
follows: 

10В + n → 7Li + α + Еγ + E1. 

The energy of the 10В (n, α) 7Li reaction is 2.78 MeV. One part of the energy (Еγ = 0.48 MeV) is carried by the γ-
quantum, the other part (Е1 = 2.30 MeV) is released in the form of the kinetic energy of the α-particle and the lithium 
nucleus. At the same time, the Energy E1 = 2.30 MeV is made up of Еα and ЕLi. The fraction of the α-particle is 
Еα = 1.47 MeV, and the fraction of the lithium nucleus is ЕLi = 0.83 MeV. The probability of the reaction proceeding 
through the first channel is 93% for free neutrons with an energy of about 10 keV. Then this probability gradually 
decreases, reaching a value of 0.3 at a neutron energy of 1.8 MeV and again increases to 0.5 at a neutron energy of 
2.5 MeV. In the second channel, the 10В (n, α) 7Li reaction proceeds with a 7% probability for slow neutrons and, 
accordingly, with a higher probability for fast neutrons. The reaction energy E2 = 2.78 MeV in this case is completely 
carried by the α particle and the lithium nucleus. 

Thus, when boric acid is added to the dye solution and it is irradiated with a flux of thermal neutrons, the above 
reactions occur. In this case, the interaction of high-energy α-particles and 7Li nuclei with dye molecules leads to their 
destruction, and the presence of a gamma quantum in the first reaction leads to radiolysis of water and ionization of 
atoms in molecules. 
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EXPERIMENTAL RESEARCHES 
The work was carried out at the NSC KIPT on the linear electron accelerator LUE – 300. The electron beam was 

exposed to a neutron-generating target located at a distance of 40 cm from the output foil. The electron energy was 
15 MeV, and the average beam current was 20 μA. The neutron-producing target was a set of tungsten plates. In the 
immediate vicinity of the target, a lead shield was assembled against scattered electrons and the accompanying gamma 
background 5 cm thick. 

 

Figure 1. Experiment scheme 

The schematic of the experiment is shown in Fig. 1. The dye solution in a glass test tube was placed inside a lead 
shield at a distance of 15 cm from the electron beam axis. The irradiation time was 1 hour, which corresponds to a total 
neutron flux of 1011 n/cm2 at the location of the samples. The thickness of the lead shield was 5 cm. Between the lead 
shield and the test tube, there was a moderator made of polyethylene with a thickness of 1–5 cm. 

 

 

Figure 2 shows a photograph of the output of the LUE-300 
accelerator and the lead shielding of the samples under study. 
Using the GEANT4 program code [9] for this experiment, the 
energy spectra of neutron fluxes inside the lead shield at the 
location of the experimental samples were calculated. The 
simulation results are shown in Fig. 3. Six cases were 
considered: 0 - the spectrum of neutrons inside the shield at the 
location of the sample without a polyethylene moderator, 1–5–
spectra of neutrons inside the shield with a gradual increase in 
the thickness of the moderator from 1 to 5 cm. From Fig. 3 it 
can be seen that with an increase in the thickness of the 
moderator layer, the number of fast neutrons decreases 
significantly (with an increase in the thickness of the moderator 
from 0 to 5 cm, the number of fast neutrons decreases by a 
factor of 10). At the same time, the number of thermal neutrons 
increases insignificantly, approximately 2 times in comparison 
with the case without a moderator. The total neutron flux for 
the case without a moderator at the location of the samples for 
the presented experiment was 1011 n/cm2. 

Figure 2. Photo of the exit of the LUE – 300 accelerator 
and the lead shielding of the samples under study. 

Several experiments were carried out in the work. In one case, tubes with an aqueous solution of the organic dye 
methyl orange without boric acid were placed inside and outside the lead shield at a distance of 15 cm from the neutron-
producing target. 

The main absorption spectra of the irradiated and unirradiated dye are shown in Fig. 4 
Fig. 4 that when objects without lead shielding and without a moderator are irradiated, the dye molecules are 

completely destroyed. This is mostly due to their interaction with scattered electrons and gamma quanta. In the presence 
of lead shielding, a 10% destruction of dye molecules was observed due to their interaction with fast neutron fluxes. 

In another case, one tube with an aqueous solution of an organic dye containing boric acid and the second tube 
without boric acid were located inside a lead shield in the presence of a polyethylene moderator 5 cm thick. These test 
tubes were located at a distance of 15 cm from the neutron-forming target. The main absorption spectra of the irradiated 
and unirradiated dye with and without boric acid are shown in Fig. 5 and 6. 

In Fig. 5 and 6, it can be seen that when a polyethylene moderator was installed after a lead shield 5 cm thick and 
in front of the target, the destruction of dye molecules without 4% boric acid on thermal neutrons was practically not 
observed. The target consisted of test tubes with solutions of dye (МО) – C14H14N3О3SNa. When a dye solution 
containing 4% boric acid interacted with fluxes of thermal and epithermal neutrons, a 30% destruction of dye molecules 
was observed due to the exothermic reaction 10B (n, α). Researches have shown that solutions of organic dyes, on the 
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one hand, can be a good material for creating detectors of ionizing radiation, in particular, for fluxes of thermal and 
epithermal neutrons. On the other hand, solutions of organic dyes are a convenient object for studying the processes of 
interaction of ionizing radiation with matter as a whole. 

 

Figure 3. Simulation results using the GEANT4 code of the 
energy spectra of neutron fluxes from a neutron-producing 
target (electron energy 15 MeV, current 20 μA) with 
polyethylene moderators of different thicknesses: 1–5 cm and 
without them. 

Figure 4. Main absorption spectra of irradiated and 
unirradiated dye.1 – before irradiation; 2 – irradiated with 
Pb shield; 3 – irradiated without Pb shield 

 

   

Figure 5. Optical absorption spectra of an aqueous solution 
of a dye before (1) and after (2) irradiation with neutron 
fluxes in the presence of a polyethylene moderator 

Figure 6. Optical absorption spectra of an aqueous solution 
of a dye with boric acid before (1) and after (2) irradiation 
with neutron fluxes in the presence of a polyethylene 
moderator. 

CONCLUSION 
In this work, the processes of interaction of neutron fluxes with an aqueous solution of an organic dye methyl 

orange (МО) – C14H14N3О3SNa, containing 4% boric acid, and with an aqueous solution of the same dye without boric 
acid were investigated. In the experimental and simulated parts of the work, these samples were located behind the lead 
screen and without it. Also, a polyethylene moderator with a thickness of 0 to 5 cm was used in the work. 

The energy spectra of neutron fluxes at the location of the experimental samples were calculated using the 
GEANT4 program code. 

An analysis of the experimental results showed that when objects without lead shielding and without a moderator 
are irradiated, the dye molecules are completely destroyed. This happens mostly due to organic dye interaction with 
scattered electrons and gamma quanta. In the presence of lead shielding, 10% destruction of dye molecules was 
observed due to their interaction with fast neutron flux. When a five-centimeter polyethylene moderator was installed 
behind the lead shield, the destruction of dye molecules without boric acid on thermal neutrons was practically not 
observed. When the fluxes of thermal and epithermal neutrons interacted with a dye solution containing 4% boric acid, 
30% destruction of dye molecules was observed due to the exothermic reaction 10B (n, α). 

The researches have shown that a solution of organic dye MO is a good material for creating detectors for 
recording fluxes of thermal and epithermal neutrons, which currently have no analogues. Such detectors can be used for 
radiation monitoring of the environment, in nuclear power engineering and nuclear medicine, and in the field of neutron 
capture therapy research in particular. 
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ДОСЛІДЖЕННЯ ПРОЦЕСІВ ВЗАИМОДІЇ ПОТОКІВ ШВИДКИХ І ТЕПЛОВИХ НЕЙТРОНІВ З РОЗЧИНОМ 

ОРГАНІЧНОГО БАРВНИКА МЕТИЛОВИЙ ОРАНЖЕВИЙ 
С.П. Гоковa, Ю.Г. Казаріновa,b, С.О. Каленикa, В.І. Касіловa, Т.В. Малихінаa,b, Е.В. Рудичевa,b, В.В. Цяцькоa 

aНаціональний науковий центр Харківський фізико-технічний інститут 
вул. Академічна, 1, 61108, Харків, Україна 

bХарківський національний університет імені В.Н. Каразіна 
майдан Свободи, 4, 61022, Харків, Україна 

Поява потужних джерел іонізуючого випромінювання, потреби ядерної енергетики, технологій і медицини, а також 
необхідність розробки надійних способів захисту від шкідливої дії проникаючої радіації стимулювали розвиток таких 
галузей науки, як радіаційна хімія, радіаційна біологія, радіаційна медицина. При впливі іонізуючого випромінювання на 
розчин органічного барвника відбувається його необоротне знебарвлення. У наслідок чого, можна визначити величину 
поглиненої дози. У даній роботі досліджувалися процеси взаємодії потоків нейтронів з водним розчином органічного 
барвника метиловий оранжевий (МО) - C14H14N3О3SNa, що містить і не містить 4% борної кислоти. Робота виконувалася на 
лінійному прискорювачі електронів ЛУЕ-300 ННЦ ХФТІ. У якості мішені, що продукує нейтрони, використовувався набір 
вольфрамових пластин. Енергія електронів становила 15 МеВ, середній струм 20 мкА. Зразки перебували за свинцевим 
захистом і без нього з отеплювачем і без нього. З використанням бібліотеки класів GEANT4 для даного експерименту були 
розраховані потоки нейтронів і їх енергетичні спектри в місці розташування експериментальних зразків без сповільнювача і 
зі сповільнювачем різної товщини (1-5 см). Аналіз результатів експерименту показав, що при опроміненні об'єктів без 
свинцевого захисту і без отеплювача відбувається повне руйнування молекул барвника. При наявності свинцевої захисту 
спостерігалося 10-процентне руйнування молекул барвника. При установці п’яти сантиметрового поліетиленового 
сповільнювача за свинцевим екраном руйнування молекул барвника без борної кислоти на теплових нейтронах практично 
не спостерігалося. При взаємодії потоків теплових і епітеплових нейтронів із розчином барвника, що містить 4% борну 
кислоту, спостерігалося 30% руйнування молекул барвника за рахунок протікання екзотермічної реакції 10В (n, α). 
Проведені дослідження показали, що розчини органічних барвників, є хорошим матеріалом для створення детекторів 
реєстрації потоків теплових і епітеплових нейтронів. Такі детектори можуть використовуватися для радіаційного 
моніторингу навколишнього середовища, в ядерній енергетиці і ядерній медицині, зокрема в галузі досліджень нейтрон- 
захоплювальной терапії. 
Ключові слова: органічний барвник, нейтрони, дозиметри 



135

© E. Lutsenko, A. Zubkov , M. Zhadko, E. Zozulya, 2021

EAST EUROPEAN JOURNAL OF PHYSICS. 4. 135-139 (2021)
DOI: 10.26565/2312-4334-2021-4-17           ISSN 2312-4334

 
 
 
 

POSITIVE DEVIATION OF THE HALL-PETCH RELATIONSHIP FOR ALUMINUM 
CONDENSATES ALLOYED WITH IRON† 

 
Evgeniy Lutsenkoa,*, Anatoly Zubkovb, Maria Zhadkob, Eduard Zozulyab 

aNational Science Center “Kharkiv Institute of Physics and Technology”, 1, Akademichna str., Kharkiv 61108, Ukraine 

bNational Technical University “Kharkiv Polytechnic Institute”, 2, Kyrpychova str., 61002 Kharkiv, Ukraine 
*Corresponding Author: lytsenko87@gmail.com 

Received July 23, 2021; revised November 17, 2021; accepted November 19, 2021 
 

The structure and strength properties of vacuum aluminum condensates alloyed with iron in the concentration range of 0.1 – 3.2 at. % 
is studied in the paper. It is shown that up to a concentration of about 2 at. % Fe, the grain size decreases, the strength properties 
increase and the lattice parameter values of these objects remain unchanged. It is found that at an iron concentration of up to ~ 2 at. % 
its atoms are concentrated in the grain boundaries of the aluminum matrix metal in the form of grain boundary segregation. At high 
concentrations, the structure of condensates is a supersaturated solution of iron in the FCC crystal lattice of aluminum. Highly 
dispersed Al13Fe4 intermetallic compounds are present at the grain boundaries and within the volume of grains. It has been found that 
the Hall-Petch coefficient for one-component aluminum condensates is 0.04 MPa·m1/2, which is typical for this metal. For Al-Fe 
condensates, a positive deviation from the Hall-Petch dependence is observed and the coefficient k increases to 0.4 MPa·m1/2 for a 
structure with grain boundary segregations and to 0.14 MPa·m1/2 for condensates containing intermetallic compounds. The obtained 
experimental results are explained by the different structural-phase state of the grain boundaries of the aluminum matrix. 
Keywords: Grain boundary segregation, vacuum condensate, intermetallic compound, Al-Fe, grain size.  
PACS: 61.66.Dk, 64.75.Op, 68.35.Fx, 68.55.Ln, 81.05.Ni, 81.10.Fq, 81.15.Kk 
 

The level of strength properties of nanostructured metals is mainly determined by grain boundary hardening. Its 
value depends on the grain size and the state of the grain boundaries. A large number of theoretical and experimental 
studies are devoted to the problem of dispersing the grain structure of metallic materials. Less attention has been paid to 
the study of the chemical composition and structure of grain boundaries. First of all, this was due to the problems of 
testing grain boundaries at the atomic level. As a result, it became possible to purposefully influence the properties of 
grain boundaries by varying their chemical composition and structural-phase state, which can lead to a dramatic 
increase in various properties of nanostructured metals. For example, alloying of aluminum films, foils, or coatings 
obtained by physical vapor deposition in vacuum (PVD-technology) with iron allows reducing the grain size of these 
materials to nanoscale dimension, increasing their strength properties and recrystallization temperature. As a result, 
these objects are widely used in the aviation and aerospace industries, primarily in parts exposed to thermal effects 
[1-3]. At the same time, the physical mechanisms of the modifying effect of iron on aluminum are currently 
controversial and insufficiently studied. 

In this regard, the purpose of this work is to study the effect of iron concentration on the structure and strength 
properties of vacuum Al-Fe condensates. 

 
LITERATURE REVIEW 

The grain boundary hardening of metallic materials is described by the Hall-Petch strengthening [4, 5], which for 
the yield strength has the following form 

௬ߪ ൌ ଴ߪ ൅ ݇݀ିଵ ଶ⁄  

where σy is the yield strength, σ0 is the resistance to the motion of dislocations in a single crystal, k is the Hall-Petch 
coefficient, d is the grain size. 

The authors of various studies use the Hall-Petch equation to describe various strength properties: tensile strength, 
yield strength, hardness, however, the most correct is to use the yield stress in order to avoid veiling effects associated 
with strain hardening, brittleness, plasticity, etc. [6]. 

For the majority of one-component metals and alloys in a wide range of grain sizes from several to hundreds of 
micrometers, the constancy of the values of the exponent (-1/2) and the k value is maintained [7]. At the same time, in a 
number of studies [8, 9] facts of deviation from dependence (1) are noted both due to the change in the value of k and 
the exponent from -1/2 to -1. To explain these experimental results, many theoretical models have been proposed [6], 
among which the most famous are the following. 1. Compositional model of the grain structure, suggesting different 
properties of grain boundaries and intragranular volume, predicting changes in the exponent depending on grain 
size [10]. 2. Dislocation mechanisms, which involve changes in the value of k due to various ways of transferring 
deformation through the grain boundary [11]. 3. Models providing various options for the transition of translational 
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deformation mechanisms to rotational [12]. For nanostructured aluminum and its alloys, these circumstances are 
enhanced due to a significant spread in the values of the Hall-Petch coefficient, even for a single-component metal, the 
value of which is in the range of 0.02 – 0.29 MPa·m1/2, depending on the production methods [11, 13], the method of 
the grain size measurement [6, 13], chemical purity of metal [14], etc. The authors of some studies have noted both 
positive [7] and negative deviations from the Hall-Petch dependence [15]. It should be noted that there is no 
unambiguous interpretation of the observed experimental results in the available literature [6]. An important feature of 
these studies is the underestimation or ignoring of impurities, alloying elements or modifiers, which can radically 
change the structural-phase state of grain boundaries. Suffice it to note that the content of the second component 
constituting ~ 1·10-4 at. % in the volume of a matrix metal with a grain size of about 100 μm is capable of covering the 
entire area of grain boundaries with a monoatomic adsorption layer [16]. This state of the adsorption layers provides for 
the formation of strong interatomic bonds between the segregating substance and the matrix metal. As a result, the 
cohesive strength of grain boundaries increases, the tendency to brittle intercrystalline fracture increases and other 
properties improve. Depending on the combination of physical and mechanical properties of the constituent components 
of the metal, such grain boundary segregation can significantly change the strength and other properties of metals in 
general [17, 18]. 

RESEARCH METHODOLOGY 
The objects of study were Al and Al-Fe condensates up to 50 μm thick, obtained by the PVD method, by 

evaporation of the constituent components from different sources and subsequent condensation of a mixture of their 
vapors on a non-orienting substrate in vacuum. The substrate temperature was 200–250°C. The concentration of 
alloying elements was monitored by the X-ray spectral method. Mechanical tests were carried out at room temperature 
in the active tension mode with a strain rate of 0.36 mm/min on a TIRATEST-2300 setup. The samples had the 
following geometry: width – 3 mm, thickness – 30 μm, length – 30 mm. Thus, the test conditions and geometric 
dimensions of these objects correspond to the methodology developed in [19]. The structure of the condensates was 
studied by X-ray diffractometry, light and transmission microscopy using DRON-3M, OptikaM XDS-3Met, and 
JEM-2100 devices, respectively. 

 
RESULTS 

Fig. 1, 2, 3 shows the concentration dependences of the grain size (d), lattice parameter (a) and yield strength (σy) 
of the aluminum matrix on the iron content in the condensates. It can be seen that up to a concentration of about 2 at. %, 
the value of d decreases and the value of a remains. It should be noted that the observed increased solubility of Fe is 
characteristic of such objects and exceeds the equilibrium solubility at room temperature, which is 0.025 at.% [20]. 

 
Figure 1. Dependence of the grain size of aluminum on the concentration of Fe. 

 
Figure 2. Dependence of the crystal lattice parameter of aluminum on the concentration of Fe 

1 – lattice parameter, 2 – Vegard’s law. 
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Figure 3. Dependence of the yield strength of aluminum on the concentration of Fe. 

The electron diffraction patterns contain only diffraction reflections belonging to the FCC lattice of aluminum 
(Fig. 4). With a further increase in the iron content, the diffraction reflections of the intermetallic compound with the 
stoichiometric composition Al13Fe4 appear in the electron diffraction patterns (Fig. 5).  

   
a     b    с 

Figure 4. Electron-microscopic images of aluminum condensate 
a – bright field image, b – dark field image, c – electron diffraction pattern. 

A decrease in the lattice period of the FCC aluminum matrix is also observed, which indicates the formation of a 
supersaturated solution of iron in aluminum (Fig. 2). 

   
a      b    с 

Figure 5. Electron-microscopic images of Al-3.2 at. % Fe condensate 
a – bright field image, b – dark field image, c – electron diffraction pattern. 

 
In the entire range of concentrations, an increase in the yield stress occurs (Fig. 3). It should be noted that the yield 

stress of unalloyed condensates is an order of magnitude higher than that of single-component aluminum obtained by 
crystallization from a melt, which strongly depends on the chemical purity of the matrix metal. For example, for 
aluminum A99 the yield stress is 10 MPa, for A8 is 20 MPa, and for A6 is 30 MPa [20]. 

These experimental results and the data of [17] allow us to conclude that in the concentration range of 0.1 - 2 at. % 
iron atoms are located in grain boundaries in the form of grain boundary segregation. At such iron content within the 
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grain, the structure is uniform, the grain size changes due to the blocking effect of monoatomic segregation of iron 
atoms during the condensate formation. According to the Seah theory [21], such grain boundary segregation of Fe in 
aluminum should increase the cohesive strength of grain boundaries. With a further increase in the iron content (over 2 
at. %), a fundamental change in the structural state of the condensates occurs. The aluminum matrix is a supersaturated 
solution of iron in the FCC lattice of aluminum, as evidenced by a decrease in the lattice parameter (Fig. 2). 
Simultaneously, first at the grain boundaries, and then in the volume of the aluminum matrix, the formation of highly 
dispersed intermetallic compounds Al13Fe4 occurs (Fig. 5) [17].  

 
Figure 6. Hall-Petch dependences: 1 – [7, 22], 2 – Al condensates, 3 – Al-Fe condensates (up to 2 at. % Fe), 

4 – Al-Fe condensates (over 2 at. % Fe). 

Thus, there are three concentration regions with the following structural states: one-component condensates; two-
component single-phase condensates with an iron concentration of up to 2 at. %, the grain boundaries of which contain 
segregation of iron, presumably in an atomic form, the so-called 2D structures; and finally condensates containing more 
than 2 at. % Fe, having a different intragranular structure and state of grain boundaries. These distinctive circumstances 
are reflected in the Hall-Petch dependence shown in Fig. 6. The value of the Hall-Petch coefficient determined for one-
component aluminum is 0.04 MPa·m1/2, which is in good agreement with the literature data for high-purity aluminum 
obtained by crystallization from the melt. For condensates containing grain-boundary monolayer segregation, the Hall-
Petch coefficient increases significantly to 0.4 MPa m1/2 (plot 3, Fig. 6). A further increase in the iron concentration 
leads to a decrease in the slope of the Hall-Petch dependence and the value of the coefficient k is 0.14 MPa m1/2. Thus, 
in the concentration range from 0.1 to 3.2 at. % Al-Fe condensates have different states of grain boundaries and 
intragranular volume, resulting in a change in the value of k. Grain-boundary segregation of iron in the form of 
monoatomic layers increase the value of the k from 0.04 MPa·m1/2 to 0.4 MPa·m1/2, that is, there are positive deviations 
from the Hall-Petch dependence. It should be noted that a similar effect was observed by the authors of [8], who paid no 
attention and did not study the possibility of the formation of grain boundary segregation of iron.  

Intermetallic compounds formed during condensation of a vapor mixture of aluminum and iron in the grain 
boundaries lead to the destruction of the adsorption layers and, as a result, the value of k decreases. For these objects, 
the level of strength properties is determined by the total action of solid solution, dispersion and grain boundary 
hardening. 

 
CONCLUSIONS 

1. The structure and strength properties of one-component and alloyed with iron aluminum condensates have been 
studied.  

2. It was found that for one-component aluminum condensates the Hall-Petch dependence is observed. The Hall-
Petch coefficient is 0.04 MPa m1/2. This is in good agreement with the literature data obtained for high-purity aluminum 
crystallized from the melt. 

3. Alloying with iron up to 2 at. % of aluminum condensates leads to a positive deviation from the Hall-Petch 
dependence and increases the Hall-Petch coefficient to 0.4 MPa·m1/2.  

