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The influence of the lens and mirror optical circuits of the channel illuminating a 
prototype of an optical-electronic system for measuring the parameters of angstrom-
level roughness of optical surfaces on the quality of laser radiation was researched and 
experimentally analyzed. Based on the prototype developed using lens and mirror 
optical circuits, a quantitative assessment was given of such laser radiation quality 
indicators as the M2 parameter and the contrast function of the speckle structure in the 
cross-section of its energy profile. Based on the findings of the described comparative 
analysis of the influence of two optical circuits of the prototype illumination channel on 
the target indicators of the laser radiation quality, recommendations were made 
whether it is advisable to use a lens optical system in the illumination channel in terms 
of the minimum measurement error.  
 
Keywords: lens and mirror optical systems; M2 parameter; speckle structure contrast; laser 
beam energy profile; laser radiation; differential scattering method. 
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Introduction 
 
The scientific papers previously 

published [1–4] describe the main scientific 
principles of the differential scattering 
method for quality control of optical surfaces. 
Papers [1, 2] have demonstrated the influence 
of limiting factors in the differential 
scattering method on the monitoring of 
angstrom-level optical surfaces. It is also 
worth noting the necessity of producing the 
high-quality laser radiation [5], primarily in 
the plane of the controlled optical surface, 
since additional intensity fluctuations 
occurring in the energy profile of the laser 
beam can lead to the formation of the speckle 

pattern in the recorded scattering indicatrix 
[1–8]. Thus, in development of a method for 
monitoring the roughness of angstrom-level 
optical surfaces, aspects related to the quality 
of the laser radiation illuminated spot formed 
in the plane of a part under control (lateral 
region) are of importance and relevance.  

 
 

Main part 
 
The following quantitative indicators 

were analyzed as the output characteristics of 
the laser radiation formed by lens and mirror 
optical systems in the plane of the optical 
surface under study [1, 5] (see Table 1). 
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Table 1 
 

List of the main analyzed characteristics of the laser radiation formed by the illumination channel based  
on the lens and mirror optical systems of the developed prototype 

 

No. Parameter 
Best values  

of the characteristics 
1 Contrast function of speckle structure in the cross-section of the laser beam 

energy profile – SC , p. u. 

SC I

I


 , I  – RMS value of intensity fluctuations in the video image 

showing the distribution of the laser beam energy profile, I  – average value 
of intensity in the video image showing the distribution of the laser beam 
energy profile  

< 0.5 

2 Laser beam quality parameter, p. u.  
2

2 real real real

c

D D

4 4 z
M

    
 

  
 

real  – divergence of a real laser beam; realD  – diameter in the cross-section of 

the real laser beam waist; cz  – laser beam confocality parameter (near-zone 

length); – laser radiation wavelength  

 
21 1,2M   

 
To evaluate the characteristics of the 

optical radiation formed by the illumination 
channel in the differential scattering method 
(see Table 1), a prototype was developed with 
an option of modifying the illumination 
channel when installing both lens and mirror 
optical systems that were preliminarily 

calculated in the Zemax automated design 
system.  

The functional diagrams developed for 
two versions of the prototype illumination 
channel based on lens and mirror optical 
systems are shown in Figures 1 and 2, 
respectively. 

 

 
 

Fig. 1. Functional optical diagram for the prototype of an optical-electronic device comprising an 
illumination channel based on a lens optical system: 1 – laser radiation source; 2, 4, 6, 7 – lens optical system 

objectives; 3 – diaphragm; 4 – microdiaphragm; 8 – surface of an optical part under control; 9 – M2sensor 
using the confocality measuring method; 10 – plane of analyzing the scattered laser radiation (plane of the 

photoreceiver – photomultiplier) 
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Fig. 2. Functional optical diagram for the prototype of an optical-electronic device comprising an 
illumination channel based on a mirror optical system: 1 – laser radiation source; 2 (Rз  = 40 mm;  

Dз  = 32 mm) – spherical mirror; 3 (Rз  = 50 mm; Dз  = 25.4 mm) – spherical mirror, 4 – microdiaphragm,  
5 (Rз  = 100; Dз  = 25.4) – spherical mirror, 6 (Rз = ; Dз  = 25.4) – flat mirror; 7 – surface of an optical part 
under control; 8 – M2-sensor using the confocality measuring method; 19 – plane of analyzing the scattered 

laser radiation (plane of the photoreceiver – photomultiplier) 
 
In the course of the prototype 

development, according to the functional 
optical schemes shown in Figures 1 and 2, 
five lasers were analyzed as laser radiation 
sources. These included gas lasers based on 
the He-Ne active medium having the 
following main generation lines: 6328 nm, 
6120 nm, 543.5 nm, 632 nm, as well as a 
solid-state laser based on YAG-Nd at the 
generation wavelength of 473 nm.  

Upon a comparative analysis of the 
steady state of quantitative energy indicators 
and characteristics, a laser with a generation 
wavelength of 473 nm was chosen as a 
radiation source for the comparative analysis 
of optical circuits, since it provides the 
maximum stability, on the one hand, and 
generates at the shortest wavelength, on the 
other hand, which is important for evaluation 
of intensity fluctuations in the energy profile. 

At first the initial quality of the laser 
beam of a solid-state laser source based on 
the active medium and matrix – YAG:Nd – 
was measured according to the method 

presented in the author’s paper published 
previously using the M2 sensor [5].  

According to the European standard ISO 
11146-1-2005, such evaluation parameters as 
the propagation factor K and M2 factor, have 
been introduced to evaluate the quality of 
laser radiation generated by a stable 
resonator. The latter describes the difference 
between the real laser beam’s structure and 
the ideal mode structure TEM00 [5] and is 
defined as the ratio of angular divergence of a 
real laser beam and the angular divergence of 
an ideal (or diffraction) laser beam. 
According to the method described [5], the 
quality of the original laser beam prior to the 
optical system was measured. For this 
purpose, the minimum cross-section of the 
laser source beam was measured using the M2 
sensor. As the experiment showed, this cross-
section for a given laser is located on the 
output partially transparent mirror, which is 
indicative of a plane-spherical, i.e. stable, 
resonator. After that the M2 sensor was 
moved relative to the recorded minimum 
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cross-section of the laser beam through the 
distance, at which this cross-section increased 
by 2 , which corresponds to the mirror 
position of the equivalent confocal resonator 
[5]. The measured distance was recorded and 
assumed as the laser beam confocality 
parameter or the value describing its near 
zone or the Rayleigh parameter (see Fig. 3). 

Analysis of the original laser beam and 
beams passed through the lens and mirror 
optical systems registered distributions of the 
laser beam's energy profile, including typical 

intensity fluctuations determined by statistical 
values (see Table 1):  

I – RMS value of intensity fluctuations 
in the video image showing the distribution of 
the laser beam’s energy profile, W;  

I – average value of intensity in the 
video image showing the distribution of the 
laser beam’s energy profile, W;  

I
SC

I


  – contrast function of speckle 

structure in the cross-section of the laser 
beam energy profile – CS, p. u. 

 

 
а)       b) 

 

Fig. 3. Concerning the method of measuring the initial intensity distribution in the energy profile of the 
Gaussian laser beam: 1 – solid-state laser source at the wavelength of 473 nm; 2 – M2 sensor; 3 – registered 
intensity distribution in the laser beam energy profile. a) – sequence of iterative measurements of the quality 

parameter of the Gaussian laser beam; b) – photo of the overall view of the stand for measuring initial 
parameters of the Gaussian laser beam 

 

 
а)       b) 

 

Fig. 4. Photo of the overall view of the stand for measuring the quality parameter and statistical values 
describing fluctuations of the intensity of laser radiation passed through the lens optical system: 1 – laser 
radiation source; 2 – objectives of the lens optical system; 3 – M2 sensor using the confocality measuring 
method; a) – photo of the entire measuring stand; b) – photo of the lens optical system and conditional 

transformation of the laser beam through its optical elements prior to the M2sensor 
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Fig. 5. Photo of the overall view of the stand for measuring the quality parameter and statistical values 
describing fluctuations of the intensity of laser radiation passed through the mirror optical system:  

1 – laser radiation source; 2 – optical system mirrors; 3 – M2 sensor using the confocality parameter 
measuring method 

 
Based on the developed functional 

optical systems for the prototype comprising 
an illumination channel based on lens (see 
Fig. 1) and mirror (see Fig. 2) optical circuits, 
corresponding measuring stands were 
developed (see Fig. 4, 5). 

Figure 4 shows the overall view of the 
stand for measuring the quality parameter and 
statistical values describing fluctuations of the 
intensity of laser radiation passed through the 
lens optical system. 

Figure 5 shows the overall view of the 
stand for measuring the quality parameter and 
statistical values describing fluctuations of the 
intensity of laser radiation passed through the 
mirror optical system. 

 
 

Conclusion 
 
During the experimental studies of 

passing the optical path of the lens and mirror 
optical systems shown in Figures 4 and 5, the 
intensity distribution in the laser beam's 
energy profile was measured and its quality 
was evaluated, according to the parameters 

given in Table 1. Results of the experimental 
studies are presented in Figure 6 and Table 2. 

Based on the obtained experimental 
data, a comparative analysis of the 
characteristics of laser radiation that passed 
through lens and mirror optical systems is 
presented (see Table 2). 

Thus, the completed experimental 
comparative analysis of the characteristics of 
laser radiation generated by optical systems 
(see Table 2) shows that the lens optical 
system is more preferable because the 
contrast level of the speckle structure (speckle 
pattern) in the cross-section of the laser 
beam’s energy profile is minimum. This 
argument is important when laser radiation 
interacts with a scattering optical surface 
having the angstrom-level roughness, which 
forms low-intensity scattered informative 
laser radiation. The second key criterion 
determining the feasibility of using a lens 
optical system is the laser beam quality 
parameter, which ensures the required 
dimensions of the lateral region (illuminated 
region) of the optical part under control and 
the specified energy in the illuminated spot.  
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Fig. 6. Concerning the definition and research of the laser beam quality parameter and speckle structure 
contrast formed in the plane of the optical part under control for mirror and lens optical systems:  
a) – cross-section of the Gaussian beam profile along axis x; b) – cross-section of the Gaussian  

beam profile along axis y 
 

Table 2 
 

Comparison of the main characteristics of laser radiation that has passed through lens  
and mirror optical systems 

 

No. Parameter 
Characteristic 

values (ideal case) 

Characteristic values 
after passing the lens 

optical system 

Characteristic 
values after 

passing the mirror 
optical system 

1* Contrast function of speckle structure 
in the cross-section of the laser beam 
energy profile – SC , p. u. 

I
SC

I


 , I  – RMS value of 

intensity fluctuations in the video 
image showing the distribution of the 
laser beam energy profile, I – 
average value of intensity in the 
video image showing the distribution 
of the laser beam energy profile 

< 0.5 0.47 0.78 

2 Laser beam quality parameter, p. u.  
2

2 real real real

c

D D
M

4 4 z

    
 

  
 

real  – divergence of a real laser 

beam; realD  – diameter in the cross-
section of the real laser beam waist; 

cz  – laser beam confocality 

parameter (near-zone length);  –
laser radiation wavelength 

21 1,2M   1.21 1.67 

 
* – abnormal emissions resulting from instability of laser radiation intensity fluctuations were filtered off 

during calculation. 
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Night vision devices with an extended sensitivity range of 0.4 µm to 2.0 µm are essential 

for scientific, civil and special-purpose applications. The architecture and basic 

specifications of the array photosensor of the 640512 format (15 μm pitch) with the 

extended sensitivity range (0.4-2.0 μm) developed on the basis of PbS CQP colloidal 

quantum dots are described. The major part of the photocurrent is generated in CQD 

layer n-PbS-TBAI. The layer has been made by substituting the initial ligand (oleic 

acid) with iodine during treatment of the CQD layer with tetra-n-butylammonium 

iodide (TBAI). The electron-blocking layer (hole transport layer) has been created on 

the basis of p-NiOx. The hole-blocking layer (electron transport layer) has been created 

on the basis of n-ZnO. 
 

Keywords: colloidal quantum dot (CQD); ligand; transport layer; photosensor. 
 

DOI: 10.51368/1996-0948-2025-2-12-20 
 

1. Introduction 

 

The recent period has been marked by 

the rapid growth in the research aimed at 

creating array photosensors (FPA) using 

materials and structures of limited dimensions 

1–3. A new trend in the field of 

photosensors can be clearly seen in the last 

two decades. This trend is associated with the 

use of so-called quasi-zero-dimensional 

colloidal quantum dots (CQDs), the spectral 

properties of which are determined by the 

average size of semiconductor nanoparticles 

that vary within the range of 2–10 nm. The 

development of this direction led to the 

creation in 2020 of the first serial-producted 
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matrices and cameras that are based on CQDs 

and operate in the spectral range from 0.4 to 

2.1 μm 3. 

The use of colloidal quantum dots 

allows to significantly simplify the 

technology, relieve the limitations imposed 

on the pitch of photosensitive elements 4 

and significantly decrease the FPA cost 5. 
The technology of manufacturing array 

photosensors using CQDs, which was named 

the monolithic-hybrid technology 4, 6, is 
based on application of liquid suspensions 
containing photosensitive nanoparticles 
directly on the surface of a silicon ROIC 
reading and pre-processing photo signals 
without the use of microcontacts made of 
indium or other materials. Such photosensors 
use the frontal illumination, which 
distinguishes them from sensors based on 
epitaxial 3D materials, such as 
In0.53Ga0.47As/InP. In the latter photosensors, 
before being absorbed by the photosensitive 
layer (In0.53Ga0.47As) the radiation from 
objects in the viewed scene has to pass 
through a wide-band gap single-crystal 
substrate (InP) of the epitaxial layer, which is 
opaque to the visible region (0.4–0.76 μm), 
thus limiting the colour sensitivity of the 
photosensor to the wavelength range of 0.9–
1.6 μm. Due to the possibility of using the 
frontal illumination of the photosensitive 
layer without the need for process operations 

aimed at thinning the substrates 7, 8, which 

greatly complicate the technology of 
manufacturing devices, the wide spectrality of 
QCD-based FPAs is ensured. For example, 
the use of PbS CQDs with colloidal quantum 
dots sized about 10 nm for making a 
photosensitive array layer enables registering 
the electromagnetic radiation within a wide 

spectral range of 0.4 to 2.1 μm 3.  

The paper [9] describes the uncooled 

array photosensor 640512 (15 μm pitch) 

developed by us for the spectral range of 0.4–

2.0 μm and based on colloidal quantum dots 

PbS CQDs, where the electron-blocking hole 

transport layer was made of p-PbS-EDT 

CQDs (Fig. 1а). 
This paper describes a new array 

photosensors (FPA) developed by us for the 
spectral range of 0.4–2.0 μm that features the 

640512 format and a pitch of photosensitive 
elements of 15 μm and is made of colloidal 
quantum dots PbS CQDs on the surface of the 
silicon ROIC reading p-channel photosignals. 

Unlike paper 9, here the electron-blocking 
layer (hole transport layer) is made of not 
liquid CQD suspension p-PbS-EDT, but of p-
NiOx material produced by magnetron 
sputtering. This material has recently started 
to be used for production of solar cells as a 
hole transport layer and has proven itself well 
due to its higher mobility and stability of 
properties as compared to organic materials 
[10, 11]. Other layers were made similarly to 

those in paper 9. 
 

 

а) b) 

Fig. 1. Architectures of FPA 640512 (15 μm pitch) based on PbS CQDs: a) – FPA sensing element with the 

electron-blocking layer (hole transport layer) made of CQDs p-PbS-EDT 9; b) – FPA sensing element with 

the electron-blocking layer (hole transport layer) made of p-NiOx material 
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2. Architecture of array photosensor 

640512 with the electron-blocking  

and hole-transport layer based on p-NiOx 
 

The architecture of each photosensitive 

element developed by the authors of the new 

640512 array photosensor has the form 

Cr/Ni/p-NiOx CQD/n-PbS-TBAI/n-ZnO/AZO 

(Fig. 1b). The major part of photocarriers is 

generated by radiation in CQD layer n-PbS-

TBAI. After photoexcitons decay, resulting 

electrons and holes are separated with the 

energy barrier of the p–n junction type at the 

contact of the n-PbS-TBAI CQD and p-NiOx 

CQD layers. The PbS CQD layer of the 

electron conductivity type is manufactured by 

substituting the initial ligand (oleic acid) after 

treatment with tetra-n-butylammonium 

iodide. Lead chloride and N, N'-

diphenylthiourea are used as precursors of 

lead and sulfur in the synthesis of PbS CQD. 

The coating of zinc oxide doped with 

aluminum to form a solid solution in the 

ZnO-Al2O3 (AZO) system is used as a coating 

transparent for the electrode radiation [12]. 

The energy composition of the structure's 

individual layers that specifies the directions of 

electron and hole transport in the layers of the 

photosensor with the Cr/Ni/p-NiOx/ККТ  

n-PbS-TBAI/n-ZnO/AZO architecture is shown 

in Fig. 2а along with a similar energy 

composition of the layers of the Cr/Ni/ККТ  

p-PbS-EDT/ККТ n-PbS-TBAI/n-ZnO/AZO 

structure, which is shown in Fig. 2b. 

 

 

Fig. 2а. Energy composition of layers of the 

Cr/Ni/p-NiOx/CQD n-PbS-TBAI/n-ZnO/AZO 

structure, on which basis array photosensor 

640512 made of PbS CQDs with the  

electron-blocking and hole-transport layer 

based on p-NiOx was developed 

 Fig. 2b. Energy composition of layers of the 

Cr/Ni/ККТ p-PbS-EDT/ККТ n-PbS-TBAI/n-

ZnO/AZO structure, on which basis array 

photosensor 640512 made of PbS CQDs with the 

electron-blocking and hole-transport layer based on 

PbS CQDs (p-EDT) [9] was developed 

 

3. Properties of array photosensor 640512 

with the electron-blocking and hole-

transport layer based on p-NiOx 

 

A photograph of the finished array 

photosensitive element of the 640512 format 

based on colloidal quantum dots PbS CQDs 

with the silicon ROIC reading and pre-

processing photo signals and an upper 

electrode made of Al:ZnO (AZO) mounted on 

the raster for research is shown in 3а. 

The study of the spectral dependence of 

the optical absorption of the suspension of 

lead sulfide's colloidal quantum dots in the  



Applied Physics, 2025, No. 2 
 

15 

n-octane solution, that were synthesized by 

the above-described method using PbCl2 as a 

lead precursor, showed the first exciton peak 

occurs with a maximum located at the 

wavelength max  1.8 μm. Its full width at 

half maximum (FWHM) was 220 nm, which 

indicates a sufficiently high monodispersity 

of PbS nanocrystals [13] in the absorbing 

layer of PbS CQDs (n-TBAI) of the finished 

array photosensor. Figure 3 shows the 

spectral dependence of the photosensitivity 

Si()/Si(max) reduced to unit for the array 

photosensor 640512 with the silicon ROIC 

reading and pre-processing photo signals. The 

long-wave limit of photosensitivity is lim = 

= 1.96 μm, the width of the sensitivity band 

falls within the wavelength range of  = 

= 0.42.0 μm. The use of the empirical 

relationship E0 = 0.41 + (0.025d
2
 + 0.283d)

–1
 

that was derived in paper [13] and establishes 

the connection between the energy of optical 

transitions E0 in the optical absorption spectra 

of the CQD solution and diameter d of the 

nanoparticles showed that the diameter of the 

colloidal quantum dots we used is d  9.5– 

10 nm. The study of the nanoparticle shape by 

the high-resolution transmission electron 

microscopy showed that the prevailing CQD 

shape is a truncated octahedron (Fig. 4а). 

Each colloidal quantum dot has eight faces 

(111) and six faces (100), which is confirmed 

by the findings of the study conducted in [14]. 

The structure of faces (100) and (111) is 

shown in Fig. 4b. The photograph of CQDs 

obtained by the transmission microscopy 

method is shown in Fig. 4c. 
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а) b) 

Fig. 3. Array photosensitive element (PSE) of the 640512 format based on colloidal 

quantum dots PbS CQDs with Cr/Ni/p-NiOx/ККТ n-PbS-TBAI/n-ZnO/AZO architecture 

with silicon ROIC reading and pre-processing photo signals: a) – photo of raster-mounted 

PSE; b) – spectral dependence of photosensitivity reduced to unit at a room temperature 

 

  

 

20 nm  
а) b) c) 

Fig. 4. a) – model of the CQD shape (truncated octahedron); b) – composition of CQD nanocrystal faces 

(100) and (111); c) – photo of the CQDs obtained by the TEM method 
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The current-voltage characteristic of one 

of the photosensitive elements, which was 

measured at the room temperature in 

conditions of no illumination and under 

illumination from a monochromatic source 

with the wavelength of  = 0.94 μm and a 

power P = 0.072 Wcm
-2

, is shown in Figure 5. 

The current-voltage characteristics (CVC) 

have a form typical for structures with an 

energy barrier of the p–n junction type. The 

monochromatic ampere-watt responsivity at 

zero bias is S0 = 0.35 A/W and increases to  

S-1 = 7.4 A/W at back bias equaling to Vbias  = 

= -1.0 V. The average value of S0 obtained by 

averaging the ampere-watt responsivity for 7 

photosensitive elements is 0.27 A/W. 
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Fig. 5. Current-voltage characteristic of the 

photosensitive element under conditions of 

illumination from a monochromatic source  

( = 0.94 μm, P = 0.072 Wcm
-2

) and in conditions  

of no illumination 

The spectral dependence of the specific 

detectivity of the uncooled single-element 

photosensor with the Cr/Ni/p-NiOx/ККТ  

n-PbS-TBAI/n-ZnO/AZO architecture, which 

was measured under illumination from a 

black body with temperature ТBB = 1273 K at 

bias voltage Vbias equaling to 3.0 V is shown 

in Figure 6. 
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Fig. 6. Spectral dependence of the specific detectivity 

of the uncooled single-element photosensor with the 

Cr/Ni/p-NiOx/ККТ n-PbS-TBAI/n-ZnO/AZO 

architecture, which was measured under 

illumination from a black body with temperature 

ТBB  = 1273 K (Vbias = 3.0 V) 

 

 Figure 7 shows fragments of images of 

the transportation assembly, hands holding a 

soldering iron and a human face that were 

made in the daytime under illumination of the 

viewed scene of 300–500 lux using the array 

photosensor 640512 (15 μm pitch). Single-

point correction and signal calibration using a 

defocused image were used.  
 

   
а) b) c) 

Fig. 7. Fragments of images made using the uncooled array photosensor 640512 (15 μm pitch) based on 

colloidal quantum dots of PbS for the spectrum range of 0.4–2.0 μm; a) – transportation assembly 

(500 lux); b) – a hand holding a soldering iron (300 lux, Tsoldering iron = 300–350 C); image of a human face 

(300 lux); given in brackets is the illumination of the scene when the photos were taken 
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4. Conclusion 

 

The array photosensor 640512 

described herein and based on colloidal 

quantum dots of PbS features a 

photosensitivity range of 0.4–2.0 μm, which 

is expanded as compared to the devices based 

on the In0.53Ga0.47As solid solution. The 

analysis of using such expanded 

photosensitivity area in night vision devices, 

which is detailed in paper [15], has shown:  

a) the average value of natural night 

illumination in the absence of the moon 

within the wavelength range  = 0.6–0.8 μm 

is (1.5–3.0)10
-5 

W/n
2
μm, while within the 

wavelength range of 1.4–1.8 μm it increases 

to (6.0–7.0)10
-4

 W/m
2
μm (Fig. 8); 
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Fig. 8. Spectral density of night illumination under 

the full moon [16] 

 

b) the atmosphere transparency of the 

near IR region is noticeably higher than in the 

visible region. Thus, within the 

meteorological viewing range of SM  = 10 km, 

the transmittance of the 1 km thick 

atmospheric layer at the wavelength  = 0.6 μm 

is 0.72, and in the center of the transparency 

window of 1.4–1.8 μm it increases to 0.93; 

c) atmospheric haze brightness 

decreases by more than 10 times within the 

wavelength range of 1.4–1.8 µm as compared 

to the visible region; 

d) natural night illumination level within 

the spectrum range of 0.4–0.9 μm changes 

during the night from 10
-1 

W/m
2 

to 2,5 

10
-5 

W/m
2 

(i.e. almost by 4 orders of 

magnitude), and within the spectrum range of 

1.4–1.8 μm this change lies within the range 

of 1.610
-1 

W/m
2 
to (3–4)10

-3 
W/m

2
; 

e) contrast value (observed 

object/background) in the wavelength range 

of 1.4–1.8 µm is 1.4–1.5 times higher than 

within the range of 0.4–0.9 µm. 

 This proves the potential of using the 

array photosensors described herein that 

feature the expanded sensitivity range of 0.4–

2.0 μm for the creation of advanced domestic 

night vision devices. 
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Opportunity for convenient directional 

change of the sensitivity spectrum range and 
of applying to substrates make the colloidal 
solutions of quantum dots particularly 
interesting for applications in electronics  
[1, 2]. In particular, the use of colloidal 
quantum dots for the visible range has already 
found commercial applications [3]. TV and 
computer monitors based on the QLED 
technology can be found in electronics 
supermarkets. This technology has been 
optimized to cut down the cost of devices and 
ensure their mass production. The synthesis 
of CdSe CQDs used in this technology as 
phosphors is well established [4]. However, a 
significant disadvantage of this technology is 

the high toxicity of cadmium compounds 
used in production of CdSe CQDs and risk of 
environmental pollution in case of damaging 
the devices based on them [5, 6]. This 
circumstance is a strong constraint to 
production of solar cells based on CdSe 
CQDs. 

As an alternative to CdSe CQDs, a 
number of other nanocrystals absorbing in the 
visible range can be used. Such nanocrystals 
are based on less toxic and more 
environmentally friendly inorganic materials, 
for example, perovskites CsPbX3  or ternary 
indium chalcogenides I-III-VI of type MInZ2 
(M = Cu, Ag, Z = S, Se, Te) having a 
chalcopyrite crystal structure. The perovskites 
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featuring good optical properties have a very 
low stability to hydrolysis in humid air with a 
relative humidity of 50 % and higher [7, 8]. 
High sensitivity to moisture is one of the most 
important and difficult problems for 
implementation of perovskite-based solar 
cells. Ternary indium chalcogenides such as 
CuInS2 and AgInS2 seem to be more 
attractive materials because they exhibit 
absorption and luminescence in the visible 
range while being completely unsusceptible 
to hydrolysis [9]. Besides, quantum dots have 
high potential for being used in photocatalysis 
for wastewater treatment and water 
photodecomposition [10]. 

CuInS2 has a band gap estimated to be 
1.53 eV and exciton Bohr radius of 4 nm [11]. 
AgInS2 has a band gap estimated to be 
1.87 eV for the bulk material and exciton 
Bohr radius of 5.5 nm. 

Triple points of indium sulfides are 
synthesized either by solvothermal or high-
temperature colloidal method. Dodecanethiol-1 
is most often used as a sulfur precursor for 
synthesis of CuInS2 nanoparticles at 
temperatures of 220–250 С [12, 13]. In some 
cases, bis-trimethylsilyl sulfide [14], di-tert-
butyl disulfide [15] and diphenylphosphine 
sulfide [16] were used. All the above reagents 
are sulfur precursors and are not produced by 
the Russian chemical industry, thus making 
the search for effective alternatives 
promising.  

 
 

Findings and discussion 
 

As part of our research efforts to find 
the alternative methods of synthesizing 
chalcogenide quantum dots, methods for 
obtaining CQDs of PbS and MTe (M = Cd, 
Hg, Pb, Zn) were proposed [17, 18]. 

To get the quantum dots of indium 
sulfides, it was decided to develop a sulfur 
precursor based on Russian-made decene-1. 
A precursor based on the elemental selenium 
dissolved in decene-1 was successfully used 
by us for synthesizing colloidal quantum dots 

of HgSe [19]. Similarly, the elemental 
selenium solution in decene-1 was proposed 
for use. Sulfur vulcanization of rubber using 
the elemental sulfur and its related 
polymerization of alkenes in the presence of 
sulfur are fairly well-studied processes [20]. 
Reagents based on sulfur solutions in a 
longer-chain alkene, specifically octadecene-1, 
were previously used for synthesizing 
nanoparticles of PbS [21] and CuInS2 [22], 
CdS [23]. Unfortunately, Russian-made 
octadecene-1 is currently not commercially 
available, for which reason we used decene-1. 

Sulfur may be inserted into the C-H 
bond at lower temperatures than selenium. 
Sulfur is actually completely dissolved in 
decene-1 as early as at a temperature of 120 C. 
Polysulfides prevail in resulting sulfur 
solution, which is confirmed by the chemical 
behaviour and spectral characteristics of 
resulting solutions. Thus, upon cooling the 
solutions made at 150 C, the elemental sulfur 
is released to pass into solution again upon 
heating (Fig. 1). Temperature increase to 170 C 
leads to irreversible dissolution of sulfur and 
getting solutions with a more intense color. 
Simultaneously, colored products can be 
observed in the absorption spectrum, the 
spectra of these products being similar to 
those of the described organic polysulfides 
[24, 25]. The absorption edge shifts to the 
region of longer waves during the reaction.  

To study the formation of CuInS2 
nanoparticles, a precursor formed by 
dissolving 0.4 M of sulfur in 10 ml of decene-1 
at 150 C was selected. Russian-made decane 
and cetane were tested as high-temperature 
apolar solvents. The use of decane 
(Тboil = 174 С) allows synthesizing at 
temperatures up to 150 C, while the use of 
cetane (Тboil = 286 С) – at temperatures up to 
250 C. Higher synthesis temperatures are not 
achievable because initiating a reaction in the 
argon flow results in removal of the solvent 
with an inert gas flow from the reaction 
mixture at temperatures approaching boiling 
points. Indium halides (InCl3 and InI3) and 
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indium stearate were tested as indium starting 
reagents. Due to their high hygroscopicity, 
indium halides are less convenient as metal 
precursors. For all tested systems, the mixture 
of copper chloride and indium salts forms 

homogeneous solutions in the 
oleylamine+alkane mixture at temperatures of 
about 100 C. CuInS2 CQD were synthesized 
by injecting the sulfur precursor into a 
mixture of metal precursors (see Table 1). 

 
  Decene-1 
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Fig. 1. Absorption spectra of 
decene and 0.4 M of elemental 
sulfur solution in 1-decene at 

different dissolution temperatures 

 
 

Table 1 
 

Syntheses of CuInS2, variations of indium precursors 
 

In precursor Solvent Temperature, C Particle size, nm 
Standard size deviation, 

nm 

InCl3 decane 150 9.0 2.07 

InCl3 cetane 150 14.3 2.05 

InI3 decane 150 4.9 0.84 

In(OOCC17H33)3  

(InSt3) 
decane 150 19 

3.30 

 
Indium chloride, indium iodide and 

indium stearate were studied as indium 
precursors. When synthesizing CuInS2 under 
the same conditions at 150 C with the 
reaction terminated after 90 minutes, the 
average particle size strongly depends on the 
metal precursor. The size and structure 
characteristics of quantum dots were 
determined by the transmission electron 
microscopy. The smallest average diameter 
equaling to 5 nm was determined for the 
particles obtained with indium iodide. While 
indium stearate was found to have the highest 
average particle size of 19 nm. The influence 

of the medium on the average particle size 
was also investigated, and syntheses were 
carried out in decane and cetane with indium 
chloride as a precursor. Cetane allows 
synthesizing at higher temperatures. 
       In decane, nanoparticles of a smaller 
average size of 9 nm were obtained, while in 
cetane, under similar conditions, the average 
size of dots was 14 nm. This may be caused 
by the large difference in viscosity of these 
two alkanes, specifically 0.850 mPas for 
decane and 3.03 mPas for cetane. In a more 
viscous solvent, larger nanoparticles were 
obtained [26]. The larger the nanoparticles, 
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the higher the values of standard size 
deviations of nanoparticles are. It is worth 
noting that since indium halides are highly 
hydroscopic, it is difficult to weigh these salts 
in the normal atmosphere, while using indium 
stearate does not require special conditions 
for weighing. 

The obtained quantum dots exhibit a 
clearly distinct luminescence maximum at 
540 nm with all the precursors that have been 
studied, as well as at all studied temperatures 
from 110 C to 150 C with InCl3 as a 
precursor (Fig. 2а). Similar behaviour was 
described previously for CuInS2 nanoparticles 
synthesized by the solvothermal method [27]. 
This is explained by the fact that the size of 
the obtained nanoparticles exceeds the Bohr 
exciton radius for the given material.  
The luminescence intensity depends on the 
reaction conditions. 

The shape of the absorption spectrum 
depends on the maximum particle size and size 
distribution with an absorption edge of about 
650 nm (Fig. 2b). Analysis of TEM images 
(Fig. 3а) showed that the obtained CuInS2 
nanoparticles have the shape of tetrahedron and 
truncated tetrahedron, which is typical for this 
material. The size distribution (Fig. 3b) is 
approximated by the lognormal function, the 

average particle size is about 9 nm. 
Selected area electron diffraction 

(SAED) patterns obtained from the 
nanoparticles (Fig. 4а) indicate the presence 
of a crystalline phase of chalcopyrite CuInS22 
with tetragonal syngony. The diffraction 
pattern contains reflections (112), (204), 
(312), which correspond to interplanar 
distances of 3.196, 1.959, 1.666 . The 
transmittance spectrum shows signals of 
stretching vibrations of C-H groups at 
2923 cm-1 (methylene) and 2853 cm-1 

(methyl), as well as deformations of CH2 
group at 1464 cm-1. Also a very broad 
absorption signal can be observed in the IR 
range, which is probably associated with an 
intraband transition in nanocrystals. 