4. Al-Fe сondensates containing more than 2 at. % Fe, which is located within the grain boundaries of the matrix 
metal in the form of intermetallic compounds, have a Hall-Petch coefficient of 0.14 MPa·m1/2. This value is higher than 
the analogous value for single-component aluminum, but less in comparison with condensates with grain-boundary 
segregations of iron in the form of monolayers.  

 
ORCID IDs 

Evgeniy Lutsenko, https://orcid.org/0000-0003-4523-9253; Anatoly Zubkov, https://orcid.org/0000-0001-9013-8158 

 Maria Zhadko, https://orcid.org/0000-0002-7979-9550; Eduard Zozulya, https://orcid.org/0000-0003-4598-8182 



139
Positive Deviation of the Hall-Petch Relationship for Aluminum Condensates...          EEJP. 4 (2021)

REFERENCES 
[1]  E.V. Lutsenko, V.A. Kreshchenko, N.D. Rud', O.V. Sobol', M.A. Glushchenko, and A.I. Zubkov, Metallofiz. Noveishie 

Tekhnol. 39(5), 607 (2017), https://doi.org/10.15407/mfint.39.05.0607 
[2] A. Inoue, F. Kong, S. Zhu, C.T. Liu, and F. Al–Marzouki, Materials Research, 18 (6), 1414 (2015), 

https://doi.org/10.1590/1516-1439.058815 
[3] I.I. Tashlykova–Bushkevich, E.S. Gut’ko, V.G. Shepelevich, and S.M. Baraishuk, J Surf Investig X–RA, 2(2), 310 (2008), 

https://doi.org/10.1134/S1027451008020286 
[4] E.O. Hall, Proceedings of the Physical Society. Section B, 64 (9), 747 (1951), https://doi.org/10.1088/0370-1301/64/9/303 
[5] N.J. Petch, Progress in Metal Physics, 5, 1 (1954), https://doi.org/10.1016/0502-8205(54)90003-9 
[6] R.W. Armstrong, Hall–Petch Relationship: Use in Characterizing Properties of Aluminum and Aluminum Alloys (Department 

of Mechanical Engineering University of Maryland College Park), (2016), pp. 1–30. 
[7] N. Hansen, Acta Metall. 25, 863 (1977), https://doi.org/10.1016/0001-6160(77)90171-7 
[8] H.J. Choi, S.W. Lee, J.S. Park, and D.H Bae. Materials Transactions. 50(3), 640 (2009), 

https://doi.org/10.2320/matertrans.MRA2008343 
[9] S.A. Firstov, T.G. Rogul, and O.A. Shut, Fiz. Khim. Mekh. Mater. 6, 5 (2009). 
[10] O.O. Shut, Reports of the NAS of Ukraine, 9, 70 (2014), https://doi.org/10.15407/dopovidi2014.09.070 
[11] D. Tian, Ch–J Zhou, and J–H. He, Fractals, 26(06), 1850083 (2018), https://doi.org/10.1142/S0218348X18500834 
[12] S.N. Naik, and S.M. Walley, Journal of Materials Science, 55, 2661 (2020), https://doi.org/10.1007/s10853-019-04160-w 
[13] N. Kamikawa, T. Hirochi, and T. Furuhara, Metallurgical and Materials Transactions A, 50(1), 234 (2018), 

https://doi.org/10.1007/s11661-018-5007-3 
[14] W. Xu, and L.P. Dávila, Materials Science and Engineering: A. 710, 413 (2018), https://doi.org/10.1016/j.msea.2017.10.021 
[15] M.A. Tschopp, H.A. Murdoch, L.J. Kecskes, and K.A. Darling, The Minerals, Metals & Materials Society, 66(6), 1000 (2014), 

https://doi.org/10.1007/s11837-014-0978-z 
[16] E.V. Lutsenko, O.V. Sobol’, and A.I. Zubkov, J. Nano–Electron. Phys. 7(3), 03042 (2015), 

https://jnep.sumdu.edu.ua/en/full_article/1562 
[17] Z.C. Cordero, B.E. Knight, and C.A. Schuh, International Materials Reviews. 61(8), 495 (2016), 

https://www.tandfonline.com/doi/abs/10.1080/09506608.2016.1191808. 
[18] S. Takaki, D. Akama, N. Nakada, and T. Tsuchiyama, Mater. Trans. 55(1) 28 (2014), https://doi.org/10.2320/matertrans.MA201314 
[19] A.I. Ilinskii, Структура и Прочность Слоистых и Дисперсноупрочненных Пленок [Structure and Strength of Laminated 

and Dispersion Hardened Films] (Metallurgiya, Moskow, 1986) pp. 143. (in Russian) 
[20] J.E. Hatch, editor, Aluminum: Properties and Physical Metallurgy (American Society for Metals, Metals Park, Ohio, 1984), pp. 424. 
[21] M.P. Seah, and E.D. Hondros, Proceedings of the Royal Society A. Mathematical and Physical Sciences, 335(1601), 191 

(1973), https://doi.org/10.1098/rspa.1973.0121 
[22] H. Fujita, and T. Tabata, Acta Metall. 21 (4), 355 (1973), https://doi.org/10.1016/0001-6160(73)90191-0 

 

ПОЗИТИВНЕ ВІДХИЛЕННЯ СПІВНОШЕННЯ ХОЛЛА-ПЕТЧА ДЛЯ КОНДЕНСАТУ АЛЮМІНІЮ, 
ЛЕГОВАНОГО ЗАЛІЗОМ 

Є.А. Луценкоa, А.Б Зубковb, М.Б. Жадькоb, Є.Б. Зозуляb 
aНаціональний науковий центр «Харківський фізико-технічний інститут» 

вул. Академічна, 1, м. Харків, Україна, 61108 
bНТУ «Харківський політехнічний інститут» 
вул. Кирпичова 2, м. Харків, Україна, 61002 

В роботі вивчено структуру і характеристики міцності вакуумних конденсатів алюмінію, легованих залізом в діапазоні 
концентрацій 0,1 – 3,2 ат. %. Показано, що до концентрації приблизно 2 ат. % заліза відбувається зниження розміру зерна, 
підвищуються характеристики міцності і зберігається значення періоду кристалічної решітки даних об'єктів. Встановлено, 
що при вмісті заліза до ~ 2 ат. % Його атоми зосереджені в границях зерен матричного металу – алюмінію у вигляді 
зернограничних сегрегацій. При великих концентраціях структура конденсатів є пересиченим розчином заліза в ГЦК 
кристалічній решітці алюмінію. На границях і всередині об’єму зерен присутні високодисперсні інтерметалліди Al13Fe4. 
Виявлено, що для однокомпонентних конденсатів алюмінію виконується залежність Холла-Петча. Величина коефіцієнта 
Холла-Петча становить 0,05 МПа·м1/2, яка характерна для цього металу. Для конденсатів Al-Fe спостерігається позитивне 
відхилення від залежності Холла-Петча і коефіцієнт k збільшується до 0,4 МПа·м1/2 для структури з зернограничною 
сегрегацією і до 0,14 МПа·м1/2 для конденсатів, які містять інтерметалліди. Отримані експериментальні результати 
пояснюються різним структурно-фазовим станом границь зерен алюмінієвої матриці. 
Ключові слова: Зерногранична сегрегація, вакуумний конденсат, інтерметалід, Al-Fe, розмір зерна 
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The paper presents the experimental results of light radiation from Y2O3 ceramics caused by X-rays with energy up to 50 keV. The 
samples were made from commercial Y2O3 nanopowder by pressing and subsequent sintering in air at different temperatures from 
1300 to 1500С. Some samples sintered at 1500°C were additionally annealed at 1000°C for 10 hours. X-ray diffraction analysis of all 
samples did not reveal differences in the crystal structure that could be explained by heat treatment during sintering and annealing. The 
spectra of light emission in the wavelength range of 250-750 nm showed the presence of radiation from the electronic transitions of 
YO structures on the background of the luminescence of trivalent yttrium oxide. The presence of such lines of YO systems were 
observed also for the powder, which allows us to conclude that these structures appear on the surface of the crystallites during 
production. As the sintering temperature of the sample increased, the intensity of optical radiation increased. A significant difference 
in the effect of both temperature and sintering (annealing) time on the intensity of light emission of yttrium oxide was revealed. The 
intensity of the luminescent band, which is associated with the self-trapped exciton, increased with increasing thermal contribution (to 
estimate the contribution, we introduced a parameter equal to the product of temperature and the time of thermal action). The increase 
in spectral intensity in the second, third, fourth, and fifth line systems (especially for the system of lines with a maximum 
of λ=573.5 nm) considerably exceeded the one for self-trapped exciton. Our experimental results on the second, fourth and fifth systems 
of lines, which coincide well with the molecular lines YO, suggest that the heat treatment of the samples sintered from pressed Y2O3 
powder leads to an increase in YO structures on the surface of the crystallites. 
Keywords X-ray light emission, yttrium oxide, spectrum, YO structure, powder sintering. 
PACS: 78 
 

Development of new technologies is associated with the use of materials basing on wide class of inorganic refractory 
compounds (oxides, carbides, nitrides, borides and others), which, in addition to high melting temperatures, have high 
resistance, high fire-resistant and anti-corrosion properties in combination with important electrophysical and optical 
characteristics [1–2]. The sintering process is of particular importance for powder formation of ceramics. Herewith 
powder consolidation technologies can be divided into two main methods. The first is the molding of a material pressed 
at room temperature followed by sintering; the second, called sintering under pressure, is the simultaneous pressing and 
sintering of powders [1]. 

In most materials, including ceramics, physical and mechanical properties depend on the homogeneity of structure 
and density. As a rule, with increasing porosity, these characteristics decrease. The initial powders of ceramics of different 
fractions are subjected to different methods of shaping and heating at different rates. The larger the size of ceramic 
specimen, the slower it is necessary to raise the temperature during sintering, sometimes up to 0.1÷10 degree per minute, 
to suppress nonuniform heating processes caused by low thermal conductivity of oxides: nonuniform solidification 
contraction of ceramics on the surface and in the middle of specimen. At nonoptimal heating rate, ceramics with a large 
number of macro- and microdefects (pores, macro-and microcracks, dislocations) are formed. For small samples 
(laboratory) the rate of temperature rise can be much higher. 

Among a wide class of ceramics, yttrium oxide (Y2O3) is of particular interest. This material has many applications, 
such as a supplement component in the processing of ceramic materials, substrates for semiconductor films, optical 
windows and doped with rare earth components elements for lasers and so on [3]. Structural stability in combination with 
unique mechanical properties also permits to consider Y2O3 as an interesting material for other applications. Its optical 
properties have been widely studied in terms of its use as a host matrix material for doping with rare earth ions such as 
samarium, erbium, gadolinium and europium for luminescence applications [see, for example, 4-6]. As for pure yttrium 
oxide, its optical properties have been less studied, nevertheless, in recent years a number of works has paid attention to 
its luminescent properties in connection with new possibilities of using as active elements of solid-state lasers [7-8] and 
luminophores [9]. 

Due to spectroscopic study (spectroscopy is the most versatile remote monitoring tool) astronomers have revealed 
presence of YO-components in various astrophysical sources. That is why YO-molecule spectrum is of considerable 
astrophysical interest because it is one of the main features in the spectra of cool star atmosphere [see, for example, 3-4]. 
Note that the presence of isolated YO-lines in the spectra of sintered ceramics of Y2O3 samples was confirmed in a number 
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of works [12-13]. The authors [12] identified series of narrow bands that are located in the blue (435–510 nm), orange 
(515–640 nm), red (645–700 nm), and infrared (785–840 nm) spectral ranges as most pronounced in the spectra of 
commercially available powder and Y2O3 ceramics. They assumed that these series are emitted by bound YO-radicals, 
which are a part of the surface structure of yttria crystals. In our earlier experimental work [13], we also paid attention to 
the fact that isolated YO molecular lines were observed in the spectrum of ceramics sintered from yttrium oxide (sintering 
of the samples compacted from pure Y2O3 nanopowder). 

This paper deals with an experimental study of X-ray light emission of Y2O3 (nanopowder and ceramics) making an 
emphasis on changes in spectral series which are responsible for YO band systems depending on heat treatment of the 
samples. 

 
EXPERIMENT 

The experiment were done with commercially available yttrium powder «ITO-Lyum», consisting of pure Y2O3 
(purity of the powder was approximately 99.9828 %). The samples were produced by compaction procedure of the 
powder. «ITO-Lyum» powder hitch with mass of 1 g were placed inside the cylindrical pressform with a diameter of 
10.8 mm. A hydraulic press worked in the following regime: the pressure inside the pressform was grown from 0 up to 
the value of 3000 kgf per cm2 (327.5 MPa) during 1 minute without an additive exposure at maximum pressure. So 
pressed cylindrical pellets of 10 mm in diameter and approximately 3 mm thickness were prepared. Thermal treatment 
was performed in commercial electric furnace «Naberthem LHT 04/18». To avoid possible penetration of impurities into 
the sample (contamination by volatile oxides from the furnace) we used special a container made from the same yttrium 
oxide ceramics. Sintering was carried out in in air atmosphere. The heat treatment cycle included the following stages 
(see Fig. 1): 1) slow increase of the temperature during approximately 3 h (the average rate was 8÷10 C per min) up to 
sintering temperature 1300 °C (sample #1), 1400 °C (sample #2), 1500 °C (sample #3); 2) sintering at this temperature 
for 1 h; 3) cooling to room temperature for 4 h in an air atmosphere. Some of the samples were additionally annealed at 
1000 °C for 10 h, followed by cooling for the same time (the sample #4). It is generally accepted that sintering of yttrium 
oxide ceramics begins at temperatures of about 700 °C [15] (Fig. 1 shows the area (filled by gray color) that corresponds 
to the most efficient sintering process). 
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Figure. 1. Typical heat treatment shown by the example of the sample T=1500 °C. 

The samples were examined by some diagnostics: X-ray diffraction analysis (XRD) and Scanning electron 
microscopy (SEM). Light emission excited by X-ray irradiation was studied on spectrometric complex (see details 
in [13]). X-ray vacuum tube source operated at voltage of up to 50 kV. Spectra were measured by grating monochromator 
at wavelength range of 250–750 nm. The measuring channel was calibrated with taking into account corresponding 
spectral sensitivity of the apparatus. 

 
RESULTS AND DISCUSSION  

X-ray diffraction 
X-ray diffractometer DRON-4-07 (Cu-Kα radiation with applying Ni selectively absorbing filter, diffracted radiation 

was registered by a scintillation detector) was applied for crystallographic analysis of the samples. X-ray diffraction 
pattern showed presence of single-phase and cubic yttrium oxide (space group No. 206). No traces of other phases were 
found within the sensitivity of the method. XRD demonstrated that the samples #1-4 were almost identical; no significant 
differences were found in the pattern.  

The lattice parameters were slightly higher than database (ICDD PDF-2 International database). The distribution of 
the intensities of the diffraction lines corresponded to a polycrystalline non-textured state.  
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Scanning electron microscopy 
SEM-examination of our ceramics was done by means of commercial Scanning Electron Microscope 

JEOL JSM-7001F. Fig. 2 shows the morphology of Y2O3. The prepared samples showed good morphology and 
homogeneity with grains of nano- and micro- sizes. We have seen that the images for plane surface and fresh cleavage 
demonstrated no noticeable differences. SEM-study of the the samples #3 and #4 demonstrated minor differences in the 
images before and after additional 10 h annealing, which indicates the absence of significant changes in the structure of 
Y2O3 ceramics associated with long heating. Also, no significant difference was found on the surfaces and fresh cleavage 
of the additionally annealed sample. 

 

а b 

Figure. 2. SEM-image of Y2O3 (sample #3, T=1500 °C): a is plane surface, b is fresh cleavage. 
 

Luminescence measurements 
Figure 3 shows typical light emission spectra induced by X-ray irradiation for powder and ceramics, sintered at 

1500 °C (sample #3). To compare the spectra for different samples and experimental conditions, we performed the 
normalization to the maximum value of the first band, which is usually associated with self-trapped exciton (STE) [16]. 
As it could be seen, the spectra contained one wide band and four systems of lines, which we have already observed 
earlier [13]. The maxima of the first band lied near 350 nm, the other maxima of line systems were 487 nm, 545 nm, 
573.5 nm and 670.5 nm. It should be noted that the spectrum observed for ceramic sample #3 was also similar to the 
spectra for samples #1, #2 and #4.The origin of light generation of the bands has been already discussed [13]. We only 
note that the first broad band is associated with an exciton [16], while the second, fourth, and fifth systems of lines are 
identified with good accuracy as lines of molecular yttrium oxide [17]. The origin of the third peak has not yet been 
established and requires further research. As for the doublet in the region 314–316 nm, its identification turned out to 
be difficult, since it did not correspond to any known radiation from up-to-date atomic and molecular spectral 
databases. 

As can be clearly seen from Fig. 3 for the spectra of the powder that was not subjected to heat treatment, the lines 
associated with YO molecule system of lines are small, except for a peak at approximately λ=573.5 nm. For samples that 
were heat treated, the situation changed. The emission peaks of YO molecules have increased significantly compared to 
the maximum of the STE band. Heat treatments with the temperatures at which the samples were sintered hardly led to a 
significant increase in the size of Y2O3 crystallites, and, consequently, to an increase in the maximum of the band 
associated with STE light emission. The significant increase in YO systems of lines is apparently associated with a 
significant increase in the number of YO structures on the crystal surface. 

The processes of sintering and annealing of powder ceramics strongly depend on both temperature at which these 
processes effectively occur and on the time of exposure of the sample to these temperatures. As we mentioned above, 
yttrium oxide the sintering and annealing processes begin to proceed effectively at temperatures above 700 °C [15]. We 
took into account the influence of these factors on the properties of the samples under study by applying such a parameter 
as temperature multiplied by the time of exposure of a given temperature to the sample (some analogy of the energy 
contribution parameter). We calculated the value of this parameter for our samples and plot the dependences of the 
maximum values of the light intensities for 5 band systems on the energy contribution parameter during heat 
treatment (Fig. 4). 

As it can be seen from the figure, with an increase of the energy contribution parameter, the intensity of the line 
systems associated with YO structures increases. The last points for all experimental curves, corresponded to the sample 
#5 sintered at a temperature of 1500 C with additional annealing at a temperature of 1000 C, tend to influence slightly 
the YO line system light emission. 
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Figure 3. X-ray luminescence spectra of yttrium oxide powder and ceramic sample (sintering temperature of 1500 °C). 

The numbers from 1 to 5 indicate the wavelength ranges of the corresponding first band and systems of lines (vertical bars are 
shown to guide eye, it indicate the borders of the bands). 
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Figure 4. Luminescence light intensity as function of sintering temperature multiplied by time 
for different wavelength bands of Y2O3 spectra. 

 
CONCLUSIONS 

The performed study of the light emission from the powder and sintered ceramics exposed to X-ray irradiation up 
to 50 keV made it possible to conclude the following. As shown by X-ray structural analysis, as a result of sintering and 
annealing, Y2O3 crystal lattice does not change, and new types of the crystal lattice are not formed. Meanwhile, the 
luminescence measurements revealed that besides light emissions associated with Y2O3 band systems corresponded to 
self-trapped exciton decay (generation of radiation in the entire volume of ceramics), there were intensive YO band 
systems (molecular character of the spectral lines pointed out on light emission from molecule structures on surface of 
the crystallites). The linear structure of the YO spectra suggests that YO structures are weakly bound to Y2O3 crystal 
structure. The influence of the sintering temperature on peak maximum intensities, which allows us to talk about growth 
of energy contribution to the Y2O3 pellet, leads to an increase in the intensity of the band and systems of lines associated 
with YO structures. The presence of YO structures on the surface of the initial ITO-LUM powder, which is clearly seen 
on the spectra, makes it possible to draw a conclusion about the synthesis of these structures during production process 
of Y2O3 powder. It should be noted that the number of these structures on the surface of Y2O3 crystallites increasing with 
heat treatment process. 
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ЛЮМІНЕСЦЕНЦІЯ ОКСИДУ ІТРІЮ, СПРИЧИНЕНА РЕНТГЕНІВСЬКИМ ОПРОМІНЕННЯМ 
С. Кононенко, О. Калантар’ян, В. Журенко, В. Чішкала, С. Литовченко 

Харківський Національний університет ім. В.Н.  Каразіна 
61022, Україна, м. Харків, пл. Свободи, 4 

Наведено результати експериментальних досліджень світлового випромінювання кераміки Y2O3, спричиненого 
рентгенівським випромінюванням з енергією до 50 кеВ. Зразки виготовлялися з комерційного нанопорошку Y2O3 методом 
пресування та подальшого спікання в атмосфері повітря за різних температур від 1300 до 1500С. Деякі зразки, спечені за 
температури 1500С, додатково відпалювалися за температури 1000С протягом 10 годин. Рентгеноструктурні дослідження 
всіх зразків не виявили відмінностей у кристалічній структурі, які могли бути пов'язані з температурною обробкою під час 
спікання та відпалу. Спектри світлового випромінювання в діапазоні 250-750 нм показують наявність випромінювання від 
електронних переходів YO структур на тлі люмінесценції оксиду тривалентного ітрію. Наявність такого випромінювання 
було зафіксовано і для порошку, що дозволяє зробити висновок щодо виникнення цих структур на поверхні кристалітів у 
процесі виробництва. Зі зростанням температури спікання зразка інтенсивність оптичного випромінювання зростала. 
Виявлено суттєву відмінність впливу як температури, так і часу спікання (відпалу) на інтенсивність люмінесценції та свічення 
оксидів ітрію. Інтенсивність люмінесцентної смуги, яка пов'язується із самозахопленим екситоном, зі зростанням теплового 
вкладу зростала (для оцінки вкладу ми в роботі запровадили параметр, що дорівнює добутку температури на час теплового 
діяння). Зростання інтенсивності випромінювань у другій, третій четвертій і п'ятій системах ліній (особливо для системи ліній 
з максимумом λ=573,5 нм) помітно перевищувало таке для само захопленого екситону. Отримані нами експериментальні 
результати щодо другої, четвертої та п'ятої систем ліній, які добре збігаються молекулярними лініями YO, дозволяють 
припустити, що теплова обробка зразків кераміки, спеченої з пресованого порошку Y2O3, призводить до збільшення YO 
структур на поверхні кристалітів. 
Ключові слова: рентгенівська емісія світла, оксид ітрію, спектр, YO структура, запікання порошків. 
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Good quality potassium bisulphate (KHS) single crystals have been grown by slow evaporation method at room temperature. The KHS 
crystal was found to be crystallizing in orthorhombic crystal structure with Pbca space group. The photoluminescence behaviour of the 
crystal was analysed in the visible region. This study disclosed that the grown KHS crystal has intense blue emission peak at 490 nm. 
Impedance analysis was performed to investigate the frequency dependent electrical characteristics at various temperatures. From the 
impedance studies the bulk resistance, grain boundary resistance and DC conductivity values of the grown crystal were found out. The 
KHS crystal was subjected to TGA/DTA and the results have been investigated. The electrical parameters like Fermi energy and 
average energy gap of KHS crystal have been determined. The evaluated values are used to estimate the electronic polarizability. The 
intermolecular interactions were predicted using Hirshfeld surface analysis. This analysis exhibited that the utmost contribution to the 
crystal structure was the K⋯O (46.7%) interaction. The 2D fingerprint plot provides the percentage contribution of each atom-to-atom 
interaction. Since KHS material is a centrosymmetric crystal, it could be used for third order nonlinear optical (NLO) applications.  
Keywords:    Inorganic crystal; solution growth; XRD; photoluminescence; impedance; TGA/DTA; electronic polarizability; 3-D 
Hirshfeld surface. 
PACS: 81.10.Dn, 81.10.−h 
 

In recent years, single crystals with good electrical, thermal, and nonlinear optical properties are in high demand for 
the development of solid state devices. Accordingly, many researchers have focused on the feasibility and applicability 
of crystal in the fabrication of devices [1]. Nowadays, the study of NLO materials has garnered much attention since its 
technological needs are obvious [2]. Some researchers have reported that the inorganic crystals gaining its popularity in 
the area of nonlinear optics owing to its good physical and chemical stabilities [3]. Many useful inorganic crystals have 
been discovered and used in laser sources. One such inorganic NLO active substance is potassium bisulphate, often known 
as potassium hydrogen sulphate (KHS). Though KHS is reusable, affordable, non-toxic and can be employed in both 
homogeneous and heterogeneous conditions, only few research works have been reported to understand its physical 
properties. Loopstra has reported the crystal structure of KHS crystal [4]. And the thermoelastic properties of single 
crystals of KHS have been studied by some investigators [5, 6]. To the best of our knowledge, here we are reporting for 
the first time the photoluminesnce behaviour, electrical properties and intermolecular interactions of the KHS crystal. 
Also the experimental and theoretical value of density of the KHS crystal has been compared. 