Based on the obtained sol, the creation 
of thin films of CQDs was studied. When 
applied on glass surfaces or on gold 
interdigitated electrodes on oxidized silicon, 
thin layer samples with a ligand shell 
substituted by thiocyanate anions were 
obtained using NH4SCN in isopropanol  
(Fig. 5). According to AFM data, the obtained 
films have a smooth, even and uniform 
surface without pronounced edge effects with 
an observed average roughness of 10 nm at 
the film thickness of about 100 nm.  
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Fig. 2. Spectra of a) luminescence and b) absorption (visible range, 300–700 nm) of CuInS2 CQDs 
obtained using different precursors at 150 C in decane 

 



Applied Physics, 2025, No. 2 
 

25

 

4      6       8      10     12     14     16     18     20
Diameter, nm 

Q
ty

 

70

60

50

40

30

20

10

0
100 nm

100 nm  
а)               b) 

 

Fig. 3. a) TEM image and b) size distribution of CuInS2 CQDs 
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Fig. 4. a) SAED image; b) IR spectra in the range of 5000–1000 cm-1; of CuInS2 nanoparticles 
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Fig. 5. Surface image and cut profile of CuInS2 CQD film obtained by substitution of ligands 
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Photoresponses were measured using a 
proprietary setup, comprising Keithley 2636 B 
source measurement unit, with the sample 
illuminated orthogonally from a LED at the 
wavelength of 405 nm. During measurements, 
the cell containing the sample was blown with 
argon to eliminate effects induced by the 
surrounding atmosphere. In the course of 
measurements, the current flowing through a 
single photoresistor was measured over time 
at the constant voltage on the sample equaling 
to 1 V. The illumination duration was 30 s 
with a duty cycle of 2 (Fig. 6). 
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Fig. 6. Typical current vs. time dependence when 
switching the illumination on and off  

from the 405 nm source 
 
The average photocurrent amplitude for 

the sample was 2.5 nA. The ampere-watt 
responsivity averaged to 19.5 µA/W. 
Photocurrent rise time (time required for the 
photocurrent to increase from 10% to 90% of 
the maximum) and fall time (time required for 
the photocurrent to decrease from 90% to 
10% of the maximum) of: 

 
t0.1–0.9 = 10.8 s 
t0.9–0.1 = 9.21 s 

 
The obtained high values of rise and fall 

times are generally not typical for detection 
processes based on the photon mechanism 
and may be contributed from thermal 
processes occurring in parallel. 

The method developed for synthesizing 
CuInS2 nanoparticles was used for synthesis 
of AgInS2 nanoparticles. The method was 
established to be less general when applied to 
silver than when applied to copper. It is 
impossible to use indium halides as a 
precursor for the synthesis of these 
nanoparticles, since they form insoluble silver 
halides in the reaction conditions. When a 
mixture of indium stearate and silver is used, 
colloidal nanoparticles of AgInS2 with an 
absorption peak maximum at 585 nm can be 
obtained. Changing the reaction time allows 
varying the optical properties of the resulting 
nanocrystals (Fig. 7). 

It is planned to additionally research the 
use of this precursor for synthesizing 
nanocrystals of ABS2 chalcopyrites, where  
A = Cu, Ag; B = Ga, In, Bi.  
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Fig. 7. Absorption spectra of AgInS2 obtained at 
150 С 

 
 

Experimental section 
 

Chemicals. 
The following chemicals were used for 

synthesis of CuInS2 and AgInS2 CQDs 
without further purification: copper chloride 
(99%, Lankhit), indium chloride (99%, 
Lankhit), indium iodide (99%, Lankhit), 
sulfur (99.99999%, Reakhim), decene-1 
(90%, Vekton), silver nitrate (reagent grade, 
Vekton), hexane (99% HPLC grade, 
MacronFineChemicals) and ethanol (reagent 
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grade, Khimmed), decane (high purity, 
reagent grade), cetane (high purity, reagent 
grade), oleylamine (80–90 %, Acros), which 
was dried by heating (100 C) under reduced 
pressure (1 mbar). Indium stearate was 
produced from metallic indium according to 
the method described in the literature [28]. 
Silver stearate was produced from silver 
nitrate [29]. 

 
Characterization. 
The size, morphology and structure of 

nanoparticles was studied using JEM-2100 
transmission electron microscope (TEM) by 
JEOL (Japan) featuring the accelerating 
voltage of 200 kV. The crystal structure was 
analyzed by comparing the interplanar 
distances measured on the obtained SAED 
images to the values from the database of 
crystal structures. The optical properties were 
evaluated by spectrophotometry methods 
using a spectrophotometer (JASCO V-770, 
JACSO) and by spectrometry using an IR 
Fourier spectrometer (Spectrum 100, 
PerkinElmer) equipped with a multiple 
attenuated total internal reflection (MATIR) 
attachment fitted with Ge and ZnSe prisms 
(incidence angle – 45, number of reflections – 
25), Keithley 4200A-SCS source 
measurement unit, 405 nm laser. The surface 
morphology of thin films was studied using 
NT-MDT Solver-PRO atomic force 
microscope in the tapping mode. 

 
Preparation of the sulfur precursor 
The elemental sulfur (0.4 mmol 

(128 mg)) was placed in a thick-walled glass 
reactor together with 10 ml of 1-decene.  
The reaction mixture was heated at 150 C in 
an oil bath while stirring it for 1 hour.  
The resulting light-yellow solution was used 
as a sulfur precursor for synthesizing 
nanocrystals.  

 
General method for synthesis of CuInS2 

CQDs based on indium halides. 
CuCl (2.97 mg, 0.03 mmol) and InX3 

(0.03 mmol, 6.7 mg of InCl3 or 14.8 mg of 

InI3) were dissolved in a mixture of 0.2 ml of 
oleylamine and 5 ml of decane. The resulting 
mixture was heated in the argon flow at  
110 C for 60 min to form a homogeneous 
solution. The resulting mixture was diluted 
with decane to 30 ml and heated to 150 C.  
A sulfur solution in decene-1 (7 ml) was 
injected at the specified temperature. 

After the sulfur precursor was injected, 
the temperature of the reaction mixture drops 
and is maintained at the required level of the 
synthesis temperature. The reaction mixture 
turns brown as the reaction runs. After 
90 minutes the flask is immersed in an ice 
bath. CuInS2 nanoparticles are released by 
triple re-precipitation. CQDs were released 
and purified by adding a 1:2 
methanol:isopropanol mixture followed by 
centrifugation and re-dispersion in 
tetrachloroethylene for characterization 
purpose. 

 

Method for synthesis of CuInS2 CQDs 
based on indium stearate. 

CuCl (2.97 mg, 0.03 mmol) and indium 
stearate (0.03 mmol, 6.7 mg of InCl3 or 
14.8 mg of InI3) were dissolved in a mixture 
of 0.2 ml of oleylamine and 5 ml of decane. 
The resulting mixture was heated in the argon 
flow at 110 C for 60 min to form a 
homogeneous solution. The resulting mixture 
was diluted with decane to 30 ml and heated 
to 150 C. A sulfur solution in decene-1 
(7 ml) was injected at the specified 
temperature. 

After the sulfur precursor was injected, 
the temperature of the reaction mixture drops 
and is maintained at the required level of the 
synthesis temperature. The reaction mixture 
turns brown as the reaction runs. After 
90 minutes the flask is immersed in an ice 
bath. CuInS2 nanoparticles are released by 
triple re-precipitation. CQDs were released 
and purified by adding a 1:2 
methanol:isopropanol mixture followed by 
centrifugation and re-dispersion in 
tetrachloroethylene for characterization 
purpose. 
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Method for synthesis of AgInS2 CQDs. 
Silver stearate (11.8 mg, 0.03 mmol) 

and indium stearate (29.1 mg, 0.03 mmol) 
were dissolved in a mixture of 0.6 ml of 
oleylamine and 2 ml of decane. The resulting 
mixture was heated in the argon flow at  
110 C for 60 min to form a homogeneous 
solution. The resulting mixture was diluted 
with 22 ml of decane and heated to 150 C.  
A sulfur solution in decene-1 (0.4 М, 6 ml) 
was injected at 150 C. After the sulfur 
precursor was injected, the temperature of the 
reaction mixture drops and is maintained  
at the required level of the synthesis 
temperature. The reaction mixture turns 
brown as the reaction runs. After 90 minutes 
the flask is immersed in an ice bath. AgInS2 
nanoparticles are released by triple  
re-precipitation. CQDs were released and 
purified by adding a 1:2 
methanol:isopropanol mixture followed by 
centrifugation and re-dispersion in n-hexane. 

 
Method of manufacturing a 

photoresistor based on CuInS2 CQDs 
50 μl of CuInS2 colloidal quantum dots 

sol of the 10 mg/ml concentraion in hexane 
were deposited onto interdigital electrodes 
using spin-coating (speed – 4000 rpm, time 
45 s). Ligands were substituted by applying 
100 μl of the prepared solution of ammonium 
thiocyanate of the 20 mg/ml concentration in 
isopropanol to a fixed substrate, followed by 
acceleration to 4000 rpm by the spin-coating 
method (time 45 s). Excess of thiocyanate and 
reaction products were removed by applying 
100 μl of isopropanol to the substrate by the 
spin-coating method (speed – 4000 rpm, time – 
45 s). To achieve the required thickness, the 
application and substitution procedure was 
repeated. 

 
 

Conclusion 
 
For the first time, a sulfur precursor was 

obtained by dissolving sulfur in decene-1 at 

an elevated temperature. Its optical properties 
and composition were studied by the 
spectrophotometry method. The new sulfur 
precursor was shown to be fit for preparation 
of colloidal quantum dots of indium 
chalcopyrites (CuInS2 and AgInS2) The 
resulting colloidal nanocrystals have a 
potential to replace environmentally-unsafe 
CQDs of cadmium selenide used in monitors 
and other photoelectronic devices, as well as 
for photocatalytic applications. 

As an indium precursor, it is more 
practical to use indium stearate, due to its 
very low hygroscopicity as compared to 
indium halides. The resulting CuInS2 
nanocrystals feature a maximum in the 
emission spectrum in the visible range at 
540 nm. On the basis of the resulting 
nanocrystals, photosensitive elements of the 
photoresistive type were created, with an 
ampere-watt responsivity of 19.5 μA/W, with 
the sample illuminated at a wavelength of 
405 nm. 
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Introduction 
 
Giredmet JSC has been working to 

create a contactless, non-destructive method 
for monitoring the free carrier concentrations 
(FCC) in various semiconductor materials for 
several years. The method is based on the 
analysis of infrared reflection spectra of 
heavily doped semiconductor samples and 
finding the concentration of free electrons or 
holes (depending on the conductivity type of 

the material). FCC is determined by the value 
of the characteristic wave number (+) 
corresponding to the frequency of the high-
frequency mixed plasmon-phonon mode.  

The efforts taken have laid the 
groundwork and studied the samples of  
n-InSb [1, n-InAs [2, n-GaSb [3, n-GaAs 
[4, 5, p-GaAs [6, with the optical 
measurements compared to the Hall data 
obtained for the same samples [2–6. This 
article continues an earlier series of works.  
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It will describe the algorithm developed for 
determining the concentrations of light and 
heavy holes in heavily doped p-InSb and  
p-GaSb at the room temperature. 

The infrared reflection spectrum of the 
sample under study is recorded using any 
optical instrument in the wave number range 
of   1500 cm-1. The derived spectral 
dependence of the reflectivity is processed 
according to the standard procedure using the 
Kramers-Kronig relations. The frequency 
dependences of the real, 1, and imaginary, 2, 
parts of the complex dielectric permittivity 
 = 1 + i2, after which the so-called “loss 
function” is constructed: 

 

2
2 2
1 2

1
LF Im .

          
 
The wave numbers matching the 

maxima of the loss function correspond to the 
frequencies of mixed plasmon-phonon 
modes: – – low-frequency one, and + – 
high-frequency one. It is only the high-
frequency mode that will be of interest for us, 
since it is directly related to free charge 
carriers (the low-frequency mode is 

determined mainly by the crystal lattice of the 
material and is not suitable for determining 
the FCC value). By determining the value of 
+ by means of the calculated calibration 
curves, one can calculate the concentration 
values of light and heavy holes. Building 
these curves is the goal of this paper. 

All the calculations were made for 
Т = 295 K. Results of the calculations given 
herein are assumed to be further used for 
comparing the optical and electrophysical 
measurements of hole concentrations in  
p-InSb and p-GaSb samples. 

 
 

Theoretical calculations 
 
The valence band of all А3В5 

semiconductors is known to consist of two 
subbands (light and heavy holes) degenerated 
at point  of the Brillouin zone. Fig. 1 shows 
the band structures of InSb (а) [7 and GaSb (b) 
[8. The heavy-hole bands for these materials 
are isotropic and parabolic. The light-hole 
bands are described by the Kane dispersion 
law [9, i.e. the effective mass of light holes 
increases as the energy grows. 

 
 

 300 К 

Split-off band 

Light holes 

Wave vector 
Heavy holes Eso 

EL 
Eg 

 EX 

<100> <111>  0 

X-valley 
-valley 

Energy 

L-valley 

Eg = 0,17 eV
EL = 0,68 eV
EX = 1,0 eV 
Eso = 0,8 eV

    

 300 К 

Light holes 

Wave vector 
Heavy holes Eso

EL 
Eg

 EX

<100> <111>  0

X-valley 
-valley 

Energy 

L-valley 

Eg = 0,726 eV
EL = 0,81 eV 
EX = 1,03 eV 
Eso = 0,8 eV 

 
а)         b) 

 

Fig. 1. Band structure of InSb (а) [7 and GaSb (b) [8 
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When free charge carriers of two types 
are present, the plasma frequency is known to 
be written as [10: 

 

H L

H

H L

2
2 H L

2
LH

H

4

4
1 .

p
p p

p

p p

p pe

m m

p me p

m p m





 
        

 
      

             (1) 

 
Here pH, pL are concentrations of heavy 

and light holes, respectively; 
Hpm  and 

Lpm  are 

their optical effective masses;  is the  
high-frequency dielectric permittivity; 
e = 4.810-10 units. CGSE – electron charge. 

The second term in the brackets of 
formula (1) characterizes the contribution of 
light holes to the plasma frequency. 

For the concentration of heavy holes 
(parabolic band) the relation [11 is true: 

 

    
H

3

2
H 33

2

8
2

3 pp m kT F
h


                (2) 

 
Here  3

2

F   is one-parameter Fermi 

integral: 
 

 
3

0 2
3

2 0

,
f

F x dx
x

                         (3) 

 

where     1

0 , 1 exp ;f x x


                    (4) 

 
FE

kT
   is the reduced Fermi level (counted 

down from the top of the heavy-hole valence 
band – see Fig. 1). 

The light-hole band is non-parabolic 
(Kane model [9); in this case, the light-hole 
concentration is described by relation [11: 

 

   
3

2 3
0 2

L 032

3
,

2 2

g

cv

kTE
p L

P
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
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The effective mass of light holes can be 

calculated by formula [12, Appendix A: 
 

 
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L

3
2 0 2

0
32

00 0 2
1
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4
,

p g
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m E L

m P m
L

 
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 


               (6) 

 
Here Eg is semiconductor’s band gap; 

k = 1.3810-16 erg/K is Boltzmann constant; 
(for Т = 295 K kT = 25.4 meV); / 2h  , 
where h = 6.6210-27 ergs is Plank's constant; 
m0 = 9.1110-28 g is free-electron mass; 
Pcv = 8.710-8 eVcm [13 is matrix element 
of interaction between the light-hole valence 
band and conduction band, considered to be 
the same for all compounds А3В5;  = kT/Eg 
is parameter characterizing the non-parabolic 
nature of the light-hole band. 

Formulas (5) and (6) use two-parameter 
Fermi integrals: 

 

   
 

2

0

0

,
1 2

nm

m n
k k

x x xf
L dx

x x

                (7) 

 

The two-parameter integral  
3

0 2
0 ,L    

changes for a one-parameter integral  3

2

F   at 

  0, the case when the non-parabolic 
nature of the band can be neglected. 

Since the materials under consideration 
contain one heavy-hole band and one light-
hole band, and both are isotropic, values of 
states density effective masses coincide with 
values of the optical effective masses – see 
formulas (1), (2), (5), (6). 
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Semiconductor materials А3В5 contain a 
noticeable proportion of ionic bond, therefore 
longitudinal optical vibrations of the crystal 
lattice (LO phonons) can interact with 
longitudinal collective vibrations of the 
system of free charge carriers – plasmons 
(plasmon-phonon coupling). This coupling 
shall be considered when building calibration 
curves relating the FCC values to the 
characteristic wave numbers. 