 
GROWTH OF KHS CRYSTAL 

The mixture to grow single crystals of KHS was prepared from high grade potassium hydrogen sulfate using aqueous 
solution. The solution was stirred for three hours using magnetic stirrer. The prepared mixture was then filtered and placed 
undisturbed in a reasonably dustless atmosphere. The KHS crystal was harvested within 30 days. The photograph of the 
grown KHS crystal is shown in Fig. 1. 

 
RESULTS AND DISCUSSION 

Structural characterization 
The grown KHS crystal was exposed to single crystal X-ray diffraction investigations using MoKα radiation ENRAF 

NONIUS CAD4 diffractometer to identify the crystal system. The data acquired from single crystal XRD investigation 
displayed in Table 1 shows that the KHS crystal belongs to the orthorhombic crystal system with Pbca space group and 
16 molecular units per unit cell. The results of this study appear to be in excellent accord with the published values [4]. 
Because the Pbca group is a centrosymmetric space group, no second order nonlinear optical (NLO) characteristics will 
be observed in this sample. 
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Figure 1. Grown crystal of KHS 

Table 1. Single crystal XRD data for KHS crystal 

Chemical formula 
Refinement method 
Molecular weight 
Crystal habit 
Crystal Symmetry 
Space group 
a 
b 
c 
α 
β 
γ 
Z 
Volume of unit cell 
Density 

KHSO4  
Full matrix Least square method 
136.17  g/mol 
Colorless, transparent 
Orthorhombic 
Pbca 
8.411(4) Å 
9.802 (3) Å 
18.961(2) Å 
90° 
90° 
90° 
16 
1563.23(4)  Å3 

2.313 g/cc 
 

Photoluminescence studies 

 

Figure 2.  PL spectrum of the KHS crystal excited at 320 nm. 

The PL analysis of KHS single crystal was performed out in the range between 350- 600 nm with an excited wavelength 
320 nm and it is shown in Fig. 2. The prepared KHS crystal shows both UV and broad visible emissions. The strength of the 
peak emitted in the visible range is higher when compared to the UV region. The PL spectrum recorded indicates a less 
intense UV emission at ~ 359 nm and the blue emission bands at ~ 412 nm, ~ 438 nm and ~ 490 nm. And the emission in 
the UV and visible region is attributed to the free exciton recombination through an exciton–exciton collision process and 
the presence of intrinsic defects respectively [7]. The occurrence of charge transfer [8] in the molecules might explain the 
sharp emission peak at 490 nm. The spectrum indicates that the KHS crystal can be beneficial for fluorescence in blue LED 
applications [9]. 
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Impedance Studies 
Impedance analysis was used to understand the electrical behaviour of the KHS crystal. Fig. 3 and 4 depict changes 

in the real  Z   and imaginary  Z   portions of impedance for the KHS crystal against frequency. As seen in the graph, 

the real part  Z   of impedance drops as the temperature and frequency rises. Fig. 4 shows that the amplitude of Z   rises 

at first, then declines with increasing frequency after reaching a peak  maxZ  . As the temperature rises, the peak widening 

and shift to higher frequency regions is observed which shows the presence of an electrical relaxation phenomenon. 
Moreover, the impedance curves at all temperatures were combined at higher frequency due to a decrease in space charge 
polarization [10]. 

Figure 3. Real term of impedance against frequency Figure 4. Imaginary term of impedance against frequency 

Fig. 5 shows the Nyquist plots for the grown KHS crystal between Z and Z  of impedance at various temperatures. 
The existence of a single semicircular arc and spike suggests that the material's electrical characteristics are mostly 
attributable to bulk and grain boundary influences [11]. Table 2 shows the bulk resistance bR  as well as the grain 

boundary resistance gbR  of the sample derived from the plot. The data clearly shows that when the temperature rises, bR

and gbR decreases. Furthermore, this finding supports the insulating nature of KHS sample. Moreover the conductivity 

of the KHS crystal presented in table 2 was estimated using the formula [12] bARd / , where A  is the area of the 

face of the crystal in contact with the electrode and d  is the thickness of the KHS crystal. The low conductivity of grown 
KHS crystal supports its quality of dielectric material. 

Figure 5. Nyquist plot for KHS crystal 

Table 2. Bulk resistance, grain boundary resistance and DC conductivity values of the KHS crystal 

Temperature (oC) Bulk resistance bR  
(ohm) 

Grain boundary resistance gbR  

(ohm) 

DC conductivity  
(ohm m) -1 

30 4.40 x 106 2.63 x 106 2.49 x 10-6 
50 4.00 x 105 1.90 x 105 2.74 x 10-5 
70 1.90 x 105 1.02 x 105 5.76 x 10-5 
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Thermal studies 
The thermal feature of KHS crystal was investigated using the Perkin Elmer STA 600 TG-DTA instrument in the 

temperature range of 40–730 °C. In a nitrogen environment, the experiment was performed at a pace of 10 °C per minute. 
Fig. 6 shows the TGA and DTA graph of the KHS crystal. At the beginning of experiment, mass of the sample was 19.90 
mg and it had a mass of 14.4 mg at the end. The slight weight loss in the TGA curve over the temperature range 40-50 oC 
is attributed to the removal of adsorbed water molecules by the sample from the atmosphere. Chemical dehydration is 
responsible for the endothermic peak at 195°C. And the peak in the DTA curve at 210°C, which corresponds to the weight 
loss in the TGA curve, indicates simultaneous melting and disintegration of the KHS crystal. The wide peak after the 
disintegration point is due to the evaporation of gaseous materials [13-15]. Thermal stability of the grown KHS crystal 
ascertains that they may be used at higher temperatures [16]. The result indicates that 72% of the sample retained even at 
720°C. Hence the sample has an imperative quality for device manufacturing.  

 

Figure 6.  TG/DTA curves for KHS sample 

Electronic polarizability of KHS crystal 
The tendency of a charge distribution to be deformed from its usual shape when an electric field is applied to a sample 
consisting of atoms or molecules is known as electronic polarizability. The estimation of electronic polarizability relies upon 
certain solid state parameters such as plasma energy of valence electron  vE , Fermi energy  FE  and Penn gap energy  pE

. The value of vE  is estimated from the following equation  

   218.28 MZEv   

where Z  is the number of valence electrons of KHS molecule,  is the density of the crystal and M  is the molecular 

weight of KHS crystal. Here M  = 136.17 g mol-1,  = 2.313 g/cc, Z= 32. 

Penn gap energy or average energy gap can be estimated using the dielectric constant [17] from the relationship 

  211  vp EE where    is the dielectric permittivity, often known as the dielectric constant, has a value of 4.5 at 

1 MHz [18]. Fermi energy is the kinetic energy of particles in their most occupied state, and it may be calculated 

theoretically using the equation 342948.0 vF EE  .  Table 3 shows the calculated values of vE , pE  , and FE  for the 

KHS crystal. 
The electronic polarizability    of KHS crystal may be determined using the Penn analysis from the relationship   

       2422 10369.03   MESESE pvv  

where    243141 FpFp EEEES   is a specific constant of the material [19, 20]. The electronic polarizability of 

the KHS crystal is determined to be 2.196 x 10-23 cm3 using Penn analysis. 
The value of  of KHS crystal may also be computed using the Clausius-Mossotti relation given below 

      2143   NM 

where N  is the Avogadro’s number [21] and the estimated value of  electronic polarizability is  1.256 x 10-23 cm3. The 
results show that the electronic polarizability of KHS crystal determined using both techniques is almost identical. 
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Table 3. Values of vE , pE  , and FE  for KHS crystal  

Energy parameters Values (eV) 

Plasma energy  vE  21.233 

Penn gap energy  pE  11.350 

Fermi energy  FE  17.315 

 
Experimental determination of density of crystal 

Flotation method was employed to estimate the density of the KHS crystal. A tiny part of crystal was submerged in 
the mixture of liquid bromoform and carbon tetra chloride in a specific gravity container. When the sample was in the 
condition of mechanical equilibrium, the density of both the crystal and the combination of liquids would be equivalent. 
Then using the following relation density can be estimated  

   1213 wwww   

where 1w represents the weight of a specific gravity bottle, 2w and 3w represents the weight of a specific gravity bottle 

filled with water and the solution mixture respectively. The experimentally estimated density of KHS crystal is 2.325 
g/cc, which is nearly identical to the density of KHS crystal, determined using the XRD technique [22].  
 

Kurtz-Perry powder technique for SHG 
The Kurtz and Perry approach was used to determine the second harmonic generation (SHG) efficiency of the 

powdered form of the grown KHS crystal [23]. Nd: YAG laser beam (  = 1064 nm) of very high intensity with a pulse 
length of about 6 ns was incident over the prepared material. The reference sample in this experiment was KDP. The 
grown crystal was crushed into a powder with a grain size of 300-350 m and the SHG was measured. It is noticed that no 
green radiation is emitted during the experiment. However, at an input energy of 0.70 J, the typical KDP sample produced 
green radiation with a SHG signal of 8.90 mJ. From the SHG analysis it is observed that the magnitude of SHG for the 
KHS sample is zero and is attributed to the centrosymmetric nature of the grown crystal.  Third order NLO property (Z-
scan) analysis of KHS sample is in progress. 
 

Hirshfeld surface analysis 
The Crystal Explorer 17.5 programme was used to analyze Hirshfeld surfaces and generate the corresponding 2D 

fingerprint plots for the KHS crystal. The intercontacts in the KHS crystal were seen utilizing the normalized contact 
distance normd , distance between Hirshfeld surface and the closest atom inside the surface id  and distance between 

Hirshfeld surface and the closest atom outside the surface ed  maps on the Hirshfeld surface displayed in Fig. 7. 

 
a) b) 

 
c) d) 

Figure 7. The Hirshfeld surface of the compound mapped with a) normd b) id c) ed d) shape index 
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The surfaces were made transparent so that molecules and the crystals interacting environment could be seen clearly. 
The colors red, white and blue in the normd  mapped Hirshfeld surface show that the interatomic contacts [24-26] are 

shorter longer, Van der Waals separated and longer respectively. The bright red zone in the normd  mapping shows the 

presence of hydrogen bond interactions (S–HO) in the Hirshfeld surface of the investigated crystal. The shape index 
elucidates molecular packing in more depth. The donor of an intermolecular interaction is represented by the blue bump-
shape with a shape-index greater than 1, while the acceptor is represented by the red hollow with a shape-index less 
than 1. The hydrogen-donor and hydrogen-acceptor groups were represented by the blue and red areas on the shape-index 
map of KHS crystal displayed in Fig. 7 d). Fig 8 shows a 2D fingerprint plot depiction of a Hirshfeld surface. With 46.7 
percent of the Hirshfeld surface of the title molecule, the K…O intercontact makes a significant contribution. Other 
intercontacts discovered in the Hirshfeld surface of the investigated compound include O...O (27.9%) and S...O (25.4%). 

a) b) 

c) d) 
Figure 8.  a) title compound b) K..O c) O..O d) S..O interactions and their contribution to the Hirshfeld surface 

 
CONCLUSION 

High optical quality single crystals of KHS were grown by slow evaporation technique. The crystal structure and 
space group of grown KHS crystal were determined by XRD technique. The photoluminescence feature of the grown 
crystal indicates that it is appropriate for the photonic devices manufacturing. The electrical properties have been studied 
using impedance spectroscopic technique and can be used as a tool to identify the good quality dielectric crystal. Thermal 
steadiness and decomposition point were found by TGA/DTA analysis and it suggests that the sample can be employed 
for device fabrication. The solid state electronic parameters and the electronic polarizability of KHS crystal were 
calculated. And the SHG analysis divulges that the KHS crystal is centrosymmetric. The percentages of the intermolecular 
interactions of the grown sample are revealed using 3D Hirshfeld surface analysis and 2D fingerprint plots. 
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ФОТОЛЮМІНЕСЦЕНЦІЯ, ІМПЕДАНС, ТЕРМІЧНІ ХАРАКТЕРИСТИКИ ТА АНАЛІЗ ПОВЕРХНІ ХІРШФЕЛЬДА 

МОНОКРИСТАЛІВ БІСУЛЬФАТУ КАЛІЮ ДЛЯ ЗАСТОСУВАНЬ NLO ТРЕТОГО ПОРЯДКУ 
К. Тілагаa,d, П. Селварайянb, С.М. Абдул Кадерc 

aДослідник, реєстраційний номер 19221192132006, факультет фізики, коледж Садакатуллаха Аппа 
Тірунелвелі -627011, Тамілнаду, Індія 

bKафедра фізики, Коледж мистецтв і науки Адітанар, Тіручендур -628216, Тамілнаду, Індія 
cКафедра фізики, Коледж Садакатуллаха Аппа, Тірунелвелі -627011, Тамілнаду, Індія 

(Університет Манонманіам Сундаранар, Абішекапатті, Тірунелвелі – 627012, Тамілнаду, Індія) 
dКафедра фізики, Sri S.R.N.M College, Sattur-626203, Тамілнаду, Індія 

Високоякісні монокристали бісульфату калію (KHS) були вирощені методом повільного випаровування при кімнатній 
температурі. Встановлено, що кристал KHS кристалізується в ромбічній кристалічній структурі з просторовою групою Pbca. 
Проаналізовано поведінку фотолюмінесценції кристала у видимій області. Це дослідження показало, що вирощений кристал 
KHS має інтенсивний синій пік емісії при 490 нм. Для дослідження частотно-залежних електричних характеристик при різних 
температурах проводили аналіз імпедансу. З досліджень імпедансу були виявлені величини об’ємного опору, опору межзеренних 
меж і провідності по постійному струму вирощеного кристала. Кристал KHS був підданий TGA/DTA, і результати були 
досліджені. Визначено такі електричні параметри, як енергія Фермі та середня енергетична ширина кристала KHS. Оцінені 
значення використовуються для оцінки електронної поляризуємості. Міжмолекулярні взаємодії були передбачені за допомогою 
аналізу поверхні Гіршфельда. Цей аналіз показав, що найбільшим внеском у кристалічну структуру була взаємодія K⋯O (46,7%). 
Двовимірна діаграма відбитків надає відсотковий внесок кожної взаємодії атома з атомом. Оскільки матеріал KHS є 
центросиметричним кристалом, його можна використовувати для нелінійно-оптичних додатків третього порядку (NLO). 
Ключові слова: неорганічний кристал; зростання розчину; XRD; фотолюмінесценція; імпеданс; TGA/DTA; електронна 
поляризуємість; 3-D поверхня Гіршфельда. 
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Accumulation of carbon dioxide in the Earth's atmosphere leads to an increase in the greenhouse effect and, as a consequence, to 
significant climate change. Thus, the demand to develop effective technologies of carbon dioxide conversion grows year to year. 
Additional reason for research in this direction is the intention of Mars exploration, since 96% of the Martian atmosphere is just 
carbon dioxide, which can be a source of oxygen, rocket fuel, and raw materials for further chemical utilization. In the present paper, 
the plasma conversion of carbon dioxide have been studied in the dc glow discharge at the gas pressure of 5 Torr in a chamber with 
distributed gas injection and evacuation from the same side for the case of narrow interelectrode gap. The conversion coefficient and 
the energy efficiency of the conversion were determined using mass spectrometry of the exhaust gas mixture in dependence on CO2 
flow rate and the discharge current and voltage. Maximum conversion rate was up to 78% while the energy efficiency of the 
conversion was always less than 2%. It was found that the discharge at this pressure can operate in normal and abnormal modes and 
the transition between the modes corresponds just to the maximum value of the conversion coefficient for a given gas flow. It was 
shown that even in anomalous regime, when the cathode is completely covered by the discharge, the discharge contraction occurs in 
whole range of parameters studied. The anode glow and the plasma column outside the cathode layer occupy the central part of the 
discharge only that reduces the conversion efficiency. Optical emission spectra from the carbon dioxide plasma were measured in the 
range of 200-1000 nm, which allowed to make a conclusion that the Oxygen atom emission is mostly origins from the exited atoms 
appearing after dissociation rather than after electron impact excitation. 
Keywords: carbon dioxide, plasma conversion, dc glow discharge 
PACS: 52.80.Hc 

 
In recent years, the processes of conversion of carbon dioxide (CO2) have attracted considerable attention of 

researchers [1–3] due to at least two reasons. First, the accumulation of CO2 in the Earth's atmosphere leads to an 
increase in the greenhouse effect and, as a consequence, to significant climate change. The main source of carbon 
dioxide emission into the atmosphere is energy enterprises that burn fossil fuels and organic materials. In order to 
reduce the concentration of CO2 in the atmosphere, it is necessary both to reduce its emission by various sources and to 
develop effective methods for its utilization. Secondly, humanity plans to explore Mars and other planets and satellites 
of the solar system. However, 96% of the Martian atmosphere is CO2 [3]. Under such conditions, it is possible to 
convert carbon dioxide molecules into carbon monoxide CO and oxygen O2. In this case, carbon monoxide CO can be a 
raw material for further chemical utilization, and the CO/O2 mixture has proven itself as a rocket fuel [3]. 

Plasma methods are among the most efficient for CO2 conversion. Detailed studies were carried out with dielectric 
barrier discharges [4–6], gliding arc [7–9] and microwave [10–13] discharges. There are also a small number of studies 
on CO2 conversion in nanosecond pulse discharge [14], corona [15, 16], glow [17–19], radiofrequency CCP [20, 21], 
capillary [22] and other types of discharges [23, 24]. Recently, a number of review papers have appeared (see for 
example [1, 2]), where the advantages and disadvantages of various methods of CO2 conversion are analyzed in detail 
as well as applicability of various types of gas discharges for this process. 

All plasma methods investigated to date can be divided into three different groups. Discharges of the first group 
(dielectric barrier, glow, microwave discharges, radiofrequency CCP, ICP [23]) allow to obtain high conversion 
coefficients (the ratio of the number of converted molecules to the initial number of CO2 molecules entering the plasma 
volume) of more than 50%, but at the same time the energy efficiency of the conversion (the fraction of the discharge 
power spent specifically for the conversion of CO2 molecules) is of the order of 1–10% and lower. The second group of 
discharges (gliding arcs) gives the opposite results – the energy efficiency of the conversion can exceed 50%, but the 
conversion rate is usually small and comparable to 10%. In the discharges of the third group (nanosecond pulse, corona, 
pulsed corona discharges [25]), both the conversion rate (less than 30%) and the energy efficiency of the conversion 
(less than 10%) are quite low. Obviously, these three groups can hardly be called effective for an economically viable 
production process for the conversion of carbon dioxide. Therefore, additional searches for optimal plasma technologies 
are needed. To do this, it is necessary to find out what types of discharges and chamber geometries will allow one to 
simultaneously obtain high values of both the conversion rate and the energy efficiency of the conversion. 

In our recent work [19], the process of CO2 conversion in DC discharge performed in the device possessing the 
distributed same-side gas supply and pumping for the distance between the electrodes of 60 mm was already 
investigated. In that work, the conversion rate reached 70%, but the energy efficiency of the conversion remained low 
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and usually did not exceed 1–3%. The reason for this was revealed in [26], where it was shown using the COMSOL 
software that with the large gap between the electrodes (as was the case in [19]), gas molecules between entering the 
discharge chamber and exit into the pumping system spend longer time in the discharge chamber than is necessary for 
their effective conversion in plasma that leads to excessive power loss. Therefore, in this work, we investigated the CO2 
conversion process for lower distance between the electrodes (11 mm). 

 
EXPERIMENTAL 

For the experiments, a discharge chamber was used, in which the CO2 feeding and reaction products evacuation 
are performed through the same electrode (shower-like electrode, see photo in Fig. 1). This electrode had 265 holes 
evenly distributed over its surface. The inlet and outlet holes are located on a regular hexagonal grid with a step of 5 
mm along the diagonals. This electrode was grounded to prevent parasitic discharges in the holes and in the pipes 
connected to it. The second, solid electrode was supplied with a positive voltage from the DC power supply; therefore, 
it was the anode. The electrodes were made of stainless steel.  

 
Figure 1. Photo of shower-like electrode 

Turbomolecular and rotary vane pumps were used to evacuate the vacuum chamber. The electrodes described 
above were external, a section of a quartz tube with an inner diameter of 93 mm was sealed between the electrodes 
spaced by 11 mm gap. Note that in narrower gaps the ignition of the discharge will be difficult, since the breakdown 
curves are shifted to the range of high gas pressures [27, 28]. The experiments were carried out at carbon dioxide 
pressure of 5 Torr. To measure the gas pressure, a Baratron 627 capacitive manometer (MKS Instruments) with a 
maximum measured value of 10 Torr was used. The carbon dioxide flux Q varied from 1 sccm to 200 sccm using a 
mass-flow controller. 

The CO2 conversion rate can be estimated using mass spectrometry of the exhaust gas. The gas mixture leaving 
the discharge chamber consists mainly of CO2, CO, O and O2. Using a thin capillary with inner diameter of 1 mm, the 
analyzed portion of gas was taken from the pumping system near the outlet of the discharge chamber and fed through a 
valve into the ROMS-4 mass spectrometer pumped by separate ion pump. Note that oxygen atoms recombine on the 
walls of the capillary with the formation of O2 molecules. The ion peak in the mass spectrum corresponding to the 16th 
mass (O+) origins from O2 molecules dissociation in the mass spectrometer ionizer. Therefore, we analyzed the peaks of 
M = 28 (CO+), M = 32 (O2

+) and M = 44 (CO2
+) mass. Before each experiment, the mass spectrum of the residual gas in 

the mass spectrometer was measured and then subtracted from the obtained mass spectra of the analyzed gas mixture.   
The optical emission of the discharge was measured by optical emission spectroscopy. The optical fiber was in a 

fixed position 5 mm from the grounded cathode electrode (almost in the center of the gap between the electrodes) and 
supplied the collected discharge radiation to the Horiba iHR-320 optical spectrometer. This spectrometer has a 
diffraction grating of 1800 lines/mm allowing spectrum measurement in wide wavelength range (200–1000 nm), with 
high resolution (better then 1 Å). 

Note that the following three parameters are used to characterize the process of carbon dioxide conversion: 
specific energy input (SEI), absolute conversion coefficient  and energy efficiency of the process . Specific energy 
input is the ratio of the power supplied to the discharge to the value of the gas flow: 
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where P is the power, dm/dt is the gas flow rate. The absolute conversion rate is the ratio of the number of CO2 
molecules that have been converted as the gas passes through the plasma volume to their initial number: 
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in out

in

N N

N



 , 

where Nin and Nout are CO2 fluxes entering and pumping out of the chamber, respectively. Energy efficiency compares 
the energy consumption of a given conversion technique with the standard enthalpy of the process:  

H

SEI
  
  , 

where H = 2.93 eV per molecule. 
Thus, SEI, conversion coefficient  and energy efficiency  can be determined if the concentration of CO2 

molecules without plasma and with a burning discharge were measured using a mass spectrometer, while 
simultaneously registering the power P deposited into the plasma and gas flow Q fed into the chamber. This technique 
is described in detail in [23, 24]. 

 
EXPERIMENTAL RESULTS 

Let us consider our results obtained for a carbon dioxide pressure of 5 Torr. This pressure is interesting because 
the average atmospheric pressure of Mars is close to this value, therefore, a significant part of the experiments of other 
authors on the conversion of CO2 were carried out precisely for this pressure. 

Figure 2 shows a photograph of the discharge with current of 100 mA for the considered CO2 pressure. At a lower 
current the normal mode is observed where the discharge covers only a part of the cathode surface. 

 

Figure 2. Photo of the discharge at CO2 pressure of 5 Torr, gas flow rate of 2 sccm, and discharge current of 100 mA. 

In this case, an increase in the current (until the moment of complete coverage of the entire cathode by the 
discharge) occurs at a constant or even decreasing voltage across the electrodes [29]. Figure 3 shows that the current-
voltage characteristics of the discharge have two branches: falling (the current decreases with increasing voltage) and 
growing (current and voltage increase simultaneously). 
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Figure 3. Dependences of the current and the power supplied to the discharge on the applied voltage at various gas flow rates (2 
sccm, 5 sccm, 20 sccm and 200 sccm). 

The falling branch belongs to the normal mode. The growing branch describes an anomalous regime in which the 
cathode surface is already completely covered by the discharge, and to further increase the current, it is necessary to 
increase the voltage across the cathode layer (and over the entire discharge gap) to enhance the ionization production of 
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charged particles. The values of the power supplied to the discharge presented in Fig. 3 will be used below to determine 
the SEI and the energy efficiency  of the process. 
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Figure 4. Dependence of the voltage across the electrodes and the 
power applied to the discharge on the gas flow Q at the pressure of 5 

Torr and the current of 300 mA 

Figure 5. Optical emission spectrum measured at carbon 
dioxide pressure of 5 Torr, flow rate of 5 sccm, and 

discharge current of 300 mA. 

Note that even when the discharge completely covers the cathode surface the glow occupies only a part of the 
anode area. If the distance between the electrodes is increased, then, starting from the anode, with a sufficiently large 
gap, a contracted positive column is formed, which occupies only a part of the cross section of the discharge tube. The 
photograph of the discharge shown in Fig. 2 shows that the cathode layer (which is practically invisible) and the 
negative glow jointly extend only 2–3 mm from the cathode surface. Deceleration of the bulk of fast electrons (born and 
accelerated in the strong electric field of the cathode layer) occurs just in the negative glow. The negative glow 
transforms into the dark Faraday space and then, in the region of the plasma column, into the anode glow. However, 
outside this column, a significant part of the discharge volume is occupied by decaying plasma with low density of 
charged particles. Therefore, as will be shown below, at a carbon dioxide pressure of 5 Torr, the energy efficiency of 
the conversion is low.   

Figure 4 shows that with an increase in the carbon dioxide flux Q both the voltage between the electrodes and the 
power applied to the discharge first decrease, reach a minimum at a flux of about 2.5–3 sccm, and then increase. The 
discharge current during this experiment was kept constant. 

The optical emission spectrum of the discharge (see Fig. 5) consists of lines of atomic oxygen O (777 nm, 844 nm 
and 926 nm), as well as a large number of bands of CO molecules (they mainly relate to the Angstrom system, the 
B 1  A 1  transition from the second to the first state of electronic excitation of the molecule). 
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Figure 6. Dependences of the intensities of emission lines for CO2 (337 nm), CO (519 nm) and O (777 nm) on 
the gas flow rate at pressure of 5 Torr and discharge current of 300 mA.  

In addition, there are weak lines of O2 (Schumann-Runge system, B 3  X 3), CO+ ("comet tail" system, 
A 2  2 transition from the first excited electronic state to the ground state). The glow of CO2 molecules is 
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represented by a weak line with a wavelength of 337 nm. Note that the luminescence of atomic oxygen can be caused 
both by the dissociation process itself (in this case, the CO2 molecule decays into CO in the ground state and into an 
excited O atom [1, 2]), and by the excitation of oxygen atoms by subsequent electron impacts. That is why the 
intensities of the lines of atomic oxygen are so high in comparison with the lines of CO molecules. Moreover, the 
intensities of the CO, CO2 and O2 lines (which are excited only by electron impact) are usually tens of times lower than 
the intensities of the atomic oxygen lines. Thus, we suppose that the glow of oxygen atoms at wavelengths of 777 nm 
and 844 nm is almost completely associated with the process of dissociation of CO2 molecules. 

The difference in the mechanisms of excitation of CO molecules and O atoms is clearly seen in Fig. 6, which 
shows the dependences of the intensities of the emission lines of CO2, CO and O on the gas flow rate. 

It follows from the figure that the emission intensity of carbon dioxide molecules first decreases with the gas flow 
rate increase, reaches a minimum, and then increases. The opposite behavior is shown by the intensity of the lines of 
oxygen atoms, first increasing with the flow rate increase, then reaching a maximum, and finally decreasing. This 
behavior of the CO2 and O lines can be explained by the assumption that at low gas flow rates (Q ~ 1 sccm) carbon 
dioxide molecules have time not only to be converted into CO and O, but also to partially recombine back into CO2 
molecules. With the flow rate increase, the residence time of molecules in the discharge chamber decreases, the process 
of CO and O recombination in CO2 plays a lesser role, thus, the CO2 concentration decreases, and the concentration of 
oxygen atoms increases. At higher flows (Q > 10 sccm), the gas is removed from the discharge without having time to 
be converted. However, the intensity of the CO line decreases monotonically with increasing gas flow, without reaching 
any extrema. Therefore, a clear correlation between the behavior of the CO2 and O intensities is associated with the fact 
that the loss of CO2 molecules during dissociation is accompanied by the appearance of excited O atoms. But CO 
molecules emit light only after they experience inelastic collisions with electrons after the conversion. Consequently, 
the intensity of their luminescence decreases with an increase in the gas flow due to the intensification of their removal 
from the discharge chamber.  

Now let us consider the mass spectra of 
the exhaust gas mixture (see Fig. 7). The 
mass spectrum of the gas leaving the 
chamber without discharge should only 
consist of CO2

+ (M = 44). The CO+ peak 
(M = 28) and a weak O2

+ peak (M = 32) are 
observed, which are formed inside the mass 
spectrometer as a result of CO2 dissociation 
and subsequent ionization of its products. 
The appearance of plasma in the chamber 
leads to a significant decrease in the CO2

+ 
peak and a simultaneous increase of CO+ and 
O2

+ peaks. 
From the measured mass spectra, the 

intensities of the CO2
+, CO+ and O2

+ peaks 
were determined. Fig. 8 shows the 
dependences of the intensities of these peaks 
on the gas flow. It can be seen from the 
figure that the lowest values of the CO2

+ 
peak are observed at low gas flows, and with 
increasing Q the CO2

+ peak grows. This 
indicates that an increase in gas flow leads to 
the fact that more and more carbon dioxide 
molecules are removed from the discharge 
chamber, without having time and enough 
power to convert into CO and O. 

Using the measured mass spectra and 
current-voltage characteristics of the glow 
discharge, the values of the conversion 
coefficient  and the energy efficiency of the 
conversion  were determined, the 
dependences of which on the gas flow rate 
are shown in Fig. 9. It can be seen from the 
figure that at low gas flows the conversion 
coefficient reaches 78%, but with an increase 
in Q the conversion coefficient 
monotonically decreases down to 23% at 
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off. The gas flow rate is 5 sccm. The discharge current is 300 mA. 
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Q = 100 sccm due to a decrease in the residence time of CO2 molecules in the discharge. The energy efficiency of 
conversion  at low flow rates is quite low and amounts to only 0.07%, but at high flows it reaches 1.6%. 
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Figure 9. Dependences of the conversion coefficient  and the 
energy efficiency of the conversion  on the gas flow 
at pressure of 5 Torr and discharge current of 300 mA. 

Since the specific energy input SEI is inversely proportional to the gas flow, the dependences of  and  on the 
gas flow rate shown in Fig. 9 are mirrored when plotting them as a function of SEI (see Fig. 10). That is, the 
low Q range corresponds to high SEI values. Conversely, at high gas flows the SEI becomes small. It should be kept in 
mind that SEI is proportional to the power input into the discharge, which depends on the gas flow (see Fig. 4). 
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Figure 10. Dependences of the conversion coefficient  and the energy efficiency of conversion  on SEI 
at the pressure of 5 Torr and the discharge current of 300 mA. 

A convenient tool for comparison of carbon dioxide conversion processes under various conditions (types of 
discharges, ranges of gas pressure, current, gas flow, etc.) is the dependence of  on . Such dependence at fixed pressure 
and discharge current, but different gas flow rates, is shown in Fig. 11. From the economical point of view, the most 
optimal case is when both  and  are close to 100%. However, at present, such a technology for the conversion of carbon 
dioxide has not yet been developed, as we mentioned in the Introduction. It follows from Figure 11 that higher values of 
the energy efficiency  are observed at low values of the conversion coefficient . An increase in  is accompanied by a 
rapid decrease in energy efficiency. Under the conditions of our experiments, it was possible to achieve the maximum 
conversion rate  = 78%, but at the same time the energy efficiency of the conversion is approximately equal to 0.07%. 

A similar dependence of  on  at the 5 Torr pressure with various flow rates is shown in Fig. 12. To obtain these 
dependences, the current varied from the minimum value at which it was possible to maintain a stable discharge burning 
(several milliamperes) to 500 mA. Recall that at low currents, the glow discharge burns in the normal mode, covering 
only a part of the cathode surface. The complete filling of the cathode with a discharge is observed at approximately a 
current of 100–200 mA (which depends on the gas flow). From Fig. 12 it can be seen that for a flow of Q = 1 sccm, the 
dependence of  on  has two branches: an upper (corresponding to low currents) and a lower (high-current branch). 
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The transition from the upper to the lower branch occurs at the maximum value of the conversion coefficient  for a 
given gas flow. The more the gas flow was, the less pronounced the lower branch was. In this case, the use of higher gas 
flows led to an increase in the energy efficiency of the conversion . At a flow rate of Q = 25 sccm, it was possible to 
simultaneously achieve the values  > 50% and   1 %; moreover, the value of the energy efficiency  changed little 
over a wide range of values of the discharge current. Note that the presented results on the conversion efficiency are 
generally close to the same results of the paper [19] with wider discharge gap. 
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Figure 11. Relation between the energy efficiency of conversion 
 and the conversion coefficient  at a pressure of 5 Torr and a 

discharge current of 300 mA. 

Figure 12. Dependence of the energy efficiency of conversion 
 on the conversion coefficient  at the 5 Torr pressure with 

various gas flow rates 
 

CONCLUSION 
In the present research, we have studied the conversion of carbon dioxide in the dc glow discharge at the gas 

pressure of 5 Torr in a chamber with distributed gas injection and evacuation from the same side for the case of narrow 
interelectrode gap. The conversion coefficient  and the energy efficiency of the conversion  were determined using 
mass spectrometry of the exhaust gas mixture in dependence on CO2 flow rate and the discharge current and voltage. 
Under the conditions of our experiments, it was possible to achieve the maximum conversion rate  = 78%, but the 
energy efficiency of the conversion was always less then 2%. Optical emission spectra from the carbon dioxide plasma 
were measured in the range of 200-1000 nm, which allowed to make a conclusion that the oxygen atom emission is 
mostly origins from the excited atoms appearing after dissociation rather than after electron impact excitation. 

It is shown that at the studied pressure the discharge can operate in two different modes. At low discharge current 
the normal mode reveals where the discharge covers only a part of the cathode. At higher currents the anomalous 
regime appears, in which the cathode surface is already completely covered by the discharge, and to further increase the 
current, it is necessary to increase the discharge voltage. We have found that the transition between the modes occurs 
just at the maximum value of the conversion coefficient  for a given gas flow. The use of higher gas flows led to an 
increase in the energy efficiency of the conversion . At a flow rate of Q = 25 sccm, it was possible to simultaneously 
achieve the values  > 50% and   1 %. 

It was found that even in anomalous regime, when the cathode is completely covered by the discharge, the 
discharge contraction occurs in whole range of parameters studied. The plasma column outside the cathode layer and 
the anode glow occupy the central part of the discharge only. Outside this column, in a significant part of the discharge 
volume only low density decaying plasma is present that reduces the energy efficiency of the conversion. 
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ПЛАЗМОВА КОНВЕРСІЯ СО2 У ТЛІЮЧОМУ РОЗРЯДІ ПОСТІЙНОГО СТРУМУ З РОЗПОДІЛЕНИМ 
НАПУСКОМ ТА ВІДКАЧУВАННЯМ ГАЗУ 

В.А. Лісовський, С.В. Дудін, П.П. Платонов, В.Д. Єгоренков 
Харківський національний університет імені В.Н. Каразіна, майдан Свободи 4, Харків, 61022, Україна 

Накопичення вуглекислого газу в атмосфері Землі призводить до посилення парникового ефекту і, як наслідок, до значної 
зміни клімату. Таким чином, попит на розробку ефективних технологій конверсії вуглекислого газу з кожним роком 
зростає. Додатковим приводом для досліджень у цьому напрямку є намір дослідження Марса, оскільки 96% марсіанської 
атмосфери — це вуглекислий газ, який може бути джерелом кисню, ракетного палива та сировини для подальшої хімічної 
утилізації. У цій роботі досліджено плазмова конверсія вуглекислого газу в тліючому розряді постійного струму при тиску 
газу 5 Торр в камері з розподіленим напуском та відкачуванням газу з одного боку для випадку вузького міжелектродного 
проміжку. Коефіцієнт конверсії та її енергоефективність визначали за допомогою мас-спектрометрії суміші вихлопних газів 
залежно від потоку СО2 та струму та напруги розряду. Максимальний коефіцієнт конверсії становив до 78%, тоді як 
енергоефективність конверсії завжди була менша за 2%. Встановлено, що розряд при цьому тиску може існувати в 
нормальному і аномальному режимах, а перехід між режимами відповідає якраз максимальному значенню коефіцієнта 
конверсії для даного потоку газу. Показано, що навіть в аномальному режимі, коли катод повністю покритий розрядом, 
контракція розряду відбувається в усьому діапазоні досліджуваних параметрів. Анодне світіння і стовп плазми поза 
катодним шаром займають лише центральну частину розряду, що знижує ефективність конверсії. Виміряно спектри 
оптичного випромінювання з плазми вуглекислого газу в діапазоні 200-1000 нм, що дозволило зробити висновок, що 
випромінювання атома Оксигену здебільшого відбувається від збуджених атомів, які виникають після дисоціації, а не після 
збудження електронним ударом. 
Ключові слова: вуглекислий газ, плазмова конверсія, тліючий розряд постійного струму 
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We review the current status of the development of sources of epithermal neutrons sources based on reactors and accelerators for 
boron neutron capture therapy (BNCT), a promising method of malignant tumor treatment. The scheme is proposed of the source 
prototype for the production of thermal and epithermal neutrons using the delayed neutrons generated with help of linear electron 
accelerator at the target containing the fissile material. The results of an experiment are presented in which the half-life curves of 
radioactive nuclei formed during fission and emitting delayed neutrons are measured. It is shown that an activated target containing 
fissile material is a compact small-sized source of delayed neutrons. It can be delivered to the shaper, where, using a moderator, an 
absorber, and a collimator, neutrons of thermal or epithermal energies are formed over a certain period of time, after which this target 
is sent to the activator, and another target comes in its place. Thus, a pulsed neutron flux is formed. Such a neutron beam can be used 
in nuclear medicine, in particular, in neutron capture therapy in the treatment of cancer. An important task in the implementation of 
neutron capture therapy, when irradiating patients, is to control both the intensity and the energy spectrum of the neutron flux. To 
solve this problem, an earlier developed activation-type neutron ball spectrometer can be used, which will allow optimization of 
various parameters of the shaper, collimator and filters in order to obtain the most powerful neutron fluxes. 
Keywords: nuclear medicine, delayed neutrons, thermal neutrons, linear accelerator, neutron source 
PACS: 29.25.Dz 

 
CONCEPT OF NEUTRON CAPTURE THERAPY 

Treatment of tumor by means of neutron capture therapy requires formatted beams of thermal or epithermal 
neutrons with the flux density (2-3) 109 neutron/(cm2 s), which can be generated at different devices, namely, reactors 
and charged particle accelerators. The essence of the method consists in preliminary injection to the patient of 
medication containing 10В or 157Gd which are accumulated predominantly in the tumor. 

When thermal or epithermal neutrons interact with the these elements reaction products are obtained. E.g., stable 
isotope 10В transforms after absorbing the neutron into the excited nucleus 11В which decays within 10−12 seconds into 
the kernel 7Li and -particle having large energy (about 2 MeV). These charged particles are quickly slowed down within 
the cancer cell. 80 % of the energy is released in the same cell which contained the Boron kernel what leads to the 
distraction of this cell. 

Up to now, nuclear reactor were the most convenient sources of thermal or epithermal neutrons for neutron 
capture therapy [1-5]. In such an installation, patient is located in a special box behind the biological protection which 
has a neutron channel for the output of the formatted beam of thermal or epithermal neutrons to the distances up to 
3-5 m. This is due to the fact that neutron flux density is decreasing inversely with the square of distance, and this 
density at larger distances is not sufficient for the irradiation of the patient despite the high neutron flux in the active 
zone which is of the order of 1014-1015  neutrons/сm2. Unfortunately such installations cannot be used directly in clinics 
because this is a large scale, complex and very expensive equipment. Moreover, a trend appeared recently is to use in 
clinics compact sources of thermal or epithermal neutrons. E.g., a project of 10 kW reactor device «Mars» for the 
treatment of oncological deceases has been developed in Russia.  

During the last decade, an increasing interest is seen to the creation of compact, relatively cheap straight flow 
accelerators which are capable to generate neutrons for neutron and neutron capture therapy directly at oncological 
centers [6-8]. Creation of the compact source of thermal and epithermal neutrons on the basis of linear electron 
accelerator is also an actual task. For this purpose, we have performed preliminary studies of the new method of neutron 
generation using a linear electron accelerator [6]. This method is based on the use of delayed fission neutrons which are 
released from the activated target containing the fissile material. 

The purpose of the present work is the analysis of the results obtained earlier in the studies of the method [9] of 
generation of  thermal and epithermal neutrons, and, based on these results, creation of the prototype of the compact 
source on the basis of linear electron accelerator LINAC-300. This source can be a prototype for the full scale source of 
thermal and epithermal neutrons, which can be built on the basis of existing at NSC KIPT linear accelerator with 20 kW 
power in the outgoing electron beam. This allows to generate necessary neutron fluxes for the use in nuclear medicine. 
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METHOD OF GENERATION OF THERMAL AND EPITHERMAL NEUTRONS USING THE LINEAR 
ELECTRON ACCELERATOR 

Usually generation of neutrons with help of the linear electron accelerator uses the outgoing beam with the energy 
20 MeV at the target from the heavy material. In this work, it is proposed to use a target containing the fissile material 
238U with 2% enrichment with 235 U and with the volume of 1 cm3 located in the activator on exit from the electron 
accelerator. 
Activator consists of the moderator and reflector which are needed for the creation of the field of thermal neutrons. 
These neutrons are produced as a result of slowing down of delayed fast neutrons appearing in process of interaction of 
the electron beam with the target consisting of fissile material. 

It is known that the interaction of electron beam with the target of fissile material leads to the generation of  -
quanta and photo-neutrons which stimulate nuclear fission reaction with formation of derbies. Photo-fission reaction 
results in instantaneous as well as in delayed neutron generation. Relative contribution of delayed neutrons is 1% of all 
neutrons. 

Group parameters [10] of delayed neutrons in case of 235 U fission by the thermal neutrons are presented in 
Table. 

 
Group Relative contribution 

ai ± Δai 
Half-decay period 

Ti ± ΔTi 
1 0.038 ± 0.001 53.95 ± 0.028 
2 0.211 ± 0.004 22.34 ± 0.13 
3 0.197 ± 0.004 6.40 ± 0.08 
4 0.396 ± 0.005 2.26 ± 0.03 
5 0.132 ± 0.004 0.494 ± 0.017 
6 0.026 ± 0.001 0.179 ± 0.006 

 
As seen from Table 1, half-decay periods change depending on the group from hundreds of milliseconds to 

54 seconds. Note that after activation of the target containing fissile material by the electron beam and by the field of 
thermal neutrons formed in the activator, target becomes a compact source of delayed neutrons. Such a target can be 
transported during 1-2 s to the distance of 20-50 m from the active zone of the accelerator to the device-formator 
located in a different room. It is seen from Table 1 that the main contribution to the emission of delayed neutrons is 
made by groups 2,3 and 4. First group contributes less than 4% while 5 and 6 groups give practically no contribution 
because of a short half-decay period as compared to the transportation time of the activated target to the formator where 
it emits delayed neutrons. Device-formator consists of the moderator, reflector, filter, absorber and collimator which are 
needed for the achievement of neutron beam parameters necessary for the neutron capture therapy of oncological 
diseases. 

Based on the above conclusions one can propose a principal scheme of the prototype of the device for the 
generation of thermal or epithermal neutrons. This scheme is shown in Fig.1 where it is seen that one can use two-path 
pneumatic mail connecting the activator of target and the formator of thermal and epithermal neutrons. 