If the damping of plasmons and LO 
phonons is neglected, the frequency 
dependence of the permittivity is written as: 

 

 
2

0
2

0

LO

1 ,

1

p 




     
                  

    (8) 

 
where 0 is static dielectric permittivity;  is 
circular frequency; LO is the frequency of 
the longitudinal optical phonon. The first term 
in formula (8) describes the plasmons’ 
contribution, and the second term – the 
contribution from longitudinal optical 
phonons.  

Longitudinal vibrations (which is what 
mixed plasmon-phonon modes are) are 
known to be able to exist in a medium only if 
the dielectric permittivity turns to zero. 
Accordingly, after equating expression (8) to 
zero and solving the biquadratic equation, 
thus switching from frequencies to wave 
numbers for – and +, we will have: 
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LO LO LO
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 (9) 

 
Further only high-frequency mode + 

will be of interest for us. 
The calculating algorithm is as follows: 
 

–  setting the value  and calculating the 

values pH, pL and L

0

pm

m
 by formulas (2), (5) 

and (6); 
–  substituting the derived values into 

formula (1) and calculating the value of 
plasma frequency p and the corresponding 

wave number value: p = 
2

p

c




, where  

с = 31010 cm/s is the speed of light in a 
vacuum; 

– substituting the derived value of p 
into formula (9) and calculating the value  
of +; 

–  changing the value  and repeating 
the above steps; 

–  building calibration curves of the 
heavy- and light-hole concentrations vs. 
characteristic wave number: pH = f1(+) and 
pL = f2(+). 

The following parameter values were 
used in the calculations: 

for InSb: 
Eg = 0.17 eV [7;  = 0.149;  0 = 18.0, 

 = 15.68  [13; 
Hpm  = 0.43 m0;  [7;  

LO = 197.2 cm-1 [13; 
for GaSb: 
Eg = 0.728 eV  [8;  = 0.0349;  

0 = 16.4,  = 15.2 [13; 
Hpm  = 0.40 m0; [8; 

LO = 240.3 cm-1 [13. 
Considering the above, formulas (2), (5) 

and (6) can be reduced to the following: 
for InSb: 
 

pH = 5.1851018  3

2
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for GaSb: 
 

pH = 4.6511018   3

2

F  ;               (13)   

 

pL = 2.3761017  
3

0 2
0 ; 0.0349L         (14) 
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3
0 2
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Formula (1) can be transformed as 
follows: 

for InSb: 
 

p = 1.15210-7 H

L

L
H

Т

1 p

p

p m
p

p m

 
  

 
;        (16) 

 

for GaSb: 
 

p = 1.21310-7 H

L

L
H

H

1 p

p

p m
p

p m

 
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 
        (17) 

 
Tables 1 and 2 present the parameter 

values calculated by the above formulas. 
 

Table 1 
Calculation results for p-InSb (Т = 295 K) 

 

 pH, cm-3 pL, cm-3 L

0

pm

m
 p, cm-1 +, cm-1 

-1.0 2.2611018 1.9391016 2.28510-2 186.6 224.1 

-0.5 3.5001018 3.0401016 2.31510-2 232.2 253.9 

0 5.2731018 4.6641016 2.35910-2 285.0 298.8 

0.5 7.7001018 6.9711016 2.41710-2 344.4 354.2 

1.0 10.8631018 10.1241016 2.49210-2 409.0 416.5 

1.5 14.7821018 14.2721016 2.58310-2 477.1 483.2 

2.0 19.4641018 19.5551016 2.69010-2 547.5 552.6 

2.5 24.8621018 26.0971016 2.81010-2 618.8 623.2 

3.0 30.9341018 34.0171016 2.94110-2 690.2 694.1 

 
Table 2 

Calculation results for p-GaSb (Т = 295 K) 
 

 pH, cm-3 pL, cm-3 
0

Lpm

m
 p, cm-1 +, cm-1 

-1.0 2.0281018 1.1881017 6.51310-2 186.5 250.9 

-0.5 3.1391018 1.8391017 6.53510-2 232.0 266.4 

0 4.7301018 2.7871017 6.58010-2 284.7 302.1 

0.5 6.9071018 4.0981017 6.63510-2 344.1 354.6 

1.0 9.7441018 5.8331017 6.71110-2 408.7 416.1 

1.5 13.2601018 8.0281017 6.80210-2 476.6 482.3 

2.0 17.4601018 10.7061017 6.90710-2 546.8 551.5 

2.5 22.3011018 17.5301017 7.15810-2 627.5 631.4 

3.0 27.7481018 26.3021017 7.44510-2 708.1 711.4 
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As can be seen in Tables 1 and 2, the 
difference between the values of p and + 
decreases as the hole concentrations increase, 
i.e. the influence of plasmon-phonon coupling 

weakens.  
Using the data in Tables 1 and 2, one 

can built calibration curves relating hole 
concentrations to the characteristic wave 
number +: 

for InSb: 
for heavy holes: 
 

 
 

213 15
H

18

6.012 10 5.387 10

1.814 10 ;

p 


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   
    (18) 

 
for light holes: 
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for GaSb: 
for heavy holes: 
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213 16
H
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p 
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   
    (20) 

 

for light holes: 
 

 
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213 15
L

16
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8.965 10 .

p 



      
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    (21) 

 

All the calibration curves are described 
by second-degree polynomials. 

Fig. 2 shows the calibration curves for 
heavy holes for p-InSb, p-GaAs and p-GaSb 
at Т = 295 K for comparison purpose. 

As can be seen in Fig. 2, the difference 
between the values of heavy-hole 
concentration for the listed semiconductor 
materials increases as the values of + 
increase.  
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Fig. 2. Calculated calibration curves of the heavy-hole concentration:  
vs the characteristic wave number: curve 1 – p-Insb; curve 2 – p-GaSb; curve 3 – p-GaAs 
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The findings described in this paper are 
planned to be used for analyzing the data of 
optical and electrophysical measurements of 
p-InSb and p-GaSb samples. The same 
approaches were earlier used by us for  
n-GaSb [3 and p-GaAs [6 materials. 

 
 

Conclusion 
 
Calculations were carried out to derive 

the values of concentrations of light and 
heavy holes, effective mass of light holes, as 
well as frequencies of plasmons and mixed 
plasmon-phonon modes for p-InSb and  
p-GaSb at Т = 295 K for various values of the 
reduced Fermi level. The calculations took 
into account the non-parabolic nature of the 
light-hole band. 

Calibration curves were built to relate 
the concentrations of light and heavy holes to 
the characteristic wave number corresponding 
to the frequency of the high-frequency mixed 
plasmon-phonon mode. All the curves 
derived were shown to be described by 
second-degree polynomials. 
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The influence of diffusion of phosphorus from a liquid source (POCl3) and a solid 
source (aluminum metaphosphate (AMP)) on the formation of local defects in SiO2 
layers on the silicon surface has been analyzed. The probable cause of defects 
formation has been established to be local melt-through of the oxide layer by liquid 
phosphorus-silicate glass due to a silicon-rich solid phase formation. The defect depth 
is proportional to its diameter and decreases as the process temperature drops. 
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1. Introduction 
 
The cycle of manufacturing silicon 

photodiodes typically involves the diffusion 
of high concentrations of boron and 
phosphorus to form doped regions and p–n 
junctions. The process of phosphorus 
diffusion often leads to the formation of local 
defects in the dielectric layers acting as a 
protective mask [1–4]. The said defects can 
give rise to the local n+ channels in р+–n 
junctions, thus causing leakage currents 
therein, as well as defects in MOS-IC and 
CCD structures. 

The goal of this paper is to study the 
formation patterns of these defects in order to 

determine the conditions reducing their 
influence on leakage currents of р+–n 
junctions.  

 
 

2. Experiment  
 
To determine the defect parameters 

(morphology, size and concentration), 
samples with р+–n junctions sized 
1.41.4 mm2 were made using wafers of 
monocrystalline silicon (Cz-Si) of n-type with 
a diameter of 100 mm, a specific resistance of 
4–5 Ωcm and orientation (100).  

The manufacturing cycle included  
the oxidation in H2O+HCl, vapor, 
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photolithography, predeposition (deposition) 
of boron from boron nitride BN wafers at a 
temperature of 1000 C, boron diffusion 
(drive-in), predeposition (deposition) of 
phosphorus from a liquid source (POCl3) and 
solid source wafers (aluminum 
metaphosphate (AMP) at temperatures of 
900–1050 С. The duration of phosphorus 
predeposition at different temperatures was 
selected within the range of 10–40 minutes in 
order to ensure the same thickness of the 
phosphorsilicate glass (PSG).  

The concentration and distribution of 
local defects over the plate were determined 
on the manufactured samples using an optical 
microscope. A scanning electron microscope, 
an atomic force microscope and a 
profilometer were used to determine the size 
and shape of defects. The constituent 
elements of defects were determined by X-ray 
spectroscopy.  

 

3. Results 
 

 

Major results are summarized below. 
1.  Most oxide defects that can be 

observed are pits of round shape with a 
diameter of 2 to 40 µm, with the depth 
proportional to their diameter (Fig. 1). When 
the defect depth reached the value equal to 
the SiO2 thickness, through holes could be 
seen (in an oxide of 0.4 µm in thickness with 
a pit diameter more than 10 µm). The 
distributions of defects by diameter and depth 
are correlated with each other and are shown 
in Fig. 2. 

2.  The defect surface profile depends on 
its depth and diameter. Smooth walls can be 
observed on the surface profile of the defect 
with a depth of 0.15–0.2 μm.  If the defect 
depth increases and approach to the dielectric 
thickness, a rough profile can be observed 
(Fig. 3). 

 
 
 

 
 

Fig. 1. Defect depth vs defect diameter 
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а) 

 

 
 

b) 
 

Fig. 2. Frequency of defect occurrence vs. diameter and depth 
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In the center, the defect is often shaped 
as a rosette (Fig. 4). The atomic fraction of 
silicon in the defect reaches 65–68% (in SiO2 – 
47 %), the atomic fraction of oxygen is  
19–35 % (in SiO2 – 53 %), and that of 
phosphorus is 0.7 %. The accuracy of 
determining the concentration of elements 
ranged from 5 to 20 % of the given values for 
different elements and samples (Table 1). 

3.  The distribution of defects over the 
plate area is random, regardless of the source 
of diffusant (POCl3 or AMP) used and layout 
of plates in the reactor: vertical or horizontal 
relative to the gas flow. 

 4.  The density of defects depends on 
the quality and thickness of the protective 
dielectric film: the film of the same sample is 
thinner over a thicker (field) oxide formed in 
the n-region than over an oxide grown in the 
р+-region pre-doped as a result of boron 
diffusion. Boron diffusion did not result in the 
formation of defects in the field oxide. 
Decrease of the phosphorus concentration 
(increase of surface resistance Rs) leads to 
decrease of the defects density (for example, 
when the process temperature drops) 
(Table. 2). 

 
 

Fig. 4. Optical view of the 
“rosette” defect in the 

central area 

 
 
 

Table 1 
 

Content of elements in the solid phase (Net Int. – Total intensity  
of the peak corresponding to the element, minus the background) 

 

Element Weight % Atomic % Net Int. Error % 

C  K 5.8 11.6 15.1 12.0 

O  K 13.1 19.5 197.2 10.5 

Si K 80.2 68.2 15980.8 4.5 

P  K 0.9 0.7 39.4 11.3 
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Table 2 
 

Defect density vs. surface resistance (Rs) and diffusion temperature 
 

Temperature, C 900 970 1000 1050 

Defect density 
D < 10 μm, mm-2 

8.1 13.8 13.0 46.6 

Defect density 
D= 10-40 μm, mm-2 

2.0 2.5 3.0 8.9 

Defect density 
D> 40 μm, mm-2 

0.4 0.5 0.7 0.7 

Average value of surface resistance, Rs, Ω/□ 157.4 24.5 12.4 4.5 

Diffusant source POCl3 POCl3 AMP POCl3 

 
 
5.  Heat treatment in the reactor in the 

absence of a diffusant does not lead to 
defects. Consequently, formation of defects 
has nothing to do with particles entering the 
samples from the reactor walls or from the 
carrier gas flow (N2, O2). 

 
 

4. Discussion  
 
 Mechanism of microdefect formation 

[7] can be local melt-through of the oxide 
layer by liquid phosphorus-silicate glass 
(PSG) at the diffusion temperature. When the 
PSG layer solidifies during cooling of the 
samples, local areas with the increased 
concentration of phosphorus (P2O5) may 
form, their solidification temperature being 
lower than in the rest of the PSG layer. Such 
liquid drop dissolves phosphorus and other 
impurities when cooled, which further 
reduces its solidification temperature. Liquid 
phase regions that diffuse into the SiO2 layer 
are formed, which results in pits of various 
depths determined by the defect radius (liquid 
phase amount) (see Fig. 1). When the pit 
depth exceeds the oxide thickness, the liquid 
glass interacts with silicon to form a silicon- 
and phosphorus-rich crystalline phase at the 
pit bottom (see Fig. 3, 4 and Table 1). 

Formation of the crystalline phase while 
a through defect is developing may be related 
to the devitrification of amorphous SiO2 
under the influence of liquid phosphorsilicate 
glass acting as a mineralizer, with the silicon-
rich phase formed. Local melting of the oxide 
can be accelerated by defective areas formed 
in it during growth [1]. 

As can be seen on the curve in Fig. 1, 
defects larger than 10 µm in diameter have a 
depth more than 0.4 µm, which results in a 
through hole in the oxide of the specified 
thickness and interaction with silicon to form 
n+-channels and a rosette-shaped solid phase. 
Smaller defects do not reach the silicon 
surface and cannot be a reason for impaired 
current-voltage characteristics. The curve 
shows that the more the oxide thickness, the 
weaker the influence of larger diameter 
defects on the current-voltage characteristics 
is. Thus, when the oxide thickness is 0.6 µm, 
defects with a diameter of about 20 µm are 
not through.  

Maxima occurring in the size 
distributions of pit diameters and depths (see 
Fig. 2) may be caused by the curve of the 
density of liquid phase nucleation centers vs. 
substrate temperature, which has a maximum 
at a certain value of liquid vapor 
supersaturation [5, 6]. Since the diffusion 
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process was completed by slow cooling of the 
samples in the furnace, there is a temperature 
range where the maximum number of centers 
form. The radius of the arising particles of the 
new phase is determined by the 
supersaturation value [5]: 

 

0

2
,

ln
R

p
RT

p




  
 

where  is surface tension at the liquid-vapor 
interface, v is molar volume of the liquid, ln 
p/p0 is supersaturation value, p, p0 are vapor 
pressure over the drop and equilibrium 
pressure value.  

Since decrease in the phosphorus 
concentration in PSG should reduce the 
probability of local areas with the increased 
concentration of P2O5, decrease of the surface 
resistance as the diffusion temperature grows 
leads to the increase of defect diameter (see 
Table 2) and depth, thus impairing the 
current-voltage characteristics of the p–n 
junctions. It should be considered that the 
surface resistance shall not exceed 150 Ω/□ to 
ensure low contact resistance. 

 
 

Conclusions 
 

1. The influence of diffusion of 
phosphorus from a liquid source (POCl3) and 
a solid source (aluminum metaphosphate 
(AMP)) on the formation of local defects in 
SiO2 layers and on the silicon surface has 
been analyzed.  

2. The probable cause of defect 
formation has been established to be local 
melt-through of the oxide layer by liquid 
phosphorus-silicate glass due to a silicon-rich 
solid phase formed. 

3. The defect depth is proportional to its 
diameter and decreases as the process 
temperature drops and the oxide thickness 
increases, which reduces the probability of n+ 
channels in silicon. 

4. The defect density is higher on the 
oxide built up on the boron-doped р+-regions. 
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The influence of the growth temperature of cadmium telluride epitaxial films grown by 
molecular beam epitaxy on semi-insulating GaAs(100) substrates on the optical and 
structural properties of CdTe was investigated. The spectra of ellipsometric parameters 
 and  were determined by the spectroscopic ellipsometry. The study revealed that the 
Van Hove singularities Е1 and Е0 corresponding to 3.3 and 1.46 eV are the distinctive 
features of the CdTe compound. Surface roughness, resulting from non-optimal 
substrate temperatures, was identified as the primary factor increasing the oscillation 
amplitude Ψ(λ) in the transparent spectral region (E < Eg). A correlation between 
ellipsometric parameters  and  and RMS roughness Rq of the film surface was 
established. The non-optimal temperature was found to result in development of 
surface morphology and reduction of range (). Thus, the average value () is an 
indirect criterion for evaluating the surface morphology of CdTe epitaxial films. The 
range of optimal growth temperatures for CdTe epitaxial structures to achieve the 
minimum surface roughness was determined. The obtained data will be useful for 
growing CdHgTe on GaAs(100) substrate using CdTe buffer layers. 
 