 

Figure 1. Principal scheme of the prototype of the device for the generation of thermal or epithermal neutrons 

We suppose that system shown schematically in Fig.1 uses two targets. One is currently located in the activator 
where it is activated by the electron beam and the other one is located in the block-formator where it emits delayed 
neutrons during a certain time period. When time of presence in the formator emitting delayed neutrons is over targets 
are exchanged with help of pneumatic mail. Such a procedure can be repeated as many times as needed for the 
accumulation of the therapeutic dose at irradiated object. The activated target is a compact source of delayed neutrons 
which can be moved during the time about 1-2 s to the formator located near the irradiated object at the distance of 
20-50 m from the activator. 
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In the earlier studies [9], we have measured decay curves for delayed neutrons released from the activated target 
and converted by the formator into thermal and epithermal neutrons. The results of the measurements are presented in 
Fig. 2. 

 

Figure 2. Decay curve of delayed neutrons slowed down to the energies in the range from 0.5 eV to 10 keV. 

After the procession of the decay curve presented in Fig. 2, the dependence of the average flux density of slowed 
down neutrons at the supposed object on the emission time from the activated target in the device-formator has been 
obtained. The results of data procession are presented in the form of the histogram in Fig.3. 

 

Figure 3. Flux density of delayed neutrons as function of time of emission in the device-formator (in the logarithmic scale) 

It is seen from the figure that flux density of delayed neutrons decays exponentially with emission time of delayed 
neutrons by the sample activated in the device-formator. E.g., the shorter is the emission time interval the higher is the 
delayed neutron flux. Thus, if two targets are used which are subsequently exchanged with help of pneumatic mail 
between the activator and formator as shown in Fig.1, the procedure described above can be used for the creation of the 
so called pulsed source of thermal and epithermal neutrons. Then the duration of neutron pulse will be determined by 
the time of presence of the activated target in the formator, and the distance between pulses will be determined by the 
transportation time of the activated target to the formator. After slowing down of delayed neutrons and their passage 
through the filters, absorbers and collimator we obtain the neutron beam with necessary parameters for the neutron 
capture therapy. The dose achieved will be determined by the number of pulses of thermal or epithermal neutrons. As 
shown in [6], such a neutron beam can be created on the basis of a linear electron accelerator. 

An important task in the implementation of neutron capture therapy, when irradiating patients, is to control both 
the intensity and the energy spectrum of the neutron flux. To solve this problem, an earlier developed spherical neutron 
spectrometer of activation type can be used [11]. The neutron spectrometer will also allow optimization of various 
parameters of the formator, collimator and filters in order to obtain the most powerful neutron fluxes that would meet 
the requirements of neutron capture therapy. 
 

CONCLUSIONS 
A scheme of the prototype of the compact neutron source has been proposed on the basis of the new method for 

the generation of thermal and epithermal neutrons with help of linear electron accelerator using delayed neutrons from 
the activated target containing fissile material. This prototype can be used for the development of the full-scale neutron 
source for neutron and neutron capture therapy of oncological diseases. 

It has been also shown that the use of the above method for the generation of thermal and epithermal neutrons 
allows to create compact neutron sources on the basis of linear electron accelerators. Development of such sources 
opens the prospects to place them directly at the territory of clinic, to carry out the treatment of oncological patients and 
to create at operating accelerators of the radiation therapy cabinets. 
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КОНЦЕПЦІЯ СТВОРЕННЯ ДЖЕРЕЛА НЕЙТРОНІВ ДЛЯ ЯДЕРНОЇ МЕДИЦИНИ 

НА ОСНОВІ ЛІНІЙНОГО ПРИСКОРЮВАЧА ЕЛЕКТРОНІВ 
В.Й. Касілов, С.П. Гоков, С.О. Каленик, С.С. Кочетов, Л.Д. Салій, В.В. Цяц'ко, Е.В. Цяц'ко, О.О. Шопен 

ННЦ «Харківський фізико-технічний інститут», Харків, Україна 
вул. Академічна, 1, 61118, Харків, Україна 

Розглянуто сучасний стан розробки джерел епітеплових нейтронів на базі реакторів та прискорювачів  для бор-
нейтронозахватної терапії (БНЗТ), перспективного методу лікування злоякісних пухлин. Запропоновано схему прототипу 
джерела для отримання теплових і епітеплових нейтронів з використанням запізнілих нейтронів, що генеруються за 
допомогою лінійного прискорювача електронів на мішені, що містить подільний матеріал. Наводяться результати 
експерименту, в якому виміряні криві напіврозпаду радіоактивних ядер, що утворилися в процесі поділу і випускають 
запізнілі нейтрони. Показано, що активована мішень, що містить подільний матеріал є компактним малогабаритним 
джерелом запізнілих нейтронів. Вона може бути доставлена в формувач, де за допомогою сповільнювача, поглинача і 
коліматора відбувається формування нейтронів теплових або епітеплових енергій протягом певного проміжку часу, після 
чого ця мішень відправляється в активатор, а на її місце приходить інша. Таким чином, утворюється імпульсний потік 
нейтронів. Такий пучок нейтронів може бути використаний в ядерній медицині, зокрема, в нейтронозахватної терапії при 
лікуванні онкологічних захворювань. Важливим завданням при реалізації нейтронозахватної терапії, при опроміненні 
пацієнтів, є проведення контролю, як інтенсивності так і енергетичного спектра потоку нейтронів. Для вирішення цього 
завдання може бути використаний раннє розроблений кульовий спектрометр нейтронів активаційного типу, який дозволить 
провести оптимізацію різних параметрів формувача, коліматора і фільтрів з метою отримання найбільш потужних потоків 
нейтронів. 
Ключові слова: ядерна медицина, запізнілі нейтрони, теплові нейтрони, лінійний прискорювач електронів, джерело 
нейтронів 
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Thin film silicon solar cells are nowadays the best choice to get electricity due to their low cost compared to the crystalline solar cells. 
However, thin film silicon solar cells have weak absorption of incident light. To deal with such a weakness and get better efficiency of 
these cells, an efficient back reflector composed of multilayer thin films (Silver, Silicon dioxide (SiO2) and Titanium dioxide (TiO2)) 
will be used. The transmitted light from the first silicon layer will be reflected by the next layer, and the reflected light will go back to 
the first silicon layer. By this way, the absorbance of the silicon solar cell can be increased by an increase in the probability of the light 
reflection from the SiO2, TiO2 and Ag. The transfer matrix method (TMM) by Matlab program will be used to analyze the results of 
the reflectance, transmittance and absorbance of the thin film layer and these results can prove the efficiency of the cells by using 
MATLAB codes. 
Keywords: SiO2, TiO2, TMM, Efficiency, Optical Properties, Thin Film, Matlab. 
PACS: 42.79.Ek 
 

The need for clean energy sources has increased lately due to the increasing demand for cheaper and cleaner energy. 
The solar cell itself relies primarily on thin film and it is often made of semiconducting materials because of the scholars' 
ability to control the energy gap of these materials in the first place. The theoretical side is very important for the engineers 
interested in manufacturing the solar cells because theoretical calculations provide the optimum conditions for 
manufacturing such important devices and the electrical and optical properties of these materials. 

Many studies were done to improve the solar cells efficiency. One of these studies was conducted by Saravanan, 
Dubey, Kalainathan, More and Gautam (2015). They used in their research the ultra film solar cells of 40 nm thickness 
and discovered that the efficiency of the solar cells increased by 15%, and the current density increased by 23mA/cm2. 
Another study was done by Xu, Chen, Ding, Pan, Hu, Yang, Zhu and Dai (2018). They controlled the recombination of 
the charge carriers in the interface in material of the different layers of the solar cells. As a result of this control, a positive 
change happens in the efficiency and current density when using SiO2; the efficiency increased from 3% to 3.9%, Voc 
from 0.523v to 0.558v and FF from 56.5% to 68.1 %. 

For Sheng, Johnson, Broderick, Michel and Kimerling (2012), they recommended to employ the reflection idea 
in the form of DBR by using materials like SiC in the energy researches. These materials have small absorption 
coefficient α and big reflection. In comparison, Yang, Lien, Chu, Kung, Cheng and Chen (2013) used ARCs to increase 
both the reflection and efficiency. The results show that there was an increase in the reflection by 9% and in efficiency 
by 16.3%. Additionally, there are several mathematical methods to analyze the equations and the easiest one is TMM.  
Perez (2007) used TMM to find the transmittance and absorbance because this method is easy in studying a model of 
multilayers. 

The specific scope of this research is numerical modeling for thin film solar cells. Photovoltaic array systems are 
familiar and are widely utilized in electric power generation. They are very important and useful devices, and the attempts 
to improve them and to get higher efficiency have not been stopped until now.  

The research aims at getting solar cells of higher efficiency. To achieve this aim, a-Si, SiO2 and TiO2 will be used. 
Thin film silicon solar cells are the best choice to get power due to their low cost as compared to other types of solar cells. 
However, thin film silicon solar cells suffer from the problem of weak absorption of incident light. To solve this problem 
and improve the performance of solar cells, an efficient back reflector composed of layer thin film (SiO2/TiO2/Ag) will 
be used in this research  

The properties of Si/SiO2/TiO2/Ag compounds will be examined by using TMM and their analysis will take place 
by Matlab code. The parameters will give information on the efficiency of the solar cells and this efficiency can be 
improved by putting layers of SiO2 and TiO2 under the first silicon's layer and analyses by using Matlab program. 

The model used in this research consists of a glass substrate and a thin layer of thickness 50 nm from silver (Ag) is 
put on the substrate. The sliver does like a reflector of the incident light to the upper layers made of TiO2 and SiO2, which 
in turn, do like charge carrier collectors in addition to their role as reflectors for the light to the upper effective layer of 
silicon a-Si. The SiO2 & TiO2 layers collect the charge carriers faster than the process of the carrier’s recombination 
effects. This research has found that the best thickness of Si is 100nm to absorb the charge carriers well, while it is 90 nm 
for SiO2 and TiO2. Consequently, better efficiency and current density can be got. 

                                                            
† Cite as: W.A.A. Garhoom, Z.A.Al Shadidi, East. Eur. J. Phys. 4, 164 (2021), https://doi.org/10.26565/2312-4334-2021-4-22 
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MATHEMATICAL METHOD 
A. TMM for Thin Film Optics 

TMM can be used for the analysis of the wave propagation of quantum particles, such as electrons and 
electromagnetic, acoustic, and elastic waves. In this research, a simulation of transfer matrix equations will be employed 
to examine the transmission and reflectance as functions of wavelength. The reflectance transmittance characteristics of 
optical thin-film will also be analyzed and visualized. 

 TMM in electromagnetics and optics is a powerful and convenient mathematical formalism for determining the 
plane wave reflection and transmission characteristics of an infinitely extended slab of a linear material. While the TMM 
was introduced for a homogeneous uniaxial dielectric-magnetic material in the 1960s, and subsequently was extended for 
multilayered slabs, it has more recently been developed for the most general linear materials. By means of the rigorous 
coupled-wave approach, slabs that are periodically nonhomogeneous in the thickness direction can also be accommodated 
by TMM.  

Calculating the optical properties for the thin films paves the way to build a simulation for a solar cell system based 
on the results from TMM by using Matlab programming algorithms.  

 
B. The Reflectance of a Thin Film 

As it has been said before, the research method is TMM which will be used to analyze the propagation of waves in 
thin film which, in turn, will be studied for calculating transmission and reflection amplitude and their properties. 
Accordingly, it is supposed that there is one layer or two layers made of homogeneous substances, more particularly (Si, 
SiO2 and TiO2). The indexes of refraction of every medium will be different from each other, and changes with 
wavelength. The incident waves on the boundaries will be analyzed in electric and magnetic fields. Then, the equations 
will be solved to get the transmission and reflection. TMM has been applied to a single layer and multilayers. 

 
a. The Single Layer Film 

It can be noticed from Figure (1) that there is one layer film on a substrate. If this film is thin, the interfaces of the 
wave will increase. The occurrence of these interfaces of monochromatic leads to the existence of transmission and 
reflectance of the waves when analyzing them in their electric and magnetic fields. In this process, it should be taken into 
consideration the boundaries between the thin film, the air and the substrate. To go back to Maxwell's equations, the new 
equation will be used to describe the magnetic and electric fields at separating boundaries. 
Some symbols are used in the Figures below to refer to the directions of the fields which make up waves. It is assumed 
that the sign (+) refers to the direction of incidence and the sign (-) refers to the direction of the light reflection. Besides, 
the boundary between the air and the first medium is named (a), the boundary between the second medium and the 
substrate is named (b), whereas the boundary between the third medium and the substrate is named (c). After the analyses 
of the research data, the following equations are got: 
 

 
Figure 1. The wave incident on one layer thin film. 

From the Figure (1), the tangential components of E and H are: 

 £௕ ൌ £ଵ௕
ା ൅ £ଵ௕

ି , (1) 

 ࣢௕ ൌ ଵ£ଵ௕ߟ
ା െ ଵ£ଵ௕ߟ

ି , (2) 

where 

Eଵୠ
ା  

݊଴ 

Substrate Film Air 

Boundary b Boundary a

Hଵୠ
ା

݊ୱ ݊ଵ 

Hଵୠ
ି  Eଵୠ

ି  Hଵୟି  
Eଵୟ
ା  

Hଵୟ
ା  

Eଵ௔
ା  
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£ – total tangential electric field amplitude, that is, the field parallel to the thin film boundaries  
࣢ – total tangential magnetic field amplitude, that is, the field parallel to the thin-film boundaries. 

The formulation of the optical admittance at oblique incidence angle according to  Ahmed (2006) is 

					ηଵ ൌ nଵη଴ cos  ଵ…………...for S-polarization                             (3)ߠ

					ηଶ ൌ
୬భ஗బ
ୡ୭ୱఏభ

………………….. for p-polarization                            (4) 

where 
  ଵ – Characteristic admittance of a material thin film layerߟ
 .଴ – Characteristic admittance of the incident mediumߟ
 ௠ – Characteristic admittance of the emergent mediumߟ
 .௦௨௕ – Characteristic admittance of substrateߟ
 The angle of incidence in the thin film layer – ߠ

From the Snell's law (Kolle, 2011): 

 ݊଴ sin ଴ߠ ൌ݊ଵ sin  ଵ, (5)ߠ

 ݊ଵ sin ଵߠ ൌ݊௦௨௕ sin  ௦௨௕, (6)ߠ

 ∴ 	 £ଵ௕
ା ൌ

ଵ

ଶ
ቂ
࣢್

ఎభ
൅ £௕ቃ, (7) 

 £ଵ௕
ି ൌ

ଵ

ଶ
ቂ
ି	࣢್

ఎభ
൅ £௕ቃ, (8) 

 ࣢ଵ௕
ା ൌ ଵ£ଵ௕ߟ

ା ൌ
ଵ

ଶ
ሾ࣢௕ ൅  ଵ£௕ሿ, (9)ߟ

 ࣢ଵ௕
ି ൌ െߟଵ£ଵ௕

ି ൌ
ଵ

ଶ
ሾ࣢௕ െ  ଵ£௕ሿ. (10)ߟ

The phase factor of the positive wave will be multiplied by ( e୧ஔ), while the phase factor the negative wave will be 
multiplied by (eି୧ஔ) by using 

ߜ  ൌ ଵ݀݊ߨ2
௖௢௦ ఏభ
ఒ

, (11) 

where: 
δ – phase retardation in the thin film layer, d	 – the thickness of thin film, n – the refraction index for medium, λ – the 
wavelength of incident light . 

∴ 	£ଵ௔
ା ൌ £ଵ௕

ା ݁௜ఋ	=	
ଵ

ଶ
ቂ
࣢್

ఎభ
൅ £௕ቃ ݁௜ఋ	                                                       (12) 

£ଵ௔
ା ൌ £ଵ௕

ି ݁ି௜ఋ	=	
ଵ

ଶ
ቂ
ି࣢್

ఎభ
൅ £௕ቃ ݁ି௜ఋ	                                                      (13) 

࣢ଵ௔
ା ൌ ࣢ଵ௕	

ା ݁௜ఋ	 ൌ ଵ£ଵ௕ߟ
ା ൌ

ଵ

ଶ
ሾ࣢௕ ൅                                    (14)	ଵ£௕ሿ݁௜ఋߟ

࣢ଵ௔
ି ൌ ࣢ଵ௕	

ି ݁ି௜ఋ	 ൌ െߟଵ£ଵ௕
ି ൌ

ଵ

ଶ
ሾ࣢௕ െ                          (15)						ଵ£௕ሿ݁ି௜ఋߟ

The result of the field in boundary a is 

£௔ ൌ £ଵ௔
ା ൅ £ଵ௔ି ൌ £ଵ௕

ା                                                               (16) 

By using eqs (12) and (13), the following is produced: 

£௔ ൌ
ଵ

ଶ

࣢್

ఎభ
݁௜ఋ	 ൅

ଵ

ଶ
£௕݁௜ఋ	 െ

ଵ

ଶ

࣢್

ఎభ
݁ି௜ఋ	 ൅

ଵ

ଶ
£௕݁ି௜ఋ	                                  (17) 

£௔ ൌ £௕ ቂ
௘೔ഃ	ା௘ష೔ഃ	

ଶ
ቃ ൅ ࣢௕ ቂ

௘೔ഃ	ି௘ష೔ഃ	

ଶఎభ
ቃ			                                                      (18) 

The relationships: 

cos ߠ ൌ ቂ
௘೔ഇ	ା௘ష೔ഇ	

ଶ
ቃ                                                                                  (19)       

݅ ݊݅ݏ ߠ ൌ ቂ
௘೔ഇ	ି௘ష೔ഇ	

ଶ
ቃ                                                                               (20) 

are used in eq. (18), so the result is 

£௔ ൌ £௕ cos ߜ ൅࣢௕
୧ୱ୧୬ఋ

ఎభ
                                                                           (21) 
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By using eqs ( 14) and (15), the following will exist: 

࣢௔ ൌ ࣢ଵ௔
ା ൅࣢ଵ௔

ି ൌ ࣢ଵ௕
ା ݁௜ఋ	 ൅ ࣢ଵ௕

ି ݁ି௜ఋ	                                              (22) 

࣢௔ ൌ ଵ£ଵ௕ߟ
ା െ ଵ£ଵ௕ߟ

ି                                                                                   (23) 

࣢௔ ൌ ࣢ଵ௔
ା ൅࣢ଵ௔

ି ൌ
ଵ

ଶ
ሾ࣢௕ ൅ 	ଵ£௕ሿ݁௜ఋߟ ൌ

ଵ

ଶ
ሾ࣢௕ െ            (24)	ଵ£௕ሿ݁ି௜ఋߟ

 

࣢௔ ൌ
ଵ

ଶ
࣢௕	݁௜ఋ	 ൅

ଵ

ଶ
	ଵ£௕݁௜ఋߟ ൅

ଵ

ଶ
࣢௕݁ି௜ఋ	 െ

ଵ

ଶ
                       (25)	ଵ£௕݁ି௜ఋߟ

࣢௔ ൌ ଵ£௕ߟ ቂ
௘೔ഃ	ି௘ష೔ഃ	

ଶ
ቃ ൅ ࣢௕ ቂ

௘೔ഃ	ା௘ష೔ഃ	

ଶ
ቃ                                                   (26) 

By using the relationships (19) and (20), the result will be  

࣢௔ ൌ ଵ£௕ߟ 	isin ߜ ൅࣢௕cos  (27)                                                                  ߜ

£௔ ൌ £௕cos ߜ ൅࣢௕
୧ୱ୧୬ఋ

ఎభ
                                                                          (28) 

 ࣢௔ ൌ i	ߟଵ£௕ 	sin ߜ ൅࣢௕cos  (29)     ߜ

Now, eq. (28) and eq. (29) are changed to matrix notation which is between the boundaries a and b: 

቎
cos ߜ

isin ߜ
ଵߟ

i	ߟଵ௕ 	sin ߜ cos ߜ
቏ 

∴ ൤
£௔
࣢௔

൨ ൌ ൥
cos ߜ

୧ୱ୧୬ఋ

ఎభ
i	ߟଵ௕ 	sin ߜ cos ߜ

൩ ൌ ൤
£௕
࣢௕

൨                                                (30) 

By supposing that the transfer matrix M has the following matrix notation: 

ܯ ൌ ൥
cos ߜ

୧ୱ୧୬ఋ

ఎభ
i	ߟଵ௕ 	sin ߜ cos ߜ

൩                                                                    (31) 

൤
£௔
࣢௔

൨ ൌ 	ܯ ൤
£௕
࣢௕

൨                                                                       (32) 

It is supposed that the symbol Y stands for input optical admittance to compare it with this eq.: 

ߟ  ൌ
࣢

£
  (33) 

So, according to Ahmed (2006 ): 

∴ ܻ ൌ
࣢ೌ

£ೌ
                                                                                    (34) 

To find the reflectance of a sample interference between an incident medium of admittance η଴	and the medium of 
admittance Y (Macleod, 2010): 

ݎ ൌ
ఎబି௒

ఎబା௒
	                                                                                      (35) 

ܴ ൌ ቂ
ఎబି௒

ఎబା௒
ቃ ቂ

ఎబି௒

ఎబା௒
ቃ
∗
                                                                           (36) 

Now eq. (30) is changed by dividing it by £ୠ, so the following is produced: 

൤
£௔ £௕⁄
࣢௔ £௕⁄ ൨ ൌ ቂܤ

ܥ
ቃ ൌ ൥

cos ߜ
୧ୱ୧୬ఋ

ఎభ
i	ߟଵ௕ 	sin ߜ cos ߜ

൩ ൤
1
ଶߟ
൨                                       (37) 

 Where		ቂB
C
ቃ    means the characteristic matrix 

࣢ೌ

£್
ൌ  ଶ                                                                                         (38)ߟ

where 
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ܤ ൌ
£ೌ
£್

                                                                                           (39) 

ܥ ൌ
࣢ೌ

£್
                                                                                            (40) 

B and C are the normalized electric and magnetic fields at the interface.  
From eqs (34) and ( 35), the following is got: 

ܻ ൌ
࣢ೌ

£್
ൌ

£ೌ £್⁄

£ೌ £್⁄
ൌ 	

஻

஼
ൌ

ఎమ ୡ୭ୱఋା௜ఎభ ୱ୧୬ఋ

ୡ୭ୱఋା௜ቀ	
ആమ
ആభ
ቁ ୱ୧୬ఋ

                                 (41) 

From eqs (36) and (37), the reflectance can be found. 
 

b. The Reflectance of a (Assembly) Multilayers Film 
The matrix notation of the film is near the substrate:  

቎
cos ଶߜ

isin ଶߜ
ଵߟ

ଶߟ	݅ sin ଶߜ cos ଶߜ

቏ 

൤
£௔
࣢௔

൨ ൌ ൥
cos ଶߜ

୧ୱ୧୬ఋమ
ఎభ

ଶߟ	݅ sin ଶߜ cos ଶߜ
൩ ൤
£௖
࣢௖

൨                                                             (42) 

 

 

Figure 2. The incident wave on the two layer thin film. 