Keywords: CdTe, spectral ellipsometry, molecular beam epitaxy. 
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Introduction 
 
The advancement of optoelectronics 

requires the materials capable of absorbing 
long-wave radiation. For this reason 
compounds of the А2В6 chemical group, 
including ZnTe, CdTe, HgTe, CdHgTe, are 

widely used as base materials in various 
photodetectors [1, 2]. These compouds were 
selected among many other semiconductor 
structures based on the data obtained from 
strategic objects in the IR wavelength range 
of 1–12 µm. However, mechanical stresses in 
the crystal lattice of these materials result – 
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cause scattering of electromagnetic radiation. 
As a result, the obtained images become 
blurred and difficult to analyze. 

In turn, the structural quality of the 
resulting А2В6-compounds, like that of other 
materials, is directly dependent on their 
synthesis method. One of the main modern 
methods for producing single-crystal 
semiconductor compounds is molecular beam 
epitaxy (MBE) [3–6]. The main advantage of 
this method is its precise control over 
parameters that affect growth mechanisms. 
Such parameters are the temperature of the 
substrate and molecular sources. These 
parameters critically affect the growth rate of 
compounds and the crystalline quality of 
epitaxial films. Non-optimal selection of 
these parameters leads to either the 
polycrystalline structure formation of А2В6-
compounds or in numerous defects within the 
material bulk [7]. Low growth temperatures 
of А2В6-compounds decrease the binding 
energy between Cd, Te, Hg and Zn atoms, 
which potentially causing amorphous phase 
formation on the growing film surface [4, 8–
10]. Conversely, exceeding the optimal 
epitaxial growth temperatures can lead to the 
accumulation of non-stoichiometric tellurium 
inclusions throughout the film volume [11].  
The substrate material and orientation 
critically affects important role in the epitaxy 
of А2В6-compounds. A significant lattice 
mismatch between the substrate and the 
deposited material promotes the formation of 
structural defects in the grown material. In the 
case of А2В6-compounds, the most 
thermodynamically favorable substrate is 
Cd0.96Zn0.04Te. The mole fraction of zinc 
variation enables tuning the lattice parameter 
of Cd1-xZnxTe, thereby reducing the mismatch 
with CdxHg1-xTe [12]. However, high-quality 
CdxHg1-xTe-based substrates are prohibitively 
expensive and limited in size, so GaAs is used 
as an alternative [13]. Despite the high 
mismatch between CdxHg1-xTe and GaAs 
(about 20 %). Successful epitaxial growth is 

achieved through the implementation of 
CdTe, ZnTe buffer layers [1, 3, 7, 13, 14]. 
These buffer layers, preserve the substrate 
orientation and prevent defect propagation 
into the upper layers [3, 14, 15]. Importantly, 
the infrared absorption characteristics depend 
not only on the CMT active region quality, 
but also on the structural perfection of both 
the substrate and buffer layers. Therefore, 
performance of optoelectronic devices 
depends not only on the active region of 
CdxHg1-xTe structures, but also on the 
crystalline quality of the entire heterostructure 
system [12, 16]. 

The crystalline quality of grown 
samples is evaluated through comprehensive 
analysis of these structural and optical 
characteristics, which directly correlate with 
the epitaxial growth conditions. They are 
directly related to the conditions of epitaxial 
growth of the layers under study [16]. 
Therefore, to develop the technology for 
production of А2В6-compounds using 
molecular beam epitaxy, many different 
methods are required for post-growth analysis 
of resulting samples. Key parameters 
including surface roughness and optical 
spectra characteristics are crucial for 
optimizing growth conditions. In this study, 
the optical ellipsometry (OE) and atomic 
force microscopy (AFM) were employed to 
characterize  optical and structural parameters. 
Ellipsometric measurements provided the 
spectra of () and () parameters [17]. 
The ellipsometric parameters  and  
represent components of the elliptical 
polarization of the beam reflected from the 
surface. These parameters provide 
information on the roughness and 
composition of sample compounds [18]. 
Optical ellipsometry is a rapid method for 
analyzing optical and structural 
characteristics of the grown films. Based on 
the data obtained by combination of OE and 
AFM, optimal growth temperatures for A2B6 
based films can be determined. 
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The goal of this study is to determine 
the dependence of ellipsometric parameters 
() and () in epitaxial CdTe films on 
different temperatures of growth conditions 
by the optical ellipsometry ns using optical 
ellipsometry. Additionally, we seek to 
determine the range of optimal growth 
temperatures to achieve minimum surface 
roughness of samples. The results of this 
work will be useful for determining the 
optimal temperature conditions for epitaxial 
growth of А2В6-compounds, and enable in 
situ monitoring of molecular beam epitaxy for 
CdₓHg₁₋ₓTe layers on various substrates.  

 
 

Experiment procedure 
 
CdTe films (samples  Nos. 5, 8, 15, and 

18) were grown by molecular beam epitaxy in 
Riber Epineat Cluster ultra-high vacuum 
multi-chamber setup We used semi-insulating 
epi-ready GaAs(100) substrates and a binary 
CdTe source. The temperature was controlled 
using a thermocouple integrated in the sample 
heater. Molecular flows were measured with a 

Bayard-Alpert sensor. Pre-growth treatment 
of the GaAs substrate included two stages. 
First, the sample holder with the substrate 
was degassed to remove volatile compounds 
and water vapour in the pre-treatment 
chamber at the temperature of 350 C for 
20 minutes. Secondly, in the growth reactor 
for А3В5 group materials, natural oxides were 
desorbed in the arsenic flow at the 
temperature of 680 C for 5 minutes, 
followed by growth of the GaAs buffer layer 
of 0.5 μm in thickness. Then, to perform the 
epitaxial synthesis of CdTe films, the holder 
with the substrate was placed in the growth 
chamber for А3В5 group materials. CdTe 
structures were grown at substrate 
temperatures of 250, 325, 400 and 450 С. 

After epitaxial growth and ellipsometric 
measurements of CdTe films, the 
CdTe/GaAs(100) samples were unloaded 
from the MBE setup and measured by the 
atomic force microscopy method using NT-
MTD Ntegra Maximus microscope in contact 
mode in the 1010 μm field. The average 
roughness (Rq) values of the samples are 
given in Table 1. 

 
Table 1 

 

Energy values and wavelengths corresponding to critical points Е1 and Е0 depending  
on the substrate temperature 

 

Sample 
number 

Substrate 
temperature, 

С 
Rq, nm 

Thickness, 
nm , nm Е1, eV , nm Еg, eV 

8 250 17.00 4058 365 3.39 846 1.46 

9 325 4.90 4256 376 3.30 842 1.47 

18 400 0.85 4071 372 3.33 846 1.46 

15 450 1.17 1452 373 3.34 893 1.39 
 
SEC-1000 spectral ellipsometric 

complex (Russia, Novosibirsk, Institute of 
Semiconductor Physics of the Russian 
Academy of Science) was used as analytical 
equipment for obtaining ellipsometric spectra 
() () in the wavelength range of 

3501000 nm (from 1.2 to 3.5 eV) [17].  
The angle of incidence of linearly-polarized 
light on the sample under study was 70.  
The highly stable OSRAM halogen lamp was 
used as a radiation source. Instrumentation 
errors in measurement of the refractive index 
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and thickness are 0.005 and 5 Å, respectively. 
Spectr software was used to analyze the 
ellipsometric spectra () (). 

 
 

Discussion of the results 
 
Different crystal structures exhibit 

distinct electronic properties, characterized by 
critical points (Van Hove singularities) in 
their band structure. These singularities 
manifest as maxima in the dielectric function 
spectra [₁() and ₂()] or as features in the 
electronic band structure [19–21]. Lattice 
strains induced by defects (e.g., impurities, 
dislocations, vacancies) significantly alter the 
spectral positions and amplitudes of these 
critical points. 

The structural quality of layers growing 
by the molecular beam epitaxy is directly 
dependent on the growth conditions, 
including temperatures of the substrate and 
molecular sources. А2В6-compound such as 
CdTe exhibit a low binding energy of about 
572.6 eV, for which reason growth 
temperatures above 500 C may be too high 
for the single crystal to grow [10]. Although 
CdTe films deposit on GaAs substrates below 
200 C, the growth mode transitions to 3D 
islanding [16], yielding polycrystalline films. 
This occurs due to insufficient kinetic energy 
for complete adatom dissociation and surface 
diffusion to stable lattice sites [22].  

Substrate surface preparation is critical 
for growing high-quality CdTe epitaxial 
layers. Thermal decomposition of amorphous 
oxide layers with GaAs at temperatures above 
700 C is the main method of pre-growth 
treatment. High temperature causes the Ga-O 
and Ga-As bonds to break, facilitating 
oxygen, arsenic while exposing clean 
gallium-terminated surfaces. If thermal 
impact is insufficient, the near-surface 
oxygen or other near-surface defects can 

transite the orientation of growing CdTe from 
(100) to (111) [10, 23–26]. 

The in-situ optical research method such 
as ellipsometry can be found useful for 
describing the structure properties. This 
method measures two parameters, such as  
and , corresponding to the ratio of 
amplitudes and phase difference of two 
components of the reflected elliptically-
polarized wave. Their values are directly 
dependent on the optical characteristics of the 
material, such as the refractive index and 
absorption coefficient. The spectrum of 
imaginary permittivity is often used to 
analyze crystal features. However, parameter 
 taken into account in this calculation can 
affect the qualitative identification of Van 
Hove singularities due to sensitivity to the 
film roughness [18], so it is advisable to 
analyze the spectra  [19]. Here the 
dependence () was used to determine the 
structural features of epitaxial films of 
cadmium telluride. The spectrum () 
describing the development of the sample 
surface morphology was compared to the 
findings of atomic force microscopy. 

The study examined four epitaxial CdTe 
films (samples No. 8, 9, 15, and 18) grown 
directly on semi-insulating GaAs(100) 
substrates. The growth temperatures varied 
between 250 C and 450 C, while the film 
thickness differed among samples (see 
Table 1). All other growth parameters and 
substrate pretreatment conditions were kept 
identical. 

The wavelength range from 350 nm to 
approximately 850 nm (Е > Eg) is particularly 
important for optical characterization, as this 
spectral region the film absorbs incident 
radiation, and Van Hove singularities in the 
spectrum () will be observed. Figure 1 
shows the ellipsometric spectra of parameter 
 for CdTe samples Nos. 8, 9, 15 and 18, and 
results of determining the energy position of 
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the critical points are given in Table 1. Van 
Hove singularity Е1 equaling to 
approximately 3.3 eV can be observed in each 
spectrum and is in good agreement with the 
literature data [27]. Comparison of spectra 
() revealed that the growth temperature in 
this case significantly influences the 
singularity's linewidth. Specifically, CdTe 
layers grown at 450 °C exhibit a narrower E1 
feature compared to samples prepared at 
lower temperatures. The reason is the 

additional absorption of incident radiation 
caused by defects found in samples Nos. 8, 9 
and 18 near critical point Е1. Structural 
imperfections generated during CdTe growth 
at suboptimal temperatures (250–325 C) 
likely contribute to this additional absorption. 
AFM measurements confirm that growth at 
400 C (sample No. 15) yields the smoothest 
surface, with the lowest root-mean-square 
roughness Rq (Table 1). 
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Fig. 1. Ellipsometric spectra of parameter  of CdTe/GaAs. Blue line – CdTe No. 8  
(upper left corner); green line – CdTe No.9 (upper right corner); dark green line – CdTe No. 15 

(lower left corner); orange line – CdTe No.18 (lower right corner) 
 
 
The band gap is also directly dependent 

on characteristics of the crystal structure. In 
ellipsometric spectrum (), the critical point 
corresponding to Eg  of CdTe is the first 
minimum before the start of interference 
oscillations in the CdTe film. According to 
the values of Table 1, Еg corresponds to the 
literature data in the case of samples Nos. 8, 9 

and 18 [27]. Large thickness of samples of 
about 4 µm reduces to zero the probability of 
formation of interference oscillations in 
region E > Eg due to the excessive depth of 
light penetration into the sample. For this 
reason no extremes are observed in this 
energy range (E > Eg) in the spectra (), and 
the band gap width is determined most 
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accurately. In the case of sample No. 15, 
which is about 1.5 µm in thickness, the 
mismatch of Еg  and literature data is due to 
incomplete absorption of incident radiation in 
this spectrum region and, consequently,  
the influence of interference observed in the 
film. 

The oscillations observed in spectrum 
() shown in Figure 1 within the 
wavelength range from approximately 850 to 
1000 nm (Е < Eg) correspond to interference 
in the grown CdTe films [28]. Comparison of 
the dependencies under study has revealed 
that sample No. 8 has the highest oscillation 
amplitude, while decrease in the amplitude of 
these oscillations in other samples indicates a 
high absorption rate in CdTe films [28]. 
Figure 2 shows the ellipsometric spectra () 
for CdTe/GaAs(100) samples Nos. 8, 9,  
15, 18. The above parameter is the phase 
difference of components of the elliptically- 

polarized radiation reflected from the film 
surface, and therefore it is used to analyze the 
roughness of grown structures. 

According to the data obtained by the 
atomic force microscopy method (see Table 1), 
sample No. 8 has the most developed 
morphology (Rq = 17 nm), which is consistent 
with the OE findings (), since the average 

value   (70) differs from the optimal one 
(140–150) in the spectral region of 350–
850 nm [29]. The low value of parameter  
corresponds to the developed morphology of 
the film surface; the average value of 
parameter  for samples Nos. 15 and 18 was 
within the acceptable limits: 1455. Thus, 
the data obtained by the spectral ellipsometry 
method indicate the low value of the RMS 
surface roughness of samples Nos. 15 and 18, 
which was confirmed by the atomic force 
microscopy method (see Table 1). 
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Fig. 2. Ellipsometric spectra of parameter  of CdTe/GaAs samples. Blue line – sample 8; 
light green line – sample 9; dark green line – sample 15; brown line – sample 18 
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Conclusion 
 
This research analyzed the ellipsometric 

spectra of parameters ,  as a function of 
the growth temperature of CdTe films. A 
correlation between ellipsometric parameters 
 and  and RMS roughness Rq of the film 
surface was established. Comparison of the 
dependencies () revealed that 
CdTe/GaAs(100) samples Nos. 15 and 18 
synthesized at temperatures of 450 C and 
400 C, respectively, scatter the optical 
radiation less than the others. This indicates a 
lower defect density in these films. Analysis 
of spectrum () allowed to establish that 
since the parameter  values for samples Nos. 
15 and 18 were within the range of 1455, 
the surface roughness of their CdTe films 
should be the lowest as compared to the other 
samples. The CdTe/GaAs(100) film No. 8 
developed surface morphology confirmed by 
the atomic force microscopy measurements 
(Rq = 17 nm) and could be observed in 
spectrum () (  = 70). Thus, the optimal 
temperature range for epitaxial growth of 
CdTe films is 400–450 C, as this minimizes 
formation of surface morphology on the film 
surface. The critical point E₁ (3.3 eV), 
corresponding to the CdTe compound, 
manifests as a maximum in the () 
spectrum for light energies E > Eg. The half-
width of this extremum provides a qualitative 
measure of defect formation in the growing 
CdTe structure. The findings of this work will 
be useful as the express method for 
determining the crystal structure features of 
А2В6-compounds and monitoring the 
epitaxial growth of CdTe, ZnTe, and 
CdHgTe.  

 
The authors are thankful to A. S. Sukhanova, 
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Introduction 
 
Studying the formation and propagation 

of shock waves inside various materials under 
powerful pulse impacts is of relevance, since 
the growing number of new composite and 
polymeric materials are finding use in 

aviation, rocket and space technology, 
shipbuilding and special applications [1]. 
Experimental research in this area has been 
conducted for over fifty years using various 
types of impact on samples [2–6]. The main 
instruments initiating the mechanical shock 
wave impact are ballistic and explosive 
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generators [7] and electroexplosive devices 
[8]. Along with them, high-power pulsed 
lasers, magnetic-pulse generators [9], as well 
as high-current electron and ion accelerators 
are actively used. This paper describes the 
features of shock-wave processes occurring in 
transparent materials impacted by a high-
current electron beam generated by Kalmar 
installation (current up to 35 kA, diode 
voltage up to 350 kV, electron beam duration 
 100 ns). 

Relatively high penetration power is 
among the specific features of such electron 
beams as a source of shock waves. Since the 
duration of beam action is about one hundred 
nanoseconds, the energy is released in the 
surface layer of not more than several 
hundred micrometers in thickness (up to 80 % 
of electrons are absorbed in the layer less than 
100 microns thick), and the release time of 
such region is at least 500 ns, so the process 
of beam energy absorption can be considered 
isochoric. In most studies, various parameters 
on the target surface are evaluated 
considering only the interaction of the 
electron beam with the target surface and 
release of the energy absorption region. 
However, after the electron beam has passed, 
plasma is formed in the diode gap [10], the 
influence of which is usually neglected. Some 
experimental results demonstrating the 
dynamics of shock wave passing through the 
target [10, 11] give reason for considering the 
influence of diode plasma on the formation 
and propagation of shock waves inside the 
target in more details.  

The issue of influence of diode plasma 
on the formation and propagation of 
compression and shock waves inside targets 
was brought up earlier during study of the 
impact of high-current electron beams on 
condensed targets. However, so far there are 
no findings that confirm or refute this. As a 
result of modeling the anode flame [12], quite 
extreme plasma parameters were obtained 

(average electron temperature Te  10 eV, 
average concentration ne > 51017 cm-3).  
One-dimensional MHD modeling of the 
plasma column parameters that we undertook 
confirms the assumption that the plasma 
pressure can reach values sufficient to give 
rise to compression waves, which can be 
observed during experiments. 

 
 

Experimental research 
 
Experiments to study the influence of 

diode plasma on the formation and movement 
of shock and compression waves in 
transparent targets were carried out using 
Kalmar high-current accelerator [13]. Target 
samples made of various transparent materials 
were attached to the anode assembly plate. 
The residual pressure in the vacuum chamber 
was not more than 10-2 Pa. 

The optical diagnostic system is based 
on probing the diode gap and/or target with 
laser radiation perpendicularly to the diode 
axis. Laser radiation passes via the diagnostic 
windows through the area under study. The 
image is transferred to the photocathode of 
SFER-6 electron-optical camera operating in 
streak image mode by means of the system of 
lenses and mirrors [9]. Since the typical 
durations of plasma and shock-wave 
processes differ by approximately an order of 
magnitude, plasma processes can be 
identified quantitatively only on streak image 
with. It should be noted that plasma 
parameters in the anode region can take on 
values at which plasma cannot be identified 
with existing diagnostics.  

Figure 1 shows the combined streak 
image recorded by the shadow photography 
method while simultaneously recording the 
plasma's own glow. One can see the shadow 
appearing against the background of the 
probing radiation in the upper part of the 
image. This shadow appears when the 
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refractive index changes as the compression 
or shock wave passes in a target attached to 
the rear surface of the anode plate. In the 
lower part of the image (below the time axis), 
the plasma's own glow in the accelerator 
diode can be observed. The probing radiation 
did not pass through the diode gap since it 
was blocked by the screen. 

 

 
 

Fig. 1. The combined streak image recorded by the 
shadow photography method while simultaneously 

recording the plasma's own glow. The time-
analyzing slit is oriented along the beam axis.  

The energy of the electron beam in the shot was 
450 J; the target was made of glass (LK-5) 
 
As can be seen from streak image, 

during the first 300–400 ns a shock wave is 
formed, the propagation speed of which is 
5.4 km/s. One can see in the lower part of 
the streak image that, by the end of this time 
interval, the bright own glow spreading from 
the electrodes to the center covers the diode 
gap. It can be concluded that the radiating 
plasma fills up the diode gap. By the time 
equaling to 1.5–2 μs the plasma's own glow 
becomes less intense. After 2 μs, multiple 
darkenings appear within the target volume, 
each may correspond to the propagation of 
compression waves in the material. 
Occurrence of these waves at the late stages 
of anode plasma expansion may be caused by 
the excessive pressure in the anode region 
arising in the plasma channel. 
         The current and voltage in the diode gap 
were measured using a shunt and a capacitive 
divider, respectively [14]. With the current 
and voltage known, one can determine the 
power and integral energy input by the beam 

to the sample.  
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Fig. 2. The time dependences of the current (1)  
and voltage (2) measured at the diode gap 

 
Figure 2 shows the characteristic time 

dependence of the electron beam current and 
conduction current through the diode.  
The electron beam can be seen to be formed 
in the diode in the time interval from 150 ns 
to 350 ns; after which the diode gap is filled 
with plasma, which initiates the current 
reversal at 400 ns. After the diode is closed 
by plasma, the alternating current can be 
observed, with its amplitude decreasing.  
The diode is closed due to its filling with 
plasma flows from the cathode and anode. 
Plasma appearing at the cathode is caused by 
the surface explosion (explosive emission), 
and the one appearing at the anode is caused  
by the interaction of a beam of high-energy 
electrons with the target surface. The 
presence of current in the diode gap means 
that the plasma closing the diode has high 
conductivity.  

 
 

Mathematical modeling 
 
To determine the range of parameters at 

which diode plasma influences the generation 
of shock waves inside the target, a problem to 
model the processes occurring in the 
cylindrical plasma channel with current was 
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formulated. The plasma channel formation 
stage was not considered. This problem was 
solved in terms of one-dimensional 
(coordinate r is directed parallel to the target 
surface; the origin of coordinates is located  
at the point corresponding to the electron 
beam axis) single-temperature 
magnetohydrodynamics (MHD) in the 
cylindrical coordinate system. The system of 
MHD equations using Lanrange variables is 
written below:  
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where m is the mass;  = mcn is the density; 
mc is the carbon atom mass; v is the velocity; 
P is the flow pressure;  is the permeability; 
B is the magnetic field induction; 
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j

r r
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 is the current density;  is the 

conductivity; T is the temperature; n is the 
concentration. To describe the 
thermodynamic properties of the medium, the 
ideal plasma model and the Spitzer 
conductivity model were used. Initial and 
boundary conditions for the described 
problem were written using the results 
obtained from processing the experimental 
data: maximum plasma concentration at the 
initial moment was equal to n0 = 1017 cm-3, 
initial radius of the cylindrical plasma column 
was equal to r0 = 1 cm, initial plasma 
temperature was equal to T0 = 10 eV, 
magnetic field induction at the outer 

boundary (rout) of plasma channel 
B(rout,t) = 0I(t)/{2π rout(t)}; the magnetic 
field and velocity field at the initial moment  
were set to zero. The model considered the 
singly-ionized plasma; the initial distribution 
of plasma concentration depending on the 
radius is cosine. The total current value was 
determined by sinusoidal dependence 
I(t) = Imax sin(t),  = (2/400) ns-1. 

Figure 3 shows the radial dependence of 
the pressure in the plasma column obtained 
by the numerical simulation with Imax = 
100 kA.  
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Fig. 3. The radial dependence of the pressure in the 
plasma column. The numbers indicate the time 

counted from the start of the conduction current 
(equal to 400 ns in Fig. 2): 1 – 0 ns, 2 – 100 ns,  

3 – 200 ns, 4 – 300 ns, 5 – 400 ns 
 

As Figure 3 shows, the pressure 
increases near the outer surface of the plasma 
cylindrical sheath, and the region of the 
increased pressure shifts toward the axis of 
symmetry over time. This is due to the 
magnetic pressure pressing the low-density 
peripheral plasma toward the axis while the 
gas-dynamic pressure is simultaneously 
pushing the high-density substance away 
from the axis, thus forming a region with the 
increased density and consequently, with the 
increased pressure at the plasma region 
periphery. 
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Discussion of the results 
 
When the electron beam interacts with 

the target surface, the torch of anode plasma 
is formed, and when high-power currents pass 
through the electrodes, plasma flow formed 
by explosive electron emission is separated 
from the cathode. At a certain moment, these 
two flows overlap the diode (see the lower 
part of the streak image in Fig. 1, which 
shows the plasma’s own glow in the 
accelerator diode), thus forming the 
conductance channel in the diode for the 
current passing after the pulse of the 
subrelativistic electron beam, i.e. after 400 ns 
as shown in Fig. 2. 

Figure 4 shows a transverse streak 
image: a image of the central part of the diode 
gap perpendicular to the diode axis is 
sweeped in time. As can be seen in Figure 4, 
the anode plasma reaches the recording 
region by the 300th nanosecond; then, 
within 100 ns, the diode gap is filled with 
almost uniform plasma, the transverse 
dimension of which increases from 0.5 cm 
to 1 cm by 400 ns, i.e., the radial velocity at 
the outer boundary being observed is equal to 
 3104 m/s. After the time moment 
corresponding to 440 ns, the radiating plasma 
can be observed to be pressed along its outer 
visible boundary; in the same region (its 
thickness being 1 mm), the plasma’s own 
glow is more intense. According to the 
modeling results (Fig. 3), at the time 
corresponding to 200–300 ns from the 
conduction current start in the plasma channel 
a pressing region of the same size and with 
the same pressing rate of  104 m/s is formed; 
the pressure in this region is higher than in 
other parts of the plasma. Increase of the 
plasma pressure will lead to the increased 
pressure at the plasma column ends, which 
can give rise to another compression or shock 

waves that are not directly related to the 
impact of the electron beam on the target 
surface. Thus, considering the processes 
occurring in the diode plasma can have a 
significant impact on the study of the 
dynamics of the formation and passage of 
compression and shock waves in solid targets. 
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Fig. 4. The streak image recorded by the shadow 
photography method while simultaneously recording 

the plasma's own glow. The time-analyzing slit is 
oriented across the beam axis. The electron beam 

energy in the shot was 460 J 
 
 
It is also worth noting that, as is shown 

in Fig. 1, some of these waves seem to change 
their propagation speed – they correspond to 
darkenings, the slope of which changes over 
time. The reason for the slope to change could 
be the process of wave formation not in the 
target surface region that corresponds to the 
beam axis, but, for example, near the outer 
boundary of the region where the beam and 
target interact. In this case compression 
waves will arrive at the region lying on the 
beam axis extension with different time 
delays, depending on the coordinate along the 
thickness of the target, which will cause the 
shadow with a slope changing along the target 
thickness.  
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Conclusion 
 
Thus, both the experimental data and 

modeling results obtained in terms of one-
dimensional magnetohydrodynamics confirm 
that the processes occurring in the diode 
plasma should be taken into account when 
studying the dynamics of formation and 
propagation of compression and shock waves 
in targets. Moreover, considering that plasma 
parameters in the diode gap are quite extreme, 
the plasma can also significantly impact the 
degree of surface destruction of the materials 
being tested. To advance the research 
described herein, the more detailed analysis 
of the experimental data is suggested, 
including using the modeling results that we 
plan to obtain from the improved model.  

 
_____________________ 

 

Mathematical modeling was carried out with  
the support of the Russian Science Foundation 

(project No. 23-21-00248). 
Experiments using Kalmar installation were 

conducted as part of the state assignment from  
the National Research Center Kurchatov Institute. 

 
 
 
REFERENCES 
 
1. Kovalenko V. A. and Kondratyev A. V., 

Aviation and space equipment and technology, No. 5, 
14–20 (2011) [in Russian]. 

2. Rudakov L. I., Babykin M. V., 
Gordeev A. V. et al. Generation and focusing of high-
current relativistic electron beams. Moscow, 
Energoatomizdat, 1990 [in Russian]. 

3. Grabovsky E. V., Vorobyov O. Yu., 
Dyabilin K. S., Lebedev M. E., Ostrik A. V., 
Smirnov V. P. and Fortov V. E., JETP Letters 60 (1), 
1–4 (1984). 

4. Lomov S. A. Introduction to the General 
Theory of Singular Perturbations. Moscow, Nauka, 
1981. 

5. Kanel' G., Fortov V and Razorenov S., 
Physics-Uspekhi 50 (8), 771–791 (2007). 

6. Didenko A. N., Ligachev A. E. and 
Kurakin I. B. Effect of charged particle beams on the 
surfaces of metals and alloys. Moscow, 
Energoatomizdat, 1987 [in Russian]. 

7. Kanel G. I., Razorenov S. V., Utkin A. V. 
and Fortov V. E. Shock-wave phenomena in 
condensed media. Moscow, “Yanus-K”, 1996  
[in Russian]. 

8. Ryabinin Yu. N., Technical Physics, No. 26, 
2661 (1956). 

9. Krivosheev S. I., Technical Physics 50 (3), 
334–340 (2005). 

10. Demidov B. A., Kazakov E. D., 
Kalinin Yu. G. et al., Instruments and Experimental 
Techniques, 63, 370–374 (2020). 

11. Demidov B. A., Kazakov E. D., 
Kalinin Yu. G. et al., Applied Physics, No. 6, 74–78 
(2018) [in Russian]. 

12. Ananyev S. S., Bagdasarov G. A., 
Gasilov V. A. et al., Plasma Physics Reports 43, 726–
732 (2017). 

13. Demidov B. A., Ivkin M. V., Petrov V. A. 
and Fanchenko S. D., Atomic Energy 46 (2), 111–116 
(1979). 

14. Kazakov E. D. et al., Plasma Physics 
Reports 47, 803–813 (2021). 

 
 
 
 
About authors 
 
Evgeny Davidovich Kazakov, Deputy Head of the Department, Candidate of Physics and Mathematics, 

National Research Center Kurchatov Institute (123182, Russia, Moscow, Academician Kurchatov Square, 1). 
MPEI National Research Institute (111250, Russia, Moscow, Krasnokazarmennaya Ulitsa, 14). Moscow Institute 
of Physics and Technology (National Research University) (141701, Russia, Moscow Region, Dolgoprudny, 
Institutsky Per., 9). Keldysh Institute of Applied Mathematics of the Russian Academy of Science (125047, 
Russia, Moscow, Miusskaya, 4). E-mail: kazakov_ed@nrcki.ru SPIN code 2936-1306, Author ID 184827 

Mikhail Yurievich Orlov, Research Engineer, National Research Center Kurchatov Institute (123182, 
Russia, Moscow, Academician Kurchatov Square, 1). E-mail: mosgotron@gmail.com 

 



Applied Physics, 2025, No. 2 
 

61

Anna Romanovna Smirnova, Junior Research Assistant, graduate student, National Research Center 
Kurchatov Institute (123182, Russia, Moscow, Academician Kurchatov Square, 1). Moscow Institute of Physics 
and Technology (National Research University) (141701, Russia, Moscow Region, Dolgoprudny, Institutsky Per., 9). 
Keldysh Institute of Applied Mathematics of the Russian Academy of Science (125047, Russia, Moscow, 
Miusskaya, 4). E-mail: anya4113@gmail.com SPIN code 8607-4923, Author ID 1254979 

Mikhail Gennadievich Strizhakov, Research Assistant, National Research Center Kurchatov Institute 
(123182, Russia, Moscow, Academician Kurchatov Square, 1). E-mail: strizhakov_mg@nrcki.ru SPIN code 
1430-1600, Author ID: 824117 

Kirill Alexandrovich Sunchugashev, Laboratory Assistant, National Research Center Kurchatov Institute 
(123182, Russia, Moscow, Academician Kurchatov Square, 1). E-mail: 1032182603@pfur.ru  

Liliya Maratovna Yusupova, Laboratory Assistant, student, National Research Center Kurchatov Institute 
(123182, Russia, Moscow, Academician Kurchatov Square, 1). MPEI National Research Institute (111250, 
Russia, Moscow, Krasnokazarmennaya Ulitsa, 14). E-mail: yusupova_lilia_m@mail.ru 

Svetlana Ivanovna Tkachenko, Professor, Doctor of Physics and Mathematics Science, National 
Research Center Kurchatov Institute (123182, Russia, Moscow, Academician Kurchatov Square, 1). Moscow 
Institute of Physics and Technology (National Research University) (141701, Russia, Moscow Region, 
Dolgoprudny, Institutsky Per., 9). Keldysh Institute of Applied Mathematics of the Russian Academy of Science 
(125047, Russia, Moscow, Miusskaya, 4).  United Institute of High Temperatures of the Russian Academy of 
Science (125412, Russia, Moscow, Izhorskaya Ulitsa, 13, bld. 2). E-mail: tkachenko@phystech.edu SPIN code 
8352-8420, Author ID 108014 

 
 
 
 



Applied Physics, 2025, No. 2 
 

 

62

 
PLASMA PHYSICS AND PLASMA METHODS 

 

  

UDC 532.5, 537.39                                                                                               PACS: 68.03.Hj 
EDN: UOKBNM 
 

Visualization of the electric field in transformer oil using suspended water 
microdroplets 

 
© V. А. Panov*, А. S. Saveliev, Yu. M. Kulikov 

 

Joint Institute for High Temperatures of the Russian Academy of Sciences,  
Moscow, 125412 Russia 

* E-mail: panovvladislav@gmail.com 
 

Received 10.03.2025; revised 02.04.2025; accepted 07.04.2025 
Scientific specialty code 1.3.9 

 
A method for visualizing electric field lines in a dielectric based on 
electrohydrodynamic (EHD) destruction of small droplets is proposed. The advantage 
of the method is a significantly lower seeding density of tracers as compared to solid 
particles, which reduces the influence of the dispersed phase on the resulting EHD flow 
and electrical strength of the medium. The proposed approach allows introducing 
destructible tracer drops into individual areas under study, including into the area of 
lower potential values, which reduces the probability of partial breakdowns during 
diagnostics. The effectiveness of the approach is confirmed by comparing experimental 
visualization data with calculation results. 
 
Keywords: electric field lines; visualization; high-voltage oil-filled equipment; EHD 
streaming; Taylor cone; droplets; water. 
 