For two layer films, the following equations exist: 

൤
£௔
࣢௔

൨ ൌ ൥
cos ଵߜ

୧ୱ୧୬ ఋభ
ఎభ

ଵߟ	݅ sin ଵߜ cos ଵߜ
൩ ൥

cos ଶߜ
୧ୱ୧୬ఋమ
ఎమ

ଶߟ	݅ sin ଶߜ cos ଶߜ
൩ ൤
£௖
࣢௖

൨                                     (43) 

ቂܤ
ܥ
ቃ ൌ ൝∏ ൥

cos ௥ߜ
୧ୱ୧୬ఋೝ
ఎೝ

௥ߟ݅ 	sin ௥ߜ cos ௥ߜ
൩௤

௥ୀଵ ൡ ൤
1
௦௨௕ߟ

൨                                                     (44) 

Where       ߜ௥ ൌ ݀ߨ2
ୡ୭ୱఏ

ఒ
                                                                    (45) 

ቂܤ
ܥ
ቃ ൌ ሾܯଵሿሾܯଶሿሾܯଷሿ…… . ௤൧ܯൣ ൤

1
௦௨௕ߟ

൨                                                           (46) 

The reflectance R, transmission T and absorbance A will be got by the following eqs (Macleod, 2010): 
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R ൌ ቂ
஗బ୆ିେ

஗బ୆ାେ
ቃ ቂ

஗బ୆ିେ

஗బ୆ାେ
ቃ
∗
                                                                          (47) 

T ൌ
ସ஗బୖୣሺ஗ౣሻ

ሺ஗బ୆ାେሻሺ஗బ୆ାେሻ∗
                                                                          (48) 

A ൌ
ସ஗బୖୣሺ୆େ∗ି஗ౣሻ

ሺ஗బ୆ାେሻሺ஗బ୆ାେሻ∗
                                                                           (49) 

Where  adding these parameters is equal to 1 according  to Al-Shadidi & Falih  (2019,  p.77): 

R൅T൅Aൌ1																																																																																		ሺ50ሻ	

 
THE RESULTS 

To design a model for the silicon solar cell in this research, a set of thin film layers has been assumed. The thickness 
of each layer has been calculated, taking into consideration the interference between the incident and the reflected rays 
from each layer. These calculations have been done by using Matlab code for TMM, to investigate the higher possible 
absorption to be obtained. 

As in equation (46), the M matrices have been calculated for different thickness of each layer and different angles 
of incident rays. The thickness of Si layer has varied from 100 nm to 1000 nm, with 100 nm steps, while the SiO2 & TiO2 
thickness has been changed from 10 nm to 100 nm with 10 nm steps, for each layer thickness of Si. These calculations 
have been repeated for three angles of incident (0o, 45o, 90o). 

a a 

Figure 3. Absorbance as a function of wavelength (nm), the 
thickness of Silicon 100(nm) by different light incident angles 

(a) angle = 00,(b) angle = 450,(c) angle = 900 

 

c  

As shown in Figure (3), maximum absorbance has occurred at wavelength equal to 450nm which belongs to the 
interface between blue and violet color from the visible spectrum region. In Figure (3a) & (3b), many other peaks can be 
seen at different frequencies. At an angle of incident equal to zero, there are several peaks for absorption at other 
wavelength within the visible spectrum. It is possible to control the increase in absorbance within the whole light spectrum 
through controlling the thin films thickness. From Figure (3)a, a distinctive peak can be seen at wavelength equal to 
900nm, when the (SiO2/TiO2) thickness is equal to 90nm, which is in the IR region. 

At the angle of incident equal to 45o, it can be observed many peaks of absorbance within the visible and infrared 
spectrum. The highest absorbance is at wavelength equal to 450nm which is the interface between the violet and blue 
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color region in the visible spectrum. Then, the absorbance decreases. Moreover, there are many other peaks can be 
distinguished within the Visible- IR spectrum. One noticeable peak is at the end of IR region and it belongs to the 
SiO2/TiO2 90nm thickness. 

Figure (3)c shows the absorbance at the angle of incident equal to 90o. The absorbance at average is less than that at 
another angle of incident. In detail, the absorbance reaches (0.8) at the highest peaks for other angles of incident, while 
the highest peak equal to (0.28) at angle of incident equal to (90o). In general, the absorption rate in this case is close to 
each other. The highest peak is at wavelength equal to 450nm. Other peaks of absorption have been seen at wavelength 
equal to (550, 700, 800, 900 and another high peak at the end of the infrared region 1000nm). 

The above calculations have been repeated for different silicon thickness levels (100, 200,….100nm). The best 
absorbance has happened when Silicon thickness was equal to 100nm, while the SiO2 & TiO2 thickness was equal to 90 
nm. These calculations have been done by using a 50 nm Ag layer thickness. The Ag has worked as a reflector to return 
the rays to the effective Silicon layer.  

a b 

Figure 4. Absorbance of the solar cell as a function of 
Silicon thickness (nm) by different light incident angles 

(a) angle=0o, (b) angle=45o, (c) angle= 900. 
 

c 

In Figure (4), the maximum absorbance from each layer, and the relationship between the absorbance and the 
thickness of silicon layers have changed according to the change in silicon layer thickness. 

The maximum point at the absorbance curve is got at the thickness of 100 nm.  For lower absorbance at the other 
layer thicknesses, it happens because the interference of the light waves. At the thickness of 100 nm in the active material 
(a-Si), the interference effect is clear and a-Si becomes disordered in its behavior, so the change appears in the absorbance 
with thickness. As a result, the change of the incident angle of the unpolarized light leads to the best absorbance when the 
thickness is equal to 100 nm. It can be noticed from Figures (4a) and (4b) that there is a very little difference for the 
maximum absorbance between the cases of zero and 45o angle of incident. The maximum absorbance is very little in the 
case of normal incident as shown in Figure (4c). When silicon thickness increases, the recombination for the charge 
carriers will be done before reaching the SiO2/TiO2 layers. Therefore, the best results will be seen at a thickness equal to 
100nm. However, decreasing silicon layer thickness less than 100nm interface effect will be dominant. 

From Figure (5), it can be seen the curve of Jsc and the thickness of SiO2 /TiO2 layers. Jsc curve increases if the 
thickness of SiO2 and TiO2 layers increases. The highest point of Jsc curve increase occurs when the thickness of SiO2 / 
TiO2 is 90 nm. At this level of thickness, the best absorbance accrued at the effective silicon layer. For, the short circuit 
current, it was (15.16) mA. The results of this research are similar to the ones of Burkhard, Hoke & McGhee’s research 
(2010) and Sahouane & Zerga’s research (2014). 
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Figure 5. The curve of the thickness of SiO2,TiO2 (nm) and Jsc (mA/cm2 ) 

CONCLUSION 
The efficiency of solar cells has been improved by using a multilayer thin film made of different materials. The 

choice of the thickness of these layers has been determined using the Matlab code to have the best absorbance of first 
layer (a-Si) and (SiO2 and TiO2). The absorbance of the charge carriers happens faster than their recombination. Hence, 
this model (SiO2 and TiO2) has the best efficiency at the thickness of 90 nm and at 100 nm for a-Si.  

The novelty of this research is the new combination of thin film layers to build a high efficiency thin solar cell. The 
cell contains two layers that can collect the charge carriers before reassembly. In addition to an excellent reflector to 
ensure the use of the most possible radiation falling on the cell.  
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ПІДВИЩЕННЯ ЕФЕКТИВНОСТІ КРЕМНІЄВИХ СОНЯЧНИХ ЕЛЕМЕНТОВ ШЛЯХОМ ДОДАВАННЯ ТОНКИХ 

ПЛІВОК SiO2/TiO2 МЕТОДОМ МАТРИЦІ ПЕРЕНОСУ 
Ведад Ахмед Абдулла Гархум, Зіна А. Аль Шадіді 

Кафедра фізики, Педагогічний факультет/Сейбер, Університет Адена, Ємен 
Тонкоплівкові кремнієві сонячні батареї сьогодні є найкращим вибором для отримання електроенергії через їх низьку вартість 
порівняно з кристалічними сонячними елементами. Однак тонкоплівкові кремнієві сонячні батареї мають слабке поглинання 
падаючого світла. Щоб впоратися з такою слабкістю та отримати кращу ефективність цих батарей, буде використаний 
ефективний задній відбивач, що складається з багатошарових тонких плівок (срібла, діоксиду кремнію (SiO2) та діоксиду 
титану (TiO2)). Світло, що проходить від першого шару кремнію, буде відбиватися наступним шаром, а відбите світло 
повернеться до першого шару кремнію. Таким чином, поглинання кремнієвого сонячного елемента можна збільшити за 
рахунок збільшення ймовірності відбиття світла від SiO2, TiO2 та Ag. Метод матриці переносу (TMM) від програми Matlab 
буде використовуватися для аналізу результатів відбиття, пропускання та поглинання тонкого плівкового шару, і ці 
результати можуть довести ефективність батарей за допомогою кодів MATLAB. 
Ключові слова: SiO2, TiO2, TMM, ефективність, оптичні властивості, тонка плівка, Matlab. 
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Nowadays the pressure of electromagnetic radiation in the optical range is widely used in laser traps (so called optical tweezers or 
single-beam gradient force trap) to control the position of microparticles, biological cells and other microscopic objects. This is 
possible by focusing the laser radiation into the area of several micrometers in size. The intensity of the radiation in the area is 
sufficient to hold particles in the beam and manipulate them. We are interested to research similar possibility in the microwave range 
of wavelengths. However we had faced a number of difficulties in this range: the size of the focal region is much larger, the radiation 
intensity is less, and to control microscopic objects by means of radiation pressure very high powers are required. And we decided to 
consider the known effect of a very strong interaction of thin conducting fibers (metal, semiconductor, graphite) with microwave 
radiation. The efficiency factor of radiation pressure on such objects reaches values of several hundreds and thousands. This can be 
used to control objects in the form of electrically thin metal conductors by means of radiation pressure. Methods for calculating the 
pressure of electromagnetic radiation on an infinitely long circular cylinder are known. In this paper we propose a method for 
calculating the radiation pressure on a circular cylinder (vibrator), the length of which is comparable to the radiation wavelength. We 
have found out that when the vibrator length is close to half the wavelength, the radiation pressure efficiency factor is much larger 
than for an infinite cylinder. We have obtained the dependence of the radiation pressure efficiency factor on the length and diameter 
of an absolutely reflecting and impedance vibrator. It decreases with decreasing conductivity. An infinite cylinder at a certain value 
of conductivity has a maximum of the radiation pressure efficiency factor. 
Key words: microwave radiation, thin conductors, impedance vibrator, radiation pressure. 
PACS: 78.70.Gq; 84.40.-x; 84.90.+a 

 
Electromagnetic radiation presses on an object located in free space with the force determined by the following 

formula 

 
prQ

c

P
F  ,  (1) 

where P is the power of the radiation that hits the object, c is the speed of light, Qpr is the efficiency factor for radiation 
pressure. For a completely absorbing body Qpr = 1 and for a reflecting plane Qpr = 2. The radiation pressure on objects 
of a more complex shape (a sphere, a cylinder, an ellipsoid, a linear vibrator) can be found in two ways: 

1. Having solved the problem of diffraction of an electromagnetic wave on an object (having found the distribution 
of fields in the object vicinity) and having calculated the forces and moments of forces acting on the object by the help 
of the Maxwell tension tensor. This method was first used by P. Debye in 1909 in his work on the pressure of light on a 
sphere [1], and then by G. Thilo in 1920 in his work on the pressure of light on an infinite circular cylinder [2]. They 
both had got the expressions for the radiation pressure efficiency factors in the form of series, the terms of which are 
expressed through the Bessel and Hankel functions. 

2. Having found the strength of the currents interaction in an object with magnetic field in its vicinity. This method 
seems to be simpler, since it is related to the well-known problems on currents arising in a receiving linear antenna, but 
in fact it still requires solving the problem of wave diffraction on the antenna. 

The problem on a linear vibrator of finite length is three-dimensional, in contrast to the two-dimensional problem 
for an infinite cylinder, and was actively researched in the middle of 20th century during the period of intensive 
development of radiolocation. The results of its solution for the cross section of radar scattering were obtained in a 
series of papers [3-5] and the book [6] summarizing them. Scattering by a thin conductor and the cross section of radar 
scattering were researched in These works. The authors have considered the cases when the vibrator length did not 
exceed the radiation wavelength. The distribution of currents induced in the conductor by the field of the incident plane 
wave was found through an approximate solution of the integral equation. The main term in the obtained solution was 
substituted into the integral that determines the electric field in the far zone, and the value of the backscattering cross 
section was calculated. The methods used by the authors differed mainly in the form of used zero approximation for the 
current and in the methods of subsequent calculation of the integrals. The results obtained through these methods are 
consistent with each other and with the results of experiments with vibrator lengths not exceeding one wavelength [7,8]. 
For longer vibrators zero approximation for currents is not sufficient. In [6] the authors had expanded the field of 
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application of the theory onto vibrators with a length of several wavelengths by complex calculations, which are 
essentially equivalent to the usage of currents expressions with an accuracy of the first order. We did not found any 
published results of further researches in recent time. 

Difficulties in solving these problems are created by the vibrator edges causing the reflection of currents from 
them. The solution of some problems of diffraction by such objects is given in [9, 10]. In books on antenna theory the 
problems of calculating currents in a receiving antenna are considered [11, 12]. But as a rule, only electromotive force 
at the antenna output is determined in them. The case closest to ours is considered in the paper [13] where a method for 
the numerical solution of the problem of electromagnetic scattering on a thin dielectric cylinder of a finite length is 
proposed and the results of numerical calculations are presented. To facilitate the solution of the problem, it was 
assumed that there are spherical rounding at the ends of the cylinder reducing the reflection of the wave. 

In [14] the authors had proposed to use the results of problem solution of the electromagnetic wave diffraction on 
an ellipsoid. In [15-17], the problems of radiation pressure and torques acting on ellipsoids and systems of ellipsoids 
located in a rectangular waveguide are considered. These problems have been solved by the authors during the 
development of ponderomotive microwave measuring devices. Limitation in them is the condition of smallness of the 
size of objects in comparison with the wavelength. 

The paper [18] analyzes the magnitude of the ponderomotive action of a plane electromagnetic wave on a thin 
vibrator with weakly perturbed surface impedance. The currents in the vibrator were calculated by the methods given in 
[19]. When solving the integral equation for the current in the vibrator the authors took into account the disturbances in 
the impedance distribution by averaging its value over the vibrator length. During the simulation the vibrators with 
distributed reactive impedance were researched. It is shown that such impedance scatterers experience a lower wave 
pressure force under resonance conditions than ideally conducting vibrators. 

Below we will be using the results obtained in the mentioned papers. 
Research is underway on the use of radiation pressure in technology. In work [20] studies micromachines, in [21] 

studies laser material processing. The features of the radiation pressure in thin films are studied in [22]. 
 

PONDEROMOTIVE FORCE ACTING ON THE VIBRATOR 
The geometry of the problem is shown in Figure 1. A plane wave is incident on a thin vibrator with a length of 2L 

in the direction opposite to the direction of the Oz axis: 

1 10
0

0

,ik z ik z
y x

E
E E e H e

Z
    

where k1 is the wave number for the surrounding space, E0 is the electric field strength of the incident wave, Z0 is the 
wave impedance of free space. 

 

Figure 1. Geometry of the problem 

The force f acting on a conductor element of length ds in a magnetic field with an intensity H, through which an 
electric current J flows, is determined by the following formula: 

  *
0

1
( ) Re ( )

2
f s J s H ds  . (2) 

Expressions for the current and magnetic field are complex: 
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Here J0, Н0 are modulus of the complex quantities J and H,  is the argument of the complex expression for the current, 
the * sign denotes the complex conjugate quantity. Having substituted them in (2) we obtain 
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The force acting on the vibrator can be obtained by integrating expression (3) along the Oz axis along the vibrator: 

  0 0

0

Re ( )
2

L

L

E
F J s ds

Z





    (4) 

The reader can see that it depends only on the real part of the current in the vibrator. 
Having calculated the force F, we can use expression (1) to find the efficiency factor of the radiation pressure: 

 pr

F c
Q

P
 . (5) 

Vibrator current 
In order to use formula (4) to calculate the force with which the radiation presses on the vibrator, we need to find 

the distribution of the current along the vibrator. The needed expression was obtained in [21]: 
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where s is the coordinate directed along the vibrator. The expression includes: 
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   is a small parameter, Е0 is the electric field amplitude of incident wave,    2 2,R s s s s r    , 
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    is the wave impedance in free space, 1 1 1k k   , 2k   , is wavelength in free space,   is 

circular frequency. 
Expression (6) is valid for vibrators with a length of less than  . It is written in the Gauss system of units. 

Therefore, before using formula (4) to calculate the ponderomotive force, the values of the electric field Е0 and the 

current J(s) must be converted to SI. It is reasonable to calculate the value of ( )k s  directly in SI units. 

 
Radiation pressure on an absolutely reflective vibrator 

For an absolutely reflecting vibrator, zi(s) = 0. Figure 2 shows the dependence of the efficiency factor of radiation 
pressure with a wavelength of 8 mm on an absolutely reflecting vibrator on the length of the vibrator for several 
diameters, calculated according to formulas (1) - (6). The abscissa shows the values of 2L/; the ordinate indicates the 
radiation pressure efficiency factor Qpr. 
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Figure 2. Dependence of the efficiency factor of radiation pressure on an absolutely reflecting vibrator on its electrical length and 
diameter 1 – D = 10 , 2 – D = 20 , 3 – D = 50 , 4 – D = 100  

The following features are visible: 
1) There is a resonance at which the radiation pressure rises strongly. It occurs when the vibrator length is slightly 

less than half the wavelength (2L/) 
2) When the length of the vibrator is equal to the wavelength (2L/ the radiation pressure is zero. 
For the comparison, we took the graph (Figure 3) from [9], which shows the dependence of the effective cross-

section of backscattering I of a linear vibrator on its length. The solid line is calculation results; dots are experimental 
data. 
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Figure 3. Dependence of the effective cross-section of backscattering of a linear vibrator on its length 

The vibrator is a steel-silvered rod with a radius of 0.35 mm. The wavelength of radiation is 10 cm. 
There is a resonance at kh = 1.5, where h is a half of the vibrator length, therefore, 2h/. It coincides with 

the resonance condition for the radiation pressure. This is normal, since the radiation pressure depends on the magnitude 
and direction of the scattered field. 

The backscattering efficiency factor defined as the ratio of the effective backscattering cross section to the vibrator 
geometric cross section is 

253.rev scaQ
S


   

The radiation pressure efficiency factor calculated from the vibrator data is 

Qpr = 121. 

These values are of the same order of magnitude, which confirms the correctness of the method for calculating the 
radiation pressure. 

But it can be seen in Fig. 3 that for vibrator length equal to the radiation wavelength, the effective cross-section of 
backscattering is not zero. This is probably due to the fact that the current calculation method can only be applied to 
vibrators whose length is shorter than the wavelength. 

0 20 40 60 80 100
10

D, m

105

104

103

102

Qpr

1

2

 
Figure 4. Dependence of the efficiency factor of the radiation pressure on the vibrator on its diameter 

1 - half-wave vibrator, 2 - electrically long vibrator 

Figure 4 shows the dependencies of the efficiency factor of radiation pressure on an absolutely reflecting vibrator 
on its diameter. Curve 1 shows the dependence for a half-wave vibrator at a resonance; curve 2 shows the dependence 
for an infinitely long cylinder of the same diameter. 

Curve 2 is plotted by means of the approximate formula for an E-polarized wave [23]: 

 

2

2
2 ln

prQ


 
 , 

where  = D/. 
The formula can be obtained when only the first terms of the series for the radiation pressure efficiency factor [2] 

and the Bessel and Hankel functions are taken into account. 
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Both curves in Figure 4 show that the radiation pressure efficiency factor grows indefinitely when vibrator 
diameter decreases. 

The fact that the efficiency factor of the radiation pressure on the vibrator increases when its diameter is reducing 
does not mean that the force acting on the vibrator increases. The power of the radiation incident on the vibrator 
decreases. Figure 5 shows the dependence of the force on the diameter, calculated under the following conditions: 
I = 40,000 W/m2 is the average radiation intensity at the output of a waveguide with a cross section of 7.2×3.4 mm at a 
power of 1 W, 2L = 4 mm is the vibrator length, 8 mm   mm is the radiation wavelength. 

The acting force is determined by the formula 

2pr prPQ I D LQ
F

c c
   

The reader can see that the force acting on the vibrator tends to zero when the diameter is decreasing, although the 
radiation efficiency factor increases indefinitely. 
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Figure 5. Dependence of the force acting on the vibrator on its diameter 

 
Surface impedance of the vibrator 

The surface resistance of metal has an inductive character and is determined by the following expression [24]: 

  0 1
c

Z i
 

 


, (7) 

where  is the electrical conductivity of metal. Units for the surface resistance are /m2. The surface resistance of 
copper ( = 5.8×107 1/(×m)) at a wavelength of 8 mm equals to Z = 0.0505 (1 + i) /m2. 

We had defined the surface resistance of the vibrator per unit length zi in the following manner: a square on the 
surface of a round conductor of radius r has a side equal to 2r. Thus, a vibrator with a length of 2r has a resistance 
defined by formula (7). Then the surface resistance of the vibrator per unit length is equal to 

r

Z
zi 2
 . 

For a copper vibrator with a radius of r = 50 μm at a wavelength of 8 mm 

zi = 161 (1+i) /m. 

The expression for the current in the vibrator includes the parameter 
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where 1 1 1k k   , 2k   = 786m-1, 1 , 1  are relative dielectric and magnetic permeabilities of the environment 
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  is the wave impedance in free space. 

We have obtained: 

 786 0.306k i   m-1, (8) 

The reader can see that the difference from k1 = k = 786 m-1, which is characteristic of an absolutely reflecting 
vibrator when zi = 0, is very small. This is normal, since the conductivity of copper is very high and its reflection 
coefficient at a wavelength of 8 mm differs little from 1.0 (approximately 0.999). 
 

Radiation pressure on the impedance vibrator 
We had explored the impact of the conductivity of the vibrator material on the radiation pressure. We have found 

out that the radiation pressure on the copper vibrator, with an accuracy of tenths of a percent, coincides with the 
radiation pressure on the absolutely reflecting vibrator. But when the length of the vibrator is equal to the wavelength, 
the efficiency factor of the radiation pressure on the copper vibrator is not zero, while being a very small value. For a 
vibrator with a diameter of 10 microns, it is approximately 0.0004. 

We had made the comparison of the radiation pressure on an infinitely long cylinder calculated by the formulae [2] 
(Fig. 6), and the radiation pressure on a half-wave vibrator calculated by the formulae given in the actual paper (Fig. 7). 
It is can see that for vibrator diameters larger than several micrometers, the radiation pressure on the absolutely 
reflecting vibrator and on the copper vibrator are almost equal. This is an expected result, since the radiation reflection 
coefficient with a wavelength of 8 mm from copper is approximately 0.999. Nevertheless, for diameters less than 
2 microns, the radiation pressure on an infinite copper cylinder becomes greater than on an absolutely reflecting 
cylinder. At a certain diameter it reaches a maximum and then, with a decrease in the diameter, drops to zero. The 
maximum is a consequence of the effect of strong interaction of electromagnetic radiation with very thin cylinders, the 
diameter of which is comparable to the thickness of the skin layer in the cylinder material [23]. The efficiency factor of 
the radiation pressure on an absolutely reflecting cylinder increases indefinitely with a decrease in its diameter. 
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Figure 6. Dependence of the radiation pressure efficiency factor 
on an electrically long vibrator on its diameter 

1 - absolutely reflective vibrator, 2 - copper vibrator 

Figure 7. Dependence of the radiation pressure efficiency factor 
on a half-wave vibrator on its diameter 

1 - absolutely reflective vibrator, 2 - copper vibrator 

The calculation results for a half-wave vibrator are different (Fig. 7). The radiation pressure efficiency factor for a 
copper vibrator is always less than the one for an absolutely reflective vibrator. The maximum pressure exists, but at 
extremely small diameters of thousandths of a micrometer. For such diameters, the calculations we have presented 
above may be incorrect because in this range of sizes and at larger diameters the physics of the processes may differ. 

It is likely that the difference in the dependences of the radiation pressure on the long vibrator and half-wave 
vibrator on the diameter is explained by the limitations on the method for calculating the current in the vibrator. 

We had examined the dependence of the radiation pressure efficiency factor on the conductivity of the vibrator 
material and the type of impedance (inductive or capacitive). We have assumed that the values of the real and imaginary 
parts of the impedance in both cases were determined by formula (7), and its type is determined by the sign in front of 
the imaginary part. Figure 8 represents the dependencies for a vibrator with a diameter of 10 μm. Curves 1 and 2 show 
that when the conductivity decreases the efficiency factor of the radiation pressure decreases too regardless of the 
conductivity nature. For a vibrator with capacitive impedance, the radiation pressure efficiency factor is slightly higher 
than for a vibrator with inductive impedance. Dots on the curve 1 represent different materials. The radiation pressure 
efficiency factor is much less for an infinitely long metal cylinder than for a resonant half-wave vibrator. It also 
decreases when the conductivity is decreasing. But at some of conductivity value, there is a maximum which is caused 
by the effect of strong interaction of thin conductive fibers with microwave radiation. There is no such maximum on the 
graphs for a half-wave vibrator. 
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Figure 8. Dependence of the efficiency factor of the radiation pressure on the conductivity of the vibrator (diameter 10 μm) 
1 - Inductive half-wave vibrator, 2 - capacitive half-wave vibrator, 3 - infinitely long metal cylinder 

Figure 9 shows the same dependences but for a vibrator with a diameter of 100 μm. Their shape is the same as in 
Figure 8, but the values of the radiation pressure efficiency factor are much less, and the position of the maximum for 
an infinitely long cylinder is different. This can be explained by the fact that the condition for the maximum is the 
approximate equality of the cylinder diameter and the thickness of the skin layer in it [23]. 
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Figure 9. Dependence of the efficiency factor of the radiation pressure on the conductivity of the vibrator (diameter 100 μm) 
1 - inductive half-wave vibrator, 2 - capacitive half-wave vibrator, 3 - infinitely long metal cylinder 

 
CONCLUSIONS 

1. We have proposed a method for calculating the efficiency factor of radiation pressure on an impedance linear 
vibrator, the length of which does not exceed the radiation wavelength. 

2. We have found out that the resonance occurs when the length of the vibrator is close to half the wavelength. The 
radiation pressure efficiency factor reaches values tens of times larger for an infinitely long cylinder of the same 
diameter. With a vibrator length equal to the wavelength, the radiation pressure efficiency factor is very small, and for 
an absolutely reflecting cylinder it is equal to zero. 

3. We have established that with a decrease in the diameter of an impedance vibrator of a finite length, the 
radiation pressure efficiency factor increases indefinitely, in contrast to an infinite cylinder of the same diameter, in 
which it reaches a certain maximum, and then decreases to zero. The maximum is explained by the existence of the 
effect of strong interaction of very thin conducting fibers with electromagnetic radiation. 

4. We have discovered that an increase in the efficiency factor of radiation pressure on thin vibrators does not 
mean an increase in the force with which radiation presses on them. This is due to the fact that with a decrease in the 
diameter, the energy of the radiation hitting the vibrator decreases, and the force decreases too. 

5. We have detected that with a decrease in the conductivity of an impedance vibrator of a finite length, the 
radiation pressure decreases monotonically, regardless of the type of the impedance (inductive or capacitive). The 
radiation pressure on an infinitely long cylinder reaches a maximum in a certain region, which is explained by the 
existence of the effect of strong interaction of radiation with very thin conducting fibers. 

6. To summarize the results of our research we want to say that the effect of large values of the radiation pressure 
efficiency factor on thin conductive vibrators can be used to levitate and control the movement of targets in the 
microwave range, similar to how it is done in the optical range with the help of lasers. 
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ТИСК ЕЛЕКТРОМАГНІТНОГО ВИПРОМІНЮВАННЯ НА ЛІНІЙНИЙ ВІБРАТОР 
М.Г. Кокодій, С.Л. Бердник, В.O. Катрич, М.В. Нестеренко, М.В. Кайдаш 

Харківський національний університет імені В.Н. Каразіна, м. Свободи 4, 61022 Харків, Україна 
В теперішній час тиск електромагнітного випромінювання в оптичному діапазоні широко використовується в лазерних 
пастках (так званих оптичних пінцетах або однопроменевих градієнтних силових пастках), для управління положенням 
мікрочастинок, біологічних клітин та інших мікроскопічних об'єктів. Це можливо, завдяки фокусуванню лазерного 
випромінювання в область розміром в кілька мікрометрів. Інтенсивність випромінювання в ній є достатньою для утримання 
частинок у промені та маніпуляцій з ними. Ми вважаємо, що буде доцільно дослідити таку можливість й у мікрохвильовому 
діапазоні довжин хвиль. Однак, у цьому діапазоні розміри фокальної області набагато більші, інтенсивність 
випромінювання тут менша, і для управління малими об'єктами за допомогою тиску випромінювання необхідні дуже великі 
потужності. Ми вирішили використати відомий ефект дуже сильної взаємодії тонких провідних волокон (металевих, 
напівпровідникових, графітових) з мікрохвильовим випромінюванням. Фактор ефективності тиску випромінювання на такі 
об'єкти досягає значень у кілька сотень та тисяч. Це можна використовувати для керування об’єктами у вигляді електрично-
тонких металевих провідників за допомогою радіаційного тиску. Відомий метод розрахунку тиску електромагнітного 
випромінювання на нескінченно довгий круговий циліндр. У цій статті ми пропонуємо метод розрахунку тиску 
випромінювання на круговий циліндр (вібратор), довжина якого порівняна з довжиною хвилі випромінювання. Ми 
з’ясували, що коли довжина вібратора близька до половини довжини хвилі, фактор ефективності тиску випромінювання 
набагато більший, ніж для нескінченного циліндра. Ми отримали залежність фактора ефективності тиску випромінювання 
від довжини та діаметра абсолютно відбиваючого та імпедансного вібратора. Він зменшується при зменшенні провідності. 
Нескінченний циліндр при певному значенні провідності має максимум фактора ефективності радіаційного тиску. 
Ключові слова: мікрохвильове випромінювання, тонкі провідники, імпедансний вібратор, тиск випромінювання. 
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The nonlinear magnetosonic solitons are investigated in magnetized dense plasma for quantum effects of degenerate electrons in this 
research work. After reviewing the basic introduction of quantum plasma, we described the nonlinear phenomenon of magnetosonic 
wave. The reductive perturbation technique is employed for low frequency nonlinear magnetosonic waves in magnetized quantum 
plasma. In this paper, we have derived the Korteweg-de Vries (KdV) equation of magnetosonic solitons in a magnetized quantum 
plasma with degenerate electrons having arbitrary electron temperature. It is observed that the propagation of magnetosonic solitons in 
a magnetized dense plasma with the quantum effects of degenerate electrons and Bohm diffraction. The quantum or degeneracy effects 
become relevant in plasmas when fermi temperature and thermodynamic temperatures of degenerate electrons have same order. 
Keywords: Magnetosonic wave, Quantum Plasma, Korteweg-de Vries equation (KdV) equation. 
PACS: 52.35.Fp, 52.35.Sb, 67.10.Db, 67.10.Jn 

 
The study of quantum plasma has been growing interest during the last decade due to its enormous applications on 

large scale systems in compact astrophysical objects such as white dwarfs, neutron stars and pulsars containing dense 
plasmas and on short scale systems such as in semiconductors, quantum devices and on nanometer scales such as quantum 
wells, quantum dots, nano-tubes and spintronics. The quantum or degeneracy effects become relevant in plasmas when 
the de Broglie wavelength associated with charge carriers becomes of the order of the average inter-particle distance so 
that there is a significant overlap of the corresponding wave functions or the Fermi temperature is same as the temperature 
of the system.  

Firstly, Haas [1] introduced the quantum hydrodynamic (QHD) model used for quantum corrections in plasma. 
Thereafter, the proposal of QMHD model explaining spin-1/2 effect of degenerate electrons for low-frequency waves in 
magnetized quantum plasmas was given by Marklund and Brodin [2]. In a quantum magnetoplasma, the quantum Bohm 
potential and electron spin-1/2 effects using the Sagdeev potential approach was studied for magnetosonic solitons [3]. 
In the system of QMHD, the electron spin-1/2 changes to the shape of the magnetosonic solitary waves due to the balance 
between the nonlinearity and quantum diffraction/ tunneling effects. Spin Alfv´en solitons were investigated in 
magnetized electron-positron plasmas [4] by deriving a modified KdV equation in the MHD limit. It was shown that the 
collective spin effects may influence the wave characteristics in a strongly magnetized quantum plasma.The QHD model 
can be generalized by adding the quantum statistical pressure term (the Fermi-Dirac distribution) and the quantum 
diffraction term (the Bohm potential) to the fluid model [5, 6]. 

The QHD was used to investigate the quantum magnetosonic waves and a deformed Korteweg-de Vries (KdV) 
equation was derived by Haas et al. [7]. In classical plasma, the KdV equation is well known for the small but limited 
amplitude of ionic sound wave [8], [9]. Both degenerate (without spin) and non-degenerate (with spin) quantum plasmas 
were studied respectively by using small amplitude limited perturbation scheme obliquely two-dimensional nonlinear 
magnetosonic waves [10 – 11]. Many authors have studied the linear and nonlinear low-frequency waves in quantum 
plasma such as ion acoustic waves, drift waves etc. [12 - 14]. 

It has been proved that by adding positrons to the plasma as usual, their collective behavior has changed considerably 
[15] - [18]. Plasma [29] smashing [18], [20] the early universe, the vital role of survival and electron-positron (E-P) have 
collective behavior. Although most of the astronomical environments can be considered by the EP plasma existent senses 
[21], [22], the EP plasma combination in nonrelativistic regimes is astronomical plasma in some aspects [20], [23]. 
Verheest et al. studied through a reductive disturbance analysis, large amplitude in electron-positron plasma studied 
solitary electromagnetic waves and received a modified Korteweg-de verse (mKdV) equation [24]. Using two fluid 
plasma samples, Kourakis et al. [25] the pair studied parallel wavelength packets in parallel magnetic plasma in pairs. 
With this approach, Esfandyari-Kalejahi et al. E-P-I is considered nonlinear propagation of amplitude collective 
electrostatic wave-packets in Plasma [26]. Esfandyari-Kalejahi et al. [27] Studied electrostatic waves which unmagnified 
collision pair modulation of nonlinear amplitude propagation in plasma. Furthermore, many researchers have examined 
solder tissue structures in magnetic plasma, which are derived from the Zakharov-Kuznetsov (ZK) equation in various 
media. For example, Kourakis et al. have studied Magnetic mixed pair-ion plasma molecular electrostatic reactions are 
equated with linear dissemination analysis and forming their dimensional solutions [28]. The spread of shear Alfven 
waves in a strongly magnetic e-P-I plasma has been investigated by U. et al. [29], and also in Quantum E-P-I plasma, 
solitary waves were examined [20]. In the presence of stable ions, in the presence of Mahmoud et al., QHD for 
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disseminating nonlinear acoustic wave in dense magnetic e-p plasma, ZK has found the equation and found that the 
positron concentration decreases the wave dimension increases. 

 
THEORETICAL FORMULATION 

In order to study the nonlinear low frequency magnetosonic wave propagation, we take the set of dynamic equations 
for solving our problem. The set of quantum magnetohydrodynamic include the ion continuity equation and momentum 
equations as follows. 

The ion continuity equation and for nondegenerate ions fluid are –  
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where ui is ion fluid velocity, ni is ionic number density and mi is the ion mass. 
The electron continuity equation and momentum equation for degenerate electrons are –  
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where ne is unperturbed electron number density, Pe is electron pressure and the term 2  arises due to electron tunneling 
through the Bohm potential. The numerical coefficient α is expressed as-  
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Let z = exp(βμ). In the classical limit (z << 1) then α ≈ 1, whereas in the full degenerate limit (z >> 1) then α ≈ 1/3. 
The Fermi-Dirac particle distribution function for electron is –  
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where β=1/kBT, E=mev2/2, v=|u|, kB is the Boltzmann constant and μ is the chemical potential regarded as a slowly varying 
function of position r and time t. 

 

The scalar pressure for equilibrium with zero drifts velocity as -  

 2 31

3 eP m fu d u  . (7) 

This is equal to – 
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The Maxwell’s equations are - 
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The current density is – 
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The equilibrium ni0 = ne0 = n0 (say) has been defined. In order to study the obliquely propagating nonlinear magnetosonic 

wave propagating in x direction, i.e.,

 

 ,0,0x  
 
and electric field in a plane (xy) i.e.,
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dispersion relation for magnetosonic waves in a quantum plasma with arbitrary electron degeneracy is written as – 
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where  s is ion acoustic speed and defined as – 
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The dispersion relation is described as - 
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The phase velocity is defined as – 
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where  A is Alfven speed.
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The dispersion relation for magnetosonic waves in quantum plasma with fully degenerate case can be written as –  
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To explore the nonlinear structures, it is convenient to write governing equations in dimensionless and component 
form and it is convenient to use of normalized quantities. For this, we introduce the following dimensionless variables: 
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is the quantum diffraction dimensionless parameter and β = kBT, kB is the Boltzmann constant, T is the temperature and 
μ is the equilibrium chemical potential and γ = mi / me is ion electron mass ratio. The space (x) and time (t) variables are 
normalized by ion plasma frequency. Hereafter, we will be using these new variables and remove all the bars for simplicity 
of notations. The normalized ion continuity and momentum equations in the component form of dimensionless variables 
can be written as follows: 
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The normalized electron continuity and momentum equations in the component form of dimensionless variables can 
be written as follows:
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  

 
. (23) 

 
The component form of Faraday’s law – 
 

 
E B

x t

 
 

 

 
. (24) 

 
The components form of Ampere’s law - 
 

 0 i ix e e xn u n u  , (25) 

  
2

2
s

e ey i iy

B
n u n u

x c


  



, (26) 

 
where Ω = ωci/ωpi has been defined as normalized parameter of ion cyclotron and ion plasma frequency ratio. Where 

ωci = eB0/mi is the ion cyclotron frequency and 
2

0

0
pi

i

n e

m



  is the ion plasma frequency respectively.  

 
DERIVATION OF KDV EQUATION FOR MAGNETOSONIC WAVES 

 
Now, we derive the Korteweg-de Vries equation from (18)-(26) by employing the reductive perturbation technique 

and the stretched coordinates – 

 δ= ɛ1/2 (x-vpt) and τ = ɛ3/2 t, (27) 

where ɛ is a smallness parameter proportional to the amplitude of the perturbation and vp is the phase velocity of wave.  
 
We can expand the variables ne(i), ue(i), E, B and μ in a power series of ε as – 

 (1) 2 (2)
( ) ( ) ( )1 ....e i e i e in n n     , (28) 

 (1) 2 (2)
( ) ( ) ( )0 ....e i x e i x e i xu u u     , (29) 

    1 23/2 5/2
( ) ( ) ( ) ...e i y e i y e i yu u u    , (30) 

    1 23/2 5/2 ...x x xE E E    , (31) 

 (1) 2 (2)1 ....z zB B B     , (32) 

    1 22 ...       . (33) 

Now collecting the lowest order (ε3/2) terms from ion continuity and momentum equations of components form (18) to 
(20) give – 
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   1 1

0i ix
p

n u
v

 
 

  
 

, (34) 

 
 1

(1) (1)ix
p x iy

u
v E u




   


, (35) 

 (1) (1)
y ixE u . (36) 

Now collecting the lowest order (ε3/2) terms from electron continuity and momentum equations of components form (21) 
to (23) give – 
 

 
   1 1

0e ex
p

n u
v

 
 

  
 

, (37) 

 

 1 (1)
(1) (1)ex e

p x ey

u n
v dE d u d

 
 

    
 

, (38) 

 (1) (1)
y exE u  . (39) 

 
The lowest order (ε3/2) terms from component form of Faraday’s law (24) – 
 

 
(1) (1)

y z
p

E B
v

t
 

 
 

. (40) 

The lowest order (ε3/2) terms from components form of Ampere’s law (25-26) - 
 

 (1) (1)0 ix exu u  , (41) 

  
2(1)

(1) (1)
2
sz

ey iy

B
u u

c


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
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
. (42) 

 
Now, using (34) – (42) we have – 
 

 

2

1 a
p

s

v


 

    
 

. (43) 

Now collecting the next higher order (ε) terms can be written as following - 
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, (44) 

 
   

 
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, (45) 
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(2) (2) (1) (1) (1)ix ix ix
p x iy ix iy z

u u u
v E u u u B

  
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, (46) 
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, (47) 

 
(2) (2) (1) (1) (1) 3 (1)2

(2) (2) (1) (1) (1) (1)
34

ex ex ex ex e e
p x ey ex ey z e
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v dE d u d u d u B d n d
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     

, (48) 
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, (50) 

 (2) (2) (1) (1) (1)( )ix ex e i xu u n n u   , (51) 

 
2 2(2)

(2) (2) (1) (1) (1) (1)
2 2

( ) ( )s sz
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
. (52) 

In order to study the nonlinear magnetosonic wave propagation characteristics we using this equation (1) (1)
ey iyu du 

 
and 

other variables can be expressed in terms of uex
(1) as followings-

  
 
 

 (1) (1)
ey iyu du  , (53) 
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ex ixu u , (54) 
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. (59) 

 
Now, using above equation and eliminating ne(i), ui, E and B we obtain –  

 
3

1 2 3
0A A

  
  

  
  

  
. (60) 

Equation (60) is the Korteweg-de Vries (KdV) equation of the nonlinear magnetosonic wave in magnetized quantum 
plasma in terms of uex

(1) = ψ. Where the nonlinear coefficient A1 and the dispersion coefficients A2 are given by – 

 
1 2

2

2

1
3

2

1
1

2 4

p

p

A
v

H
A

v

  
      


   
 

. (61) 

The solution of the Korteweg-de Vries (KdV) equation is found by transforming the independent variables X and τ to -  

 K = δ – C0τ, τ = τ, (62) 

where, C0 is a constant velocity normalized by c. 
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Therefore, the solution of the Korteweg-de Vries (KdV) equation is – 

 2sechm

K      
. (63) 

In order to get the existence of solitons structures, it is necessary to apply the boundary condition on wave. The exact 
solution of KdV is not possible because this equation is not exactly integral solution. However, a particular solution of 
KdV is possible. The boundary condition is – 

 
2

2
0, 0, 0

d d
atK

dK dK

      , 
 

where  m is the amplitude and Δ = 1/α is the width of magnetosonic soliton is given by –  

 

0

1

2

0

3

4

m

C

A

A

C

  


  

. (64) 

RESULT AND DISCUSSION 
1. The theory of magnetosonic waves can be applied to all degeneracy of electrons. However, here the Fermi 

temperature and thermodynamic temperatures have same order and strong interactions between charge carriers. The 
quantum diffraction parameter depends on electron thermal temperatures as shown in Figure 1. It can be seen from 
the figure that quantum diffraction parameter attains large value for cold plasma. 

 

Figure 1. Variation of Quantum diffraction parameter H with temperature 

2. Variation of Nonlinear dispersive coefficient A2 as a function of temperature for magnetosonic waves is shown in 
Figure 2. 

(a) The rarefactive magnetosonic solitons structures are formed only when velocity of nonlinear structure C0 < 0 and 
nonlinear coefficient A1 remains positive and nonlinear dispersive coefficient A2 < 0 for electron temperature T > 
106K. The speed of the nonlinear rarefactive soliton will be less than the phase speed of the magnetosonic waves. 

(b) But the compressive magnetosonic solitons structures are formed when velocity of nonlinear structure C0 > 0 and 
nonlinear coefficient A1 remains positive and nonlinear dispersive coefficient A2 > 0 for electron temperature T < 
106K and it moves with a speed greater than the speed of the magnetosonic waves in the plasma with arbitrary 
degeneracy of electrons. The formation of magnetosonic dip structures in the higher temperature region is decreased 
with the increase of the magnetic field intensity. 
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Figure 2. Nonlinear dispersive coefficient A2 as a function of temperature 

3. The variation of Ω = ωci/ωpi as normalized parameter of ion cyclotron and ion plasma frequency ratio with different 
values of temperature as shown in Figure 3. It can be seen from the figure that the value of Ω decreases with increase 
in electron thermal temperature as well as magnetic field intensity. 