DOI: 10.51368/1996-0948-2025-2-62-68 
 
 

Introduction 
 
The behavior of drops in an electric 

field has been attracting the interest of 
scientists for many decades. The results of 
these studies have found application in 
various fields such as meteorology [1, 2] 
(raindrops), liquid drop model in nuclear 
fission [3], (movement) of aerosols [4]. A 
hundred years ago, Zeleny [5], as well as 
Wilson and Taylor [6], proved by way of the 
experiment that a drop suspended in a 
capillary (pendant drop) and a soap bubble 

attached to a plate (sessile soap bubble) 
experience deformation in the electric field. 
What is more important, however, when 
electric field strength modulus on the surface 
of the pendant drop and sessile bubble was 
high enough, they became conical and 
emitted a thin stream that broke up into 
droplets. Papers [7, 8] discovered the similar 
behaviour exhibited in the presence of the 
electric field by a spherical pendant drop, 
which was initially electrically neutral. 
Unlike the pendant drop and sessile soap 
bubble, a neutral drop in the strong electric 
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field forms two opposite conical ends and 
emits streams of positively and negatively 
charged droplets in opposite directions. The 
conical menisci formed in the electric field 
are now known as Taylor cones [9], while 
emission of thin streams from cone tips is 
referred to as electrohydrodynamic (EHD) tip 
streaming [10] or cone EHD streaming [11]. 

The findings of many authors allow to 
reveal the universality of these phenomena: 
emission of charged streams from conical 
surfaces and their decomposition into aerosols 
consisting of charged micro (nano) droplets 
(electrospraying) are common to various, 
allegedly unrelated situations during 
production processes and natural phenomena, 
including electrospray ionization mass 
spectrometry (ESIMS) [12], raindrops in 
thunderclouds [13], as well as printing and 
coating [14]. 
      The droplet electrohydrodynamics has 
advanced into an independent discipline due 
to the papers of Taylor [15, 16], who gave 
criticism of previous research in this area and 
proposed his own theoretical leaky dieletric 
model (LDM). He also described stable minor 
deformation of a (single-phase) droplet. Later 
this model was repeatedly tested, and more 
accurate models emerged [15–21]. The 
subsequent works researched the complex 
topologies of interphase boundaries 
associated with multiphase emulsion droplets, 
the development of instabilities in emulsions, 
their decomposition (demulsification), and 
control of microparticles movement at the 
interphase boundary. 

Although this area has been researched 
for many decades, most research efforts are of 
an academic nature, and only recently a series 
of works of applied significance has appeared 
[22–34]. 

The present study aims to extend the 
findings of droplet electrohydrodynamics to 

high-voltage engineering problems. This 
paper proposes the method for visualizing 
electric field lines, which is based on the 
comparison of laboratory and numerical 
experiments findings. The approach is based 
on visualizing trajectories of microdroplets 
formed as a result of decomposition of 
streams flowing from conical menisci of 
drops (Taylor cones) under the influence of 
the electric field. 

 
 

Experimental setup 
 
The experimental setup diagram is 

shown in the figure. 1. Two immiscible 
liquids are poured into vessel (1) with plane-
parallel transparent walls made of organic 
glass: poorly conducting water (2) and 
transformer oil (3). A pointed high-voltage 
needle electrode (4) and a cylindrical 
electrode (5) with a rounded edge at the 
working end, which is connected to the 
“ground” through measuring resistor Rs with 
a resistance of 25 Ω, are immersed in oil and 
water, respectively. The voltage is supplied 
through the limiting resistor Rb (5 kΩ) to 
electrode (4) using semiconductor high-
voltage switch (6) of the “half-bridge” type 
when a rectangular TTL pulse is formed at its 
input using digital pulse generator G. The 
voltage rise and fall front at the output of 
switch (6) is about 0.1 μs, which is much 
faster than the phenomena described herein. 
      The voltage amplitude was V0  = 20 kV, 
and the open state duration of switch (6) was 
400 μs. Since the high-voltage source (“DC” 
Fig.  1) cannot provide the sufficient output 
current (hundreds of milliamps) in case of 
breakdown of the interelectrode gap, high-
voltage storage capacitor C with the capacity 
of 0.7 μF is added to the electrical circuit in 
parallel with the source. To measure the 
voltage on high-voltage electrode (4), a high-



Applied Physics, 2025, No. 2 
 

 

64

voltage probe 1:1000 is connected at point A, 
and a signal from this probe is sent to the 
digital storage oscilloscope. 
       To measure the current in the circuit, the 
voltage at point B is supplied to the 
oscilloscope. A signal from generator G, as 
well as an exposure sync pulse from high-
speed digital video camera (8), are sent to 
other channels of the oscilloscope. 

To visualize the occurring processes, 
background lighting (incandescent lamp (7)) 
and video camera (8) are used, with container 
(1) placed in between. The video camera lens 
is focused on the plane containing the 
electrode axis. The electrical breakdown is 

forced in liquids in advance according to the 
mechanism described in [35–37]. As a result, 
small (about 50 µm) water droplets appear in 
the oil in the interelectrode region (9). Since 
the lens depth of field is relatively small, the 
droplets that are close to the straight line 
containing the electrode axes can be seen as 
dark circles (Fig.  2). The droplets that are 
farther from this line, i.e. beyond the lens 
depth of field can be seen as fuzzy rings or 
half rings (Fig. 3). After water droplets are 
formed in the interelectrode space, the 
potential difference develops between the 
electrodes to deform and destroy them 
(Fig.  3). 

 
 

 
 

Fig. 1. Experimental setup diagram 
 
 

Mathematical model 
 

The problem is modeled in the 
axisymmetric setup. The electrode system is 
assumed to be immersed in a cylinder of 80 
mm in diameter which is equal to the side of 

the experimental cell. The tip of the  
oil-immersed electrode is 3 mm away from 
the interphase boundary, the total thickness of 
the oil layer is 15 mm, the distance from the 
pin electrode surface to the interphase 
boundary is also 3 mm. The diameter of the 
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cylindrical section of the pointed electrode is 
1 mm, that of the cylindrical electrode – 
1.8 mm. The radius of the needle tip rounding 
is 70 µm. Properties of materials filling the 
subdomains of calculation: water with relative 
permittivity w = 78, transformer oil with 
o = 2. Since liquids are considered to be ideal 
dielectrics, the electrostatic approximation 
described by the below system of equations is 
used: 
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where E


 – electric field vector, V –
electrostatic potential, D


 – electric 

displacement vector,  – relative permittivity 
of the medium,  – volume charge density. 

Spatial discretization of the system of 
equations is based on the finite element 
method. Values in cells are interpolated using 
second-order Lagrange polynomials.  
The following conditions are set at the 
boundaries: 1) condition of axial symmetry, 
2) high-voltage potential  V0  = 20 kV is set 
on the surface of the pointed electrode,  
3) zero charge ( 0n D 


), 4) zero potential 

(grounding) is set on the surface of the 
cylindrical electrode. The domain of 
calculation is covered with a triangular mesh 
of the finer size near the high-voltage 
electrode to ensure the best resolution of high 
voltage values. The maximum size of an 
element within the medium volume is 1 mm, 
the minimum size is 10 µm. The element size 
at the boundary of the high-voltage electrode 
does not exceed 10 µm. The total amount of 
mesh elements is 505,516 cells. The relative 
tolerance of the iterative solver is 0.001. Due 
to the small size of droplets as compared to 
the size of the discharge gap, the electric field 
is calculated without considering their 
presence. 

Results and discussion 
 
The figure  2 shows the image of the 

discharge gap and visible part of electrodes 
before the voltage pulse is applied. Water 
droplets acting as future tracers of electric 
field lines look like dark circles in the upper 
half of the image occupied by transformer oil. 
The dark strip adjacent to the water-oil 
interface is a shadow of the water meniscus 
that appears on the wall of the discharge cell 
at the stage of droplet formation through the 
electrical breakdown of the same gap. The 
misalignment of electrodes which can be seen 
on the photo is caused only by the difference 
in refractive indices of water and oil and the 
camera’ set angle of view. Prior to the 
experiment the alignment is checked by 
directly touching the two electrodes on their 
axis. 

Figure  3 shows water droplets before 
and at the end of voltage pulse sending. 
Initially, spherical droplets (top figure, 0 μs) 
begin to deform under the impact of the 
external electric field: they are stretched 
along the electric field lines. The visualization 
of electric field lines becomes even more 
adequate for the droplets, at which poles 
pointed peaks emitting fine droplets are 
formed. For example, droplet 1 in figure  3, 
by the end of the pulse, has almost completely 
decomposed into two clouds of fine droplets 
towards the high-voltage and grounded 
electrodes due to being in the region of the 
stronger field as compared to droplets 2  
and 3. Droplet 2 is also fragmented, but since 
it is far from the electrode, the droplet is more 
drawn out and less streamed, which has 
beneficial for the quality of visualization of 
the electric field lines. The comparison with 
the calculated pattern of the electric field lines 
shown in the lower part of figure  3 reveals 
that the course of the lines is well aligned 
with the direction of deformation and 
streaming of the droplets.  
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Fig. 2. View of the discharge gap before the 
voltage pulse is sent 

 
 

Fig. 3. Deformation and streaming of water droplets 
distributed in oil under the action of the voltage pulse 
with the amplitude of 20 kV and a duration of 400 μs 
(moments 0 and 400 μs). The second half of the lower 
image is supplemented with the calculated pattern of 

the electric field lines which was built for the 
experimental parameters 

 
 

Conclusions 
 

The method for visualizing the pulsed 
electric field lines in a dielectric liquid, which 
consists in observing the direction of 
deformation and streaming of droplets of a 
second liquid placed in the first one, has been 
proposed. The method has been tested using 
the water droplets placed in transformer oil, 
with the pulsed voltage fed to the needle-
shaped high-voltage electrode. With the 
droplets used as tracers, the response time of 

the droplets to the external field and their 
noticeable deformation is only 100 μs in the 
experiment conditions under consideration. 
The fragmentability of droplets lowers the 
requirements for the tracer seeding density 
and also allows positioning them locally in 
the area of concern. With the lower seeding 
density, the impact on the electrical strength 
of the medium is decreased, which reduces 
the probability of partial breakdowns during 
diagnostics. 
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Introduction 
 
The study of arc plasma burning modes 

is one of the most important tasks of modern 
low-temperature plasma physics. Due to their 
unique properties, such as high temperature 
and energy density, arc discharges are widely 
used in various fields of science and 
technology, including metallurgy, welding 
technologies, coating technologies, plasma 
chemistry, powder material production 
technologies, etc. Despite the number of 
papers [1–5] devoted to the study of arc 
plasma, some aspects of its behaviour remain 
underexplored. 

Being widely used in industrial 
processes, plasma torches require a deep 

understanding of the mechanisms for the arc 
discharge to form and exit stably. Traditional 
diagnostic methods based on measuring 
electrical parameters are often not enough to 
fully describe the dynamic pattern of arc 
burning, especially under conditions of rapid 
temporal and spatial changes. High-speed 
photo and video shooting is an effective 
means of visualizing and analyzing arc 
burning processes in the discharge chamber. 
This method allows recording instantaneous 
changes in the arc structure, following its 
movement and deformation, and identifying 
key mechanisms of plasma interaction with 
surrounding surfaces. Modern digital cameras 
with high resolution and frame rate allow a 
detailed analysis of temporal and spatial 
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characteristics of the arc discharge, which is 
critical for understanding and optimizing the 
operation of plasma torches. 

Due to their ability to generate  
high-enthalpy gas flows, plasma torches 
during plasma-chemical synthesis intensify 
chemical processes in the gas phase while the 
reaction zone and size of the process 
equipment become much smaller and the 
yield of the useful product grows.  

The electric arc that occurs between the 
electrodes in the plasma torch chamber 
creates conditions for the high-temperature 
plasma to form. The main parameters that 
influence the arc burning dynamics include 
temperature, current density, gas pressure and 
components composition of the plasma-
forming medium. The arc combustion 
dynamics influences the uniformity of 
distribution of the temperature and 
concentration of active particles in the plasma 
volume. Inhomogeneous distribution of these 
parameters can lead to uneven chemical 
reactions and, as a consequence, to a decrease 
in the yield of target products. For this reason, 
the optimization of these parameters allows 
achieving maximum efficiency of plasma-
chemical processes and increasing the yield 
of useful products. 

The goal of this paper is to study the 
processes of arc discharge formation and 
development using photo and video shooting 
methods. This will allow establishing the 
temporal and spatial characteristics of the arc 
discharge, such as shape and dimensions of 
the arc channel, radiation intensity, etc.  
The measurements were carried out using 
graphite and tungsten electrode tips at the 
atmospheric pressure in the following ranges 
of plasma-forming gas flow rates: H2 up to 
0.08 g/s and mixture H2+CH4 up to 0.1 g/s. 
Plasma torch operating modes have been 
analyzed, and arc burning modes have been 
described. 

 
 
 

Experimental unit and measurement 
methods 

 
The studies were carried out using the 

experimental setup, which scheme is shown 
in Figure 1 and which comprises an 
alternating current plasma torch [6, 7], a 
power source, a plasma-forming gases 
cooling and a supply system, as well as a set 
of measuring instruments.  

The plasma torch includes two housings 
made of 12X18N10T stainless steel. Each 
housing contains a water-cooled electrode 
unit with replaceable graphite output inserts. 
The electrode unit consists of a water-cooled 
housing and an electrode with a tip fixed to its 
end. The tip can be made of various materials, 
such as tungsten, graphite or copper.  
The housing has a channel for tangential 
supply of plasma-forming gas, which forms a 
spiral gas-vortex flow the cools and stabilizes 
the arc channel. A flange fixed to the nozzle 
unit that makes a space between the housing 
and inner wall for feeding the cooling water 
that ensures heat removal from the arc 
ignition zone. The electrode channels are 
arranged coaxially and connected to the 
electric arc chamber, which can operate as a 
reaction chamber acting as a plasma-chemical 
reactor when the material to be processed is 
added. 
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Fig. 1. Schematic view of the plasma torch and 
observation method using high-speed photo and 

video shooting: 1 – housing; 2 – electrode; 3 – tip;  
4 – sleeve; 5 – gas supply; 6 – electric arc chamber; 

7 – arc; 8 – high-speed chamber 
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With the high voltage supplied between 
the electrode and the inner wall of the 
channel, the electrical breakdown of the 
interelectrode gap occurs, which results in arc 
formation. Forced by the tangential gas flow 
supplied into the channels, the arcs move to 
the electrode ends, then they move along the 
graphite insert, are blown out onto its end and 
are connected to the electrode from the 
opposite channel. Thus, the arc spreads from 
the end of one electrode to the end of another 
one. When the polarity changes, the same 
things occur on the other electrode. Formation 
of the vortex gas flow in the channels 
facilitates the efficient removal of excess heat 
from the central arc, thus preventing 
temperature gradients and associated 
instabilities of the plasma channel from being 
developed. 

It should be emphasized that plasma-
forming gases can be mixed in the plasma 
torch of this type without the need to stop and 
additionally readjust the device.  This feature 
allows conducting various experiments, thus 
significantly reducing time and material 
amounts. To ensure the guaranteed ignition 
the device was started using argon with the 
flow rate of up to 0.5 g/s. Upon reaching a 
steady state, hydrogen was supplied within 
the operating flow rate range, while the argon 
supply was stopped. Later ballast gases were 
not used to maintain discharge burning. 

High-speed shooting was carried out 
using Citius imaging High Speed Video 
Camera arranged perpendicularly to the 
plasma torch axis. The camera is capable of 
shooting at up to 4000 frames per second 
(fps) in high resolution. The proper interfaces 
allow connecting the camera to a personal 
computer, which enables the remote control 
of shooting settings and real-time monitoring 
of the shooting process. This recording 
method allowed locating the arc and 
conducting the detailed analysis of the 
temporal and spatial characteristics of the arc 
discharge. 

 

Findings and discussion 
 
As part of the research performed, a 

number of experiments were carried out using 
photo and video shooting. The hydrogen flow 
rate varied up to 0.08 g/s, methane flow rate – 
up to 0.02 g/s, and the plasma torch power 
varied within the range of up to 10 kW; the 
total duration of the experiment did not 
exceed 30 minutes. 

The analysis of the measurement results 
considered both static characteristics 
reflecting the time-averaged ratios of 
changing parameters and dynamic 
characteristics associated with changes in the 
arc burning process over time. The arc 
burning dynamics were recorded by means of 
the corresponding oscillograms: the current 
change over time was sinusoidal, and the 
voltage curve exhibited distinct ignition and 
extinction peaks when crossing zero. 

The total duration of the voltage change 
half-period on the oscillogram can be divided 
into three parts. The first and third parts 
correspond to the lateral sides of the trapezoid – 
these are the stages of voltage increase and 
decrease in the interelectrode gap, when the 
arc discharge has not yet formed or has 
already ceased to exist. The middle part, 
which can be called the trapezoid “base”, is 
characterized by voltage fluctuations around 
the average value and corresponds to the arc 
discharge lifetime. In some half-periods, a 
slight increase in voltage is observed closer to 
the middle of this interval. The amplitude 
magnitude of peak voltage fluctuations varies 
depending on the gas type and is within the 
range of 1.2 to 4 kV. 

The result of high-speed video shooting 
of the discharge in the electric arc chamber of 
the plasma torch were files of the .avi format, 
which reflect the dynamics of various modes 
of the arc discharge under study. To clean the 
frames from the noise, which existed as 
constantly glowing areas near the electrodes, 
the .avi files were filtered. Among all the file 
frames, there was one whose integral 
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luminosity of the frame was minimum, that is, 
when the discharge was obviously absent. 
Next, the matrix of the frame with the 
minimum luminosity was subtracted from the 
matrix of each frame of the file. The result 
was a new .avi file with minimum noise.  
The new files provided were processed as 
follows. The sum of all matrix pixels with a 
resolution of [320306] of the next j-th frame 
was calculated. The result of summing was 
written to the j-th position of the new vector, 
the length of which corresponded to the 
number of frames in the .avi video file. 
According to this procedure. the dependence 
of the relative luminosity intensity on time 
was calculated for all the discharges under 
study. The relative luminosity intensity can be 
assumed to correlate well with the calculated 
discharge current power. Using the resulting 
vector of relative luminosity intensity of the 
discharge under study, the frequency 
characteristic of the process was determined 
using the Fourier transform “fft”. For all 
discharge types, the fundamental frequency 
was 100 Hz with minor satellite frequencies 
that were multiples of the fundamental 
frequency. 

The figures show successive frames 
from the video files recorded with Citius 
high-speed camera with the video shooting 
rate of 4000 frames per second and exposure 
of 10 µs normal to the discharge plane. The 
frames show the electrode tip, from its 
material (tungsten and graphite) is torn out 
and carried away with the plasma flow upon 
application of the current pulse. The frames 
were selected as follows: with reference to the 
previously derived vector of relative 
luminosity intensity, the successive frames 
were selected, starting with the minimum 
value of the discharge luminosity, that is, 
from the discharge start until the maximum 
luminosity intensity was reached, and then 
frames with the decreasing discharge 
luminosity intensity were selected until the 
given discharge period extincted. The right 
inset in Figure 2 shows an example of a 
transient discharge, where the points on the 
discharge intensity curve mark the selected 
frame numbers from the video file, starting 
with number 235. The frames were selected 
similarly from the corresponding video files 
of other categories for Figures 3 and 4. 

 
 
 

 105

4.5

4

3.5

3

2.5

2

1.5

1

0.5

0

X 243
Y 358971

200   210   220   230   240  250   260   270   280   290  300
Frames 

X 241
Y 288395

X 239
Y 207281

X 235
Y 81359

X 255 
Y 93706 

X 252 
Y 218861 

X 250 
Y 296318 

X 245 
Y 360798 

 
Fig. 2. Transient discharge mode with a pattern of radiation intensity distribution depending  

on the frame number, flow rate of hydrogen H2is 0.06 g/s, current is 6 A, power is 6 kW 
 
Figure 2 shows the pattern of the 

transient discharge developing, including the 
initial formation of a plasma cloud near the 

electrode, where the arc ignites (forms), 
without reaching the opposite electrode it 
bends (extends) to the end of the electrode 

235 239 241 243

245 250 252 255
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and is blown out by the plasma-forming gas 
flow towards the opposite electrode. After the 
maximum intensity values (frames 245 and 
250) are reached, the arc moves back to the 
electrode where it was ignited. Note that a 
plasma cloud is observed around the arc tip at 
all stages. The diameter of the plasma cloud 
reaches 25–30 mm. This mode is observed at 
the plasma-forming hydrogen gas flow rate 
up to 0.06 g/s, in case of short heating of the 
electric arc chamber for several minutes and 
after reaching a steady-state mode, as well as 
in case of hydrogen-methane ratio of 6:1 
during the first minutes of operation. 

The contracted discharge is shown in 
Figure 3. It is typical for the hydrogen flow 
rate of 0.04–0.08 g/s and is observed in case 
of the “cold” chamber. Almost immediately, a 
clearly defined arc is formed, where the 
pressure of the self-magnetic field exceeds 
the gas kinetic pressure, thus resulting in 
contraction. As the discharge develops, an 
increase in the arc cross-section is observed. 
This may depend on the change in the 
pressure ratio of the self-magnetic field and 
gas-kinetic field in the favor of the latter’s 
pressure. This can also explain the gradual 
curving of the arc by the working gas blown 
out. 

Note that both the arc initiation (frame 
145) and extinction in this half-period under 
consideration (frame 180) originated from the 
right electrode. In the next half-period, with 
the polarity changed on the electrodes, the arc 
ignites on the left electrode (frame 186).  
The weak section of the arc can also be 

noticed around the opposite electrode. No arc 
radiation was observed between these areas. 
The sensitivity threshold of the video camera 
receiver is most likely to be lower than the arc 
luminosity in this area and it is not enough for 
being recorded. It can be assumed that if we 
used a more sensitive colour photodetector 
matrix, we could examine R, G and B 
matrices of this frame individually to see this 
area, probably, in more details. 

Figure 4 shows the pattern of the 
discharge development referred to in the 
foreign scientific literature as a plasma plume 
[8, 9] (plasma cloud). Gas-dust plasma clouds 
were often observed during the experiments 
with arc discharges on graphite electrodes, a 
gradual expansion of plasma plume from 
frame to frame to occupy the half-space up to 
the middle of the interelectrode distance, 
which was 30 mm. After the maximum 
luminosity of the discharge was reached, 
which corresponds to the maximum power 
(frames 241 and 244), the reverse process of 
plasma cloud contraction occurs until it 
completely extincts. It should be noted that 
there is a region of increased brightness in the 
near-electrode space, which resembles a 
forming arc; however, as can be seen from the 
lines of equal intensity, no clearly visible arc 
can be observed. The presence of a plasma 
cloud could only be recorded by mixing two 
types of plasma-forming gas, methane and 
hydrogen, in the ratios of 1:8, 1:6, 1:3. The 
main gas, hydrogen, was varied in the range 
of 0.06 g/s to 0.08 g/s, then methane was 
mixed into it at the rate of 0.01 g/s. 

 
 

 
 

Fig. 3. Contracted discharge mode, flow rate of hydrogen H2 is 0.06 g/s, 
current is 6 A, power is 6 kW 
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Fig. 4. Diffuse (plasma plume) discharge mode, mixture flow rate: hydrogen 
H2 – 0.08 g/s and methane CH4 – 0.01 g/s, current is 6 A, power is 7 kW 

 
 

Considering that the setup was not 
changed during the experiments, the 
changeover from the intermediate (transition) 
discharge, with the plasma cloud formed at 
first near the electrode, to the contracted one 
and then to the plasma plume (plasma cloud), 
the different nature of the discharge can be 
explained by the ionization degree of the 
working gases used in the experiment and by 
the pressure difference. 

 
 

Conclusion 
 
The paper analyzes the burning 

dynamics features of arc discharge at the 
atmospheric pressure in the ranges of plasma-
forming gas flow rates: H2 up to 0.08 g/s and 
mixture H2+CH4 up to 0.1 g/s in the 
alternating current plasma torch. 
Characteristic stages of discharge 
development were established, among which 
contracted, diffuse including formation of a 
plasma plume, and transient types of 
discharge were observed. Contracted 
discharge is typical for the hydrogen flow rate 
of 0.04–0.08 g/s with a clearly defined arc 
body formed. The transient discharge mode 
was recorded at the flow rate of the plasma-
forming gas, hydrogen, of up to 0.06 g/s and 
with the hydrogen and methane mixture ratio 
of 6:1; a plasma cloud with a diameter of 25–
30 mm formed around the arc body was 
observed. The diffuse discharge mode with 

the gas-dust plasma plume occurring took 
place in the modes of methane and hydrogen 
mixture ratios of 1:8, 1:6, 1:3. 
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Introduction 
 
High-pressure cesium illuminating 

lamps of high-current pulse-periodic 
discharge (PPD) feature a very successful 
combination of characteristics: they are 
mercuryfree (environmentally safe), quite 
energy efficient (luminous efficacy up to 60–
70 lm/W), and provide the light of 
exceptionally high quality (color rendering 
index Rа up to 95–98) with a spectrum 
approaching the solar one not only in the 
visible but also in the near UV band [1–3]. 
The latter feature allows them to be used in 
the Far North regions for indoor lighting 

along with compensation for ultraviolet 
deficiency [4]. Another advantage of lamps 
under consideration is that, at high working 
pressures of cesium vapor (PCs  100 Torr), 
the surface of the electrodes that are usually 
made of thoriated tungsten, adsorb cesium (in 
addition to thorium) that contributes to 
reduction of the work function much more 
considerably than thorium itself - down to 
1.6–1.7 eV [5]. When the lamp is powered 
with alternating-polarity pulses (to maintain 
approximately the same thermal state of both 
electrodes), both of them are heated up to the 
temperatures of about 1200–1500 K, which is 
quite enough for ensuring the working pulse 
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currents of 50–100 A due to thermal 
emission, without the formation of erosive 
cathode spots. This operation mode of 
electrodes allows expecting long service lives 
of cesium lamps if the relevant electronic start 
equipment (ESE) will generate not only 
operating high-current pulses (like it was 
during its prototype tests [3]) but also ensure 
pre-heating of the discharge volume in the 
glow discharge mode upon lamp turning-on. 
As soon as the proper temperature of 
electrodes and “cold point” of the discharge 
tube (burner) that determines the cesium 
vapor pressure are reached, the lamp power 
circuit shall switch over to the mode of 
operating pulses delivery. Obviously, 
designing of such ESE firstly requires 
clarifying specific features of glow discharge 
ignition and development for “cold” lamps 
having a room temperature. This is the task of 
this work.  

 
 

Experiment procedure 
 
The heating was researched using two 

lamps with burners of different sizes. One 
lamp was a laboratory model where the 
discharge tube was placed in a pumped quartz 
tube with electrodes led out through rubber 
seals. The effective volume of the lamp was 
pumped using a backing vacuum pump with a 
nitrogen trap up to reach the pressure of  10-

4 torr. The discharge tube (see the photo in 
Fig. 1) made of monocrystal sapphire had 
internal diameter 2r = 11 mm. The 
experimental design included identical wire 
electrodes made of thoriated tungsten and 
wound over the core that had the working 
surface area of 1 cm2. The distance between 
electrodes in this specimens was L = 35 mm 
(hereinafter burner 11/35). 

The second lamp under research was 
single-capped, fit with an evacuated bulb and 
a much smaller burner: 2r = 5 mm, 
L = 22 mm (hereinafter burner 5/22), with the 
working surface area of its electrodes 

equaling to  0.25 cm2. External heating 
using a Nichrome helix could be carried out 
on the sealed tube. In both cases the burning 
gas is xenon which pressure at the room 
temperature was PXe = 20 Torr, which 
corresponds to the atom concentration of 
NXe  61017 cm-3. At the temperature of 
20 С, the equilibrium of cesium vapor 
pressure over its liquid phase is very low – 
PCs  310-7 torr (NCs =  109 cm-3). For this 
reason, during heating, PCs is changing within 
very wide range, up to 1 torr (NCs = 1016 cm-3) 
at the burner temperature of  600 К, though 
cesium in the discharge remains a small, 
easily ionized additive. 

The experiment procedure was made as 
close as possible to the actual operating 
conditions of ESE. The regulated AC mains 
voltage was supplied via the step-up 
transformer to the lamp connected to the line  
comprising the in-series active and inductive 
ballasts and a current shunt. In its turn, the 
voltage from the lamp was supplied to the 
horizontal deflecting plates of the 
oscilloscope while the voltage from the 
current shunt was supplied to the vertical 
plates, thus enabling the continuous 
monitoring of the lamp’s current-voltage 
characteristic on the screen. To research the 
heating, the ballast resistance was set to the 
value limiting the discharge current 
immediately after ignition to the level under 
1 A thus preventing an arc with an erosive 
cathode spot. After that the line voltage was 
supplied to the lamp and smoothly (but fast 
enough to minimize heating of the cesium 
film condensing on the internal wall of the 
discharge tube upon lamp switching-off [6]) 
until the moment when the discharge glow 
appears in the interelectrode space. The 
amplitude of the voltage supplied at this 
moment was registered as the voltage of 
discharge ignition in the cold lamp, and was 
then increased so that to ensure the desired 
initial heating current. Increasing this current 
and switching over to the conditions of 
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abnormal glow discharge was supposed to 
allow determining the maximum permissible 
currents and voltages at which cathode spots 
do not develop yet. 

 
 

Results of measurements and discussion 
 

Fig. 1 and 2 show the discharge 
evolution while the lamp with burner 11/35 
was being heated, that is the photos of the 
discharge glow and family of dynamic 
current-voltage characteristics. As can be 
seen in Fig. 1, the glowing pattern of the 
discharge after ignition and during the entire 
heating is really typical for the glow 
discharge, which means a distinct positive 
column with a brighter discharge channel of 
the diameter determined by the tie to the 
electrodes and an intensive white cathode 
glow. The thickness of the latter was 
significantly decreasing as the burner 
temperature was growing and, as a result, the 
cesium vapor pressure was increasing. The 
current-voltage characteristics of the lamp 
(Fig. 2) have two symmetrical parts 
corresponding to the positive and negative 
semiperiods of the heating voltage, each 
consisting of two branches: discharge branch 
(which is the actual current-voltage 
characteristic of the discharge) with the 
current growing so fast that is can be 
considered almosxyt vertical, and the pre-
ignition one. The slope of the pre-ignition 
branch is similar for the positive and negative 
branches of the current-voltage characteristic 
and is determined by resistance of the cesium 
film adsorbed on the discharge tube surface 
(its thicker, nontransparent part can be well 
seen on photos, Fig. 1). Both discharge 
branches are almost similar, and their minor 
difference is likely to be caused by the 
difference in design of electrode assemblies 
and dissimilar heat removal via lead wires. 
They could be regarded as the starting 
sections of also virtually vertical current-
voltage characteristic of the normal mode of 
the usual glow discharge while the ignited 

discharge – as the glow discharge in xenon. 
However, such interpretation comes at odds 
with the relatively high discharge currents at 
the vertical branch end of the current-voltage 
characteristic, associated low voltages and, 
which is the most important, unproductive 
attempts to change over to the abnormal 
mode.  

Actually, the maximum current on the 
characteristics in Fig. 2 is 0.08 A. If we 
evaluate the area of cathode glow contact 
with the electrode by the type of cathode 
glow, then this area shown in the first two 
photos corresponds to the end surface of the 
niobium bushing  1 cm2, and therefore the 
normal current density reduced to pressure  

2
Xe/nj P  is  200 µА/Torr2. This exceeds by an 

order of magnitude the same parameter of the 
glow discharge in pure xenon (16 µА/Torr2 
[7]). But if discharge branches remained 
vertical until the currents   1 А, when 
switching over to the mode of abnormal glow 
discharge was attempted, the difference 
becomes as high as two orders of magnitude. 
The difference of several times is also 
observed between the normal voltage of the 
glow discharge, which, in xenon, is equal to 
306 V, and in cesium – to 340 V [7], and the 
vertical branch voltage, which is as early as 
during the first seconds of heating (for the yet 
cold lamp) proves to be much lower   50 V 
and remains virtually unchanged during 
heating (Fig. 2). Such significant difference 
proved the fact that, even at minimum 
concentrations of cesium atoms, the unusual 
discharge is ignited in the Хе–Cs system. 

The changing pattern of current-voltage 
characteristic and discharge glow 
configuration were reproduced similarly 
during heating of the sealed tube with a much 
smaller burner sized 5/22, the research results 
of which are shown in Fig. 3. The current-
voltage characteristic corresponding to the 
initial heating stage (photo a1) was likely to 
have two symmetric discharge branches at 
virtually the same voltage of 50 V. 
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Fig. 1. Evolution of discharge glow during 
heating of the lamp with burner 11/35. Time 

after breakdown 1 – 12 s; 2 – 16 s; 3 – 1 min.; 4 
– 1 min. 25 s; 5 – 2 min. 14 s; 6 – 3 min.; 7 – 

4 min. After that the glow does not change for 
up to 10 min. 

 Fig. 2. Change of lamp's current-voltage 
characteristic during heating. Scale: 

х = 20 V/div., y = 50 mA/div., zero at the 
center of the coordinate axes on the 
screen. t: 1 – 1 s; 2 – 1.5 min.; 3 – 

2 min.; 4 – 3 min., after that the current-
voltage characteristic does not change 

for up to 10 min. 
 

Fig. 3. Evolution of the current-voltage 
characteristic during heating of the lamp 
with burner 5/22: 1 – 3 min.; 2 – 7 min.; 