  
Figure 3. The ratio Ω of ion cyclotron to ion plasma frequency as a function of temperature 

 
CONCLUSION 

The weakly nonlinear propagation of magnetosonic soliton in magnetized dense plasma has been analyzed with the 
quantum effects of degenerate electrons, pressure degeneracy and Bohm diffraction. The reductive perturbation theory 
was used to derive Korteweg-de Vries (KdV) equation for the propagation of quantum magnetosonic waves in magnetized 
dense plasma. In weakly nonlinear limits, condition of shock wave has been discussed. Finally, we observed that this 
result relevant in plasma when fermi temperature and thermodynamic temperatures have same order. 
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НЕЛІНІЙНІ МАГНІТОЗВУКОВІ ХВИЛІ В НАМАГНІЧЕНІЙ ЩІЛЬНОЇ ПЛАЗМІ 
ДЛЯ КВАНТОВИХ ЕФЕКТІВ ВИРОЖЕНИХ ЕЛЕКТРОнів 

Нілам Рані, Манікант Ядав 
Кафедра фізики, Університет науки і техніки Дж. К. Бозе, YMCA, Фаридабад, Хар'яна, 121006 

У цій роботі досліджуються нелінійні магнітозвукові солітони в намагніченій щільній плазмі для квантових ефектів 
вироджених електронів. Ознайомившись з основним впровадженням квантової плазми, ми описали нелінійне явище 
магнітозвукової хвилі. Використовується метод відновного збурення для низькочастотних нелінійних магнітозвукових хвиль 
у намагніченій квантовій плазмі. У цій роботі ми вивели рівняння Кортевега-де Фріза (KdV) магнітозвукових солітонів у 
намагніченій квантовій плазмі з виродженими електронами, що мають довільну електронну температуру. Спостерігається, 
поширення магнітозвукових солітонів у намагніченій щільній плазмі з квантовими ефектами вироджених електронів і 
дифракції Бома. Квантові або ефекти виродження стають актуальними в плазмі, коли температура Фермі і термодинамічна 
температура вироджених електронів мають однаковий порядок. 
Ключові слова: магнітозвукова хвиля, квантова плазма, рівняння Кортевега-де Фріза (КдВ). 
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In this study the thermoelectric effect is investigated in terms of thermoelectric power, Figure of merit(ZT), and power factor. The 
calculations were carried out based on Boltzmann transport equation by taking ionized impurity scattering as a dominant mechanism 
for heavily doped n-type silicon at 300K with charge concentration varies from 2×1018 /cm3 – 20×1020 /cm3. It is known that doping of 
materials can induce Fermi level shifts and doping can also induce changes of the transport mechanisms. The result of this study shows 
doping also induces changes in thermoelectric power, Figure of merit, and power factor. The magnitude of the change is different for 
consideration of parabolic density of states and non-parabolic modified density of states which amounts to 16.7% for thermoelectric 
power, from 0.059% - 84.1% for Figure of merit(ZT) in favor of non-parabolic consideration respectively. There is also a difference of 
39.9% for power factor with respect to relaxation time between the two cases in favor of the parabolic consideration. 
Key words: doping, thermoelectric effect, thermoelectric power 
PACS: 72.20.Pa 

 
A semiconductor can be considered heavily doped when the impurity band associated with the doped impurity 

merges with either in the conduction and valence band. There are two aspects with direct influence on the carrier transport 
namely tailing of states into the band gap. It thus seems useful to determine theoretically the location of the Fermi level 
in heavily doped silicon taking into account the density of states in the tails [1-3]. According to [1], the density of state 
for heavily doped silicon is expressed in [4] as 

 ሺݖሻ ൌ 	
௠್
∗
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whereas, 
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represents the parabolic total density of states in the conduction band. 
In Eq. (1) for non-parabolic modified density of states, the term y(z) is given by 
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and 
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The standard deviation of the Gaussian distribution for the impurity potential energy is 
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For a screened coulomb potential of impurity atoms with ϵୢ is the dielectric constant of the given semiconductor. 
The Thomas-Fermi screening length according to [5] is 
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  (6) 

The density of states function given by Eq. 1 is very complicated and thus is not useful for making any calculation. 
Slotboom [2] has however; suggested the following approximation for y(z). 

 yሺzሻ 	≅ 	 z
భ
మ ቂ1 െ

ଵ

ଵ଺୸మ
ቃ  (7) 
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for z > 0.601, equally, E > 0.85ߜ. 
and 

 yሺzሻ 	≅ 	
ଵ

ଶ஠
భ
మ
expሺെzଶሻሼ1.225 െ 0.906ሾ1 െ expሺ2zሻሿሽ  (8) 

for z  0.601. 
Using Eqs. (7) and (8) for y(z), we obtain the following expression of the electron concentration in the conduction 

band for modified density of states having band tails  
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where ߰଴ is obtained by setting  = 0 into 
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It is more convenient to introduce normalized electron concentration nn given by 

 n୬ ൌ 	
୬

ଵ଴మఱ ୫య⁄
  (11) 

In this study the semi-classical and quantum treatments are applied in the calculations of scattering mechanisms 
under the assumptions of the electron concentrations from 2x1018 - 2x1020/cm3 and in the temperature range 77 – 300K. 

 
LINEARIZED BOLTZMANN EQUATION WITH RELATION TIME APPROXIMATION 

All the quantities of interest to us may be expressed immediately in terms of Fermi-Dirac distribution f(r,k.t). The 
Boltzmann transport equation is therefore 

 డ௙

డ௧
൅ .ܞ સf ൅ ۴. સܓf ൌ ቀ

ப୤

ப୲
ቁ
܋
  (12) 

Consider a time dependent but spatially homogenous situation in the absence of applied fields. Thus Eq. (12) 
becomes 

 ப୤

ப୲
ൌ 	 ቀ

ப୤

ப୲
ቁ
ୡ
  (13) 

where the term ቀడࢌ
డ࢚
ቁ
ࢉ
 is expressed in terms of collision operator C as  

 ቀ
డ௙

డ௧
ቁ
ࢉ
ൌ ,࢘ሺ߶࡯ ሻ࢑ ൌ ߚ	 ࢑ሺܸ׬

ᇱ
, ᇱሻ࢑ሻሾ߶ሺ࢑ െ 	߶ሺ࢑ሻሿ(14)  ࢑ࢊ 

for arbitrary function() and potential(V). In the relaxation time approximation, we suppose that ቀడࢌ
డ࢚
ቁ
ࢉ
 has the simplest 

form which will yield the behavior 

 ቀ
డ௙

డ௧
ቁ
௖
ൌ 	െ
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த
  (15) 

Now for all mechanisms of interest to us, E is not much changed in a single event. For elastic scattering such as 
ionized impurity scattering this is strictly true, while for acoustic deformation potential scattering(through local band 
perturbation), it is only approximate. Actually in the cases for which  is well defined, it is a function of E alone. Thus 
the relaxation time can be written as 

 τ ൌ 	τ଴E஛  (16) 

The value of the superscript λ depends on the scattering mechanism 3/2 for ionized mpurities and -1/2 for acoustic 
phonons. In the case of optical phonons the electron scattering is not elastic the relaxation time cannot be applied [6]. 

 
ELECTRON AND HEAT FLUX DENSITIES 

In the steady state in a homogeneous system with electric E applied along the x-axis, in the absence of 
magnetic field, the distribution can be written as 

 f ൌ f଴ ൅ 	f′  (17) 
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which is the solution of 
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԰
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ப୲
ቁ
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  (18) 

where f0 is the thermal equilibrium distribution and f’ is a first order perturbation given by 

 f ᇱ ൌ 	 v୶f୶ ൅	v୷f୷ ൅	v୸f୸  (19) 

Furthermore, 

 v ቀെ
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ப୉
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ଵ
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ப୤
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  (20) 

And Eq. (18) can be solved to find fx for one-dimensional case using Eqs. (15), (19), and (20) to give 

 f୶ ൌ 	τe ቀ
ப୤బ
ப୉
ቁ E′୶  (21) 

Since E’x in Eq. (21) is the d.c. electric field along x-direction, and the x-component of the electric current 
density is given by 
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∗య

԰య
׬ v୶ଶf୶dv୶dv୷dv୸  (22) 

Finally after transformation to spherical coordinates (v, , ) for velocity components and making use of Eq. (21) 
for fx , we get 
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ୣమ୫౤

∗య୉ᇲ	୴బ
ఱ

଺஠మ԰య
׬ τሺEሻ

ப୤బ
ப୉
ε
య
మdε

ஶ
଴   (23) 

where we make change of variable from v to  = E/kBT. 
Thus for the case of parabolic density of states we obtain the following expression for the electrical conductivity 
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  (24) 

where F1/2 and F2 can obtained as family of the well known tabulated Fermi-integral by setting p equals to 3 and 4 
respectively. 

׬ 
க౦ୢக

ଵାୣ୶୮ሺகି஗ሻ

ஶ
଴   (25) 

where  = EF/kBT is normalized Fermi energy. 
We can obtain similar expression for electrical conductivity for the case of non-parabolic modified density of states 

having band tails in Eq. (1) by inserting into Eq. (24) which gives 
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where ߰ఱ
మ
 is obtained from Eq. (10) by setting  = 5/2. 

To obtain thermal current density, we use from[7,8] 
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after integrating over spherical coordinates θ and φ. 
In the presence of an external d.c. field E’x and a temperature gradient dT/dx along the x-direction, the Boltzmann 

transport equation is written as 
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  (28) 

One can solve ப୤బ
ப୶

 in Eq. (28) as 
∂f଴
∂x

ൌ
∂f଴
∂T

∂T
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Inserting Eq. (29) into Eq. (28) and solving for f୶, we get  
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Substituting Eq. ( 30) into Eq. (23), Jx becomes 
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Since a small current flows, Jx = 0 is assumed for measured thermoelectric voltages(V), and we obtain the following 
relationship between E‘x and dT/dx. 
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If there are no gradients of concentration, then the second term in numerator is cancelled. The Seebeck coefficient() 
referred to as the thermal emf or thermoelectric power [9] is given by 
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According to [10] dimensionless figure-of-merit(ZT) for a material in terms of Seebeck coefficient() , electrical 
conductivity (), and the electronic thermal conductivity (Ke) is 
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 (34) 

The power factor (PFF) for the case of parabolic density of state is 
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 where F3 and F4 can obtained as family of the well known tabulated Fermi-integral by setting p equals to 3 and 4 
respectively. 

We can obtain expressions for , ZT and PFF for the case of modified density of states using the corresponding 
expressions, i.e., Eqs. (33-35) obtained based on standard model with parabolic density of states (which doesn’t 
incorporate the effect of band tails) by substituting Eq. (1) for modified density of states and by extending the integration 
limits from -∞ to ∞. This yields the following expressions  
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Finally 
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where ψହ
ଶൗ
, ψ଻

ଶൗ
, ψଽ

ଶൗ
 are obtained from Eq. (10) by setting  = 5/2, 7/2, 9/2 respectively. 

 
RESULTS 

Thomas-Fermi screening length in Eq.( 6) is calculated to be 

 aୱ 	ൌ 7.87X10ିଵ଴n୬
ି
భ
ల	m  (39) 

and the value of the Gaussian distribution for impurity potential energy is 

 	 ൌ 	4.375	X10ିଶଵn୬
ఱ
భమJ  (40) 
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Thus the electron concentration in the conduction band for modified density of states having band tails in Eq. (9) 
becomes 
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Thus 
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Similarly for parabolic density of states 

 n୬ ൌ 3.2Fଵ/ଶሺηሻ  (43) 

and the rest all integrals are evaluated by inserting them directly in the mathematical v.5 installed in the sun ultra 5 work 
station computer[11]. The above values of nn and ߟ obtained by an iterative method which was employed in the above 
simplified expressions to relate them for parabolic and modified density of states cases. 
The table of values(in the Appendix part of Table 1 and 2), F1/2 (-2.6) is evaluated as 

NIntegrateൣݔଵ/ଶ ሺ1 ൅ Expሾݔ ൅ 2.6ሿሻ⁄ /൧, ሼݔ, 0,∞ሽ 

The result is F1/2 (-2.6) = 0.0641614 and the corresponding normalized concentration is 

nn = 3.2 F1/2(-2.6) = 3.2*0,0641614 = 0.2048 

Note that iterative method is not one shot 
process but it takes certain thoughtful steps to get 
the best value of η which gives to the nearest 
possible value of nn = 0.2 that is η = -2.6. This 
procedure was followed to evaluate all values in the 
table including the corresponding values for F3, and 
F4 for parabolic case. 

It is straightforward to use the same procedure 
for the case of modified density of states. In the 
same way as the previous case, in the table of 
values, nn = 0.2 corresponds to η = -2.9. 
Mathematica software 5.0 is used to obtain 
0.0333945 + 0.13557 = 0.16896 which was taken 
as the best approximation of nn = 0.2 during the 
iterating method corresponding to η = -2.9. The 
same procedure was used for the other pair of 
values in the table. The values of the other integrals 
ψ0 , ψఱ

మ
, ψళ

మ
 , ߰వ

మ
 (in Appendix part of Table 2) were 

evaluated straight forward(even copy and paste of 
expressions is possible that facilitates the process) 
by using mathematica v.5. 

Graph in Figure 1 represents the dependence 
of thermoelectric power, defined as the voltage 
difference (V) developed due to temperature 

difference (T), as a function of electron concentration ranging 0.2 – 20×1025/m3 for two different cases. The quadratic 
equation fitting results are given by y = -0.006x2 + 0.06x -3.584 and with goodness of fit R2 = 0.987 for parabolic case 

Figure 1. Thermoelectric power as a function of electron concentration 
with the solid line marked by circles is for parabolic band and dashed 

line marked by squares is for modified density of states. 
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whereas y = -0.007x2 + 0.072x -3.577 and with goodness of fit R2 = 0.99 for non-parabolic case. When we compare the 
quadratic terms for each case the corresponding coefficients -0.007 and -0.006 differ by (-0.006 + 0.007)/0.006 = 16.7%, 
the coefficients of the linear terms differ by (0.072 -0.06)/0.06 = 16.7%, and the difference b/n the constant terms is 
negligible. Thus the values of the seebeck coefficient differ by 16.7% in favor of non-parabolic density of states 
consideration. 

 
Figure 2. Merit(ZT) as a function of electron concentration with the solid line marked by circles is for parabolic band and dashed 

line marked by squares is for non-parabolic band consideration. 

The graph for values of Figure of merit (ZT) for both parabolic and non-parabolic cases are presented in Figure 2. 
The cubic curve fitting was used with R2 = 0.994 for parabolic case and R2 = 0.814 for non-parabolic case. The maximum 
value of ZT for parabolic case is 0.0139 and for non-parabolic case it is 0.0256 corresponding to the maximum carrier 
concentration of 2 X 1026/m3. The minimum value of ZT for parabolic case is 0.0069 and for the non-parabolic case it is 
0.0128 corresponding to the minimum carrier concentration of 2X1024/m3. The difference in the values of ZT ranges up 
to 0.59% - 84.1% in favor of the non-parabolic consideration.  

 
Figure 3. Power factor with respect to relaxation time plotted as a function of electron concentration 

The power factor per relaxation time is plotted as shown in Figure 3. An exponential curve fitting is performed for 
the calculated data to obtain y = 2.059e0.355x and with goodness of fit R2 = 0.993 for parabolic case while y = 1.66e0.307x 
and with goodness of fit R2 = 0.987 is obtained for non-parabolic case. The two curves differ as shown by the respective 
exponential functions as the first is growing by a factor of 0.355 while the second is growing by a factor of 0.307 with a 
difference of .2% in favor of the non-parabolic consideration. On the other hand the amplitudes of the exponential 
functions are 2.059 for the first case and 1.66 for the second case which differ by 39.9% in favor of the parabolic 
consideration. 
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The results about calculations of Seebeck coefficient(), Figure of merit(ZT), and Power factor with respect to 
relaxation time(PFF/0) for the parabolic and non-parabolic considerations do differ as much as 16.7%, from 0.059% to 
84.1%, 39.9% respectively. The magnitude of the difference 16.7% is obtained in favor of parabolic density of states 
consideration as compared to non-parabolic density of states. It tells us as the carrier concentration increases with 
incorporation of more impurities the Seebeck coefficient changes significantly in both cases with respective difference of 
16.7%. This is evident in the pattern of the calculated data fitted with a quadratic curve where the good-of-fit has a maximum 
value than other curves. When it comes to the Figure-of-merit(ZT) the maximum value of goodness-of-fit of the calculated 
data is obtained for cubic curve as shown in Figure 2. The comparison is made between the respective values of ZT at the 
minimum and maximum carrier concentration which gives the difference that ranges from 0.059% - 84.1% where the gap 
between the values in the two cases increases as the carrier concentration increases. The calculation of the power factor with 
respect to relaxation time is compared for the two cases with help of an exponential curve fitting which has a maximum 
value of goodness-of-fit than other fitted curves. Therefore the calculations for the two cases differ as much as 39.9% in 
favor of the parabolic density of states. This result reminds care should be taken in our calculation of thermoelectric 
coefficients for higher carrier concentrations where non-parabolic density of states consideration is preferable. 

The experimental work by [12] reported that, despite limited information available about thermoelectric properties 
of single crystal silicon for higher doping concentration at higher temperature, they measured electrical conductivity, 
Seeback coefficient, and thermal conductivity to get calculated value of ZT as much as 0.015 for n-type silicon and 0.008 
for p-type silicon in the heavily doping range(1018 – 1020/cm3) at temperature range from 300 – 1000K. In the current 
study the maximum value is 0.0256 slightly different by 1.06% from the experimental value for the non-parabolic density 
of consideration as it is closer than the parabolic consideration which differs as much as 12.4% from the experimental 
value. Thermoelectric devices provide cooling when an applied current pumps heat from the cold side towards the hot 
side through the Peltier effect, or enable waste heat recovery by converting a heat gradient to electrical power through the 
Seebeck effect[13]. As cited in [13], a good thermoelectric material should possess a large Seebeck coefficient, a high 
electrical conductivity, and low thermal conductivity to maximize the dimensionless Figure of merit for the thermoelectric 
performance of a material. Reducing the thermal conductivity is therefore a natural way to improve the 
performance(indicated by power factor and efficiency) of a thermoelectric material. [13] found that the thermal 
conductivity is strongly reduced due to nanostructuration and the incorporation of impurities. 

 
CONCLUSION 

The thermoelectric effect is investigated in terms of thermoelectric power, Figure of merit, and power factor which 
have primary importance in device application. There is considerable difference of 16.7% between calculated value of 
thermoelectric power based on the parabolic density of states and the modified density of states in favor of the latter case. 
The difference between Figure of merit values calculated for two cases ranges from 0.059% - 84.1%% in favor of the 
non-parabolic case. The same trend is expected for the electron concentration exceeding 2x1026/m3. The calculated values 
of the power factor with respect to the relaxation time differ between the two case by 39.9% in favor of parabolic 
consideration. Laws of modern physics are used in the derivation of modified non-parabolic density of states to make 
corrections for parabolic density of states consideration as applied for heavily doped silicon, by doing so we get significant 
agreement with experimental results.  
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APPENDIX 

Table 1. Calculated values for parabolic density of states 

Serial 
No nn η F1/2 F2 F3 F4 (×10-4 VK-1) ZT PFF/0(1010W·m-1·K-2·s-1) 

1 0.2 -2.6 0.064 0.147 0.444 1.778 -3.4539 0.0069 2.607564 
2 0.3 -2.2 0.095 0.22 0.66 2.65 -3.4631 0.0067 3.964446 
3 0.5 -1.7 0.15 0.37 1.08 4.36 -3.4819 0.0061 7.1154 
4 0.8 -1.2 0.24 0.58 1.77 7.16 -3.489 0.0068 11.20056 
5 1 -0.9 0.32 0.78 2.38 9.64 -3.4935 0.0068 14.15646 
6 1.3 -0.6 0.41 1.03 3.19 12.96 -3.5041 0.0071 19.08449 
7 1.5 -0.5 0.445 1.13 3.51 14.3 -3.5139 0.0071 22.38165 
8 2 -0.1 0.626 1.65 5.17 21.163 -3.5306 0.0072 31.27236 
9 2.5 0.2 0.781 2.16 6.87 28.337 -3.5576 0.0074 41.63925 
10 3 0.4 0.94 2.583 8.288 34.38 -3.5778 0.0075 50.21136 
11 5 1.2 1.56 5.105 17.214 73.58 -3.6867 0.008 105.8283 
12 6 1.5 1.875 6.494 22.41 97.230 -3.7421 0.0084 138.4848 
13 8 2 2.5 9.513 34.3 153.18 -3.8518 0.009 214.9205 
14 10 2.4 3.125 12.68 47.5 218.15 -3.9611 0.0096 302.9532 
15 12 2.8 3.75 16.65 65.06 307.59 -4.0777 0.0104 421.5715 
16 15 3.4 4.688 24.35 101.6 504.83 -4.2856 0.0117 680.95 
17 18 3.9 5.625 32.64 144.13 748.52 -4.4793 0.0129 997.218 
18 20 4.2 6.25 38.5 176.12 940.14 -4.604 0.0139 1242.752 

Table 2. Calculated values for modified density of states having band tails 

Serial 
No nn η 0 5/2 7/2 9/2 (×10-4 VK-1) ZT PFF/0(1010W·m-1·K-2·s-1)

1 0.2 -2.9 0.08 0..9627 5.047 33.1 -3.455 0.0128 2.32 
2 0.3 -2.57 0.09 0.6821 3.015 16.7 -3.45 0.0133 3.35 
3 0.5 -2.09 0.12 0.472 1.6809 7.5 -3.439 0.0133 4.9 
4 0.8 -1.69 0.14 0.3227 0.9416 3.46 -3.428 0.0128 7.44 
5 1 -1.5 0.15 0.2681 0.7124 2.38 -3.425 0.0128 9.09 
6 1.3 -1.28 0.17 0.2167 0.5167 1.55 -3.429 0.0128 11.1 
7 1.5 -1.15 0.18 0.1933 0.4351 1.23 -3.435 0.0128 12.57 
8 2 -0.89 0.2 0.1533 0.3079 0.77 -3.456 0.0133 16.3 
9 2.5 -0.68 0.21 0.1287 0.2373 0.55 -3.482 0.0128 20.87 
10 3 -0.49 0.23 0.1125 0.1938 0.41 -3.51 0.0145 24.57 
11 5 0.1 0.28 0.0803 0.1156 0.20 -3.629 0.0167 43.4 
12 6 0.34 0.3 0.0726 0.0984 0.16 -3.686 0.0167 55.94 
13 8 0.77 0.33 0.0642 0.0795 0.12 -3.798 0.0152 85.28 
14 10 1.16 0.36 0.0606 0.0704 0.1 -3.909 0.0152 124.18 
15 12 1.52 0.39 0.0592 0.0656 0.086 -4.022 0.0185 169.64 
16 15 2.0 0.42 0.058 0.062 0.08 -4.258 0.0159 259.83 
17 18 2.46 0.45 0.059 0.061 0.07 -4.444 0.0303 409.6 
18 20 2.74 0.47 0.0604 0.0608 0.069 -4.520 0.0256 514.98 
 

ТЕРМОЕЛЕКТРИЧНІ КОЕФІЦІЕНТИ СИЛЬНО ЛЕГОВАНОГО КРЕМНІЮ N-ТИПУ 
Мулугета Хабте Гебру 

Фізичний факультет Університету Арба Мінч, Арба Мінч, Ефіопія 
Досліджено термоелектричний ефект з точки зору термоелектричної потужності, добротності (ZT) і коефіцієнта потужності. 
Розрахунки проводили на основі рівняння переносу Больцмана, взявши іонізоване розсіювання домішок як домінуючий 
механізм для сильно легованого кремнію n-типу при 300 К з концентрацією заряду від 2×1018/см3 – 20×1020/см3. Відомо, що 
легування матеріалів може викликати зміщення рівня Фермі, а легування також може викликати зміни транспортних 
механізмів. Результати цього дослідження показують, що легування також викликає зміни термоелектричної потужності, 
добротності та коефіцієнта потужності. Величина зміни різна для врахування параболічної щільності станів і непараболічної 
модифікованої щільності станів, яка становить 16,7% для термоелектричної енергії, від 0,059% - 84,1% для показника якості 
(ZT) на користь непараболічної відповідно. Існує також різниця в 39,9% для коефіцієнта потужності щодо часу релаксації між 
двома випадками на користь параболічного розгляду. 
Ключові слова: легування, термоелектричний ефект, термоелектрична енергія 
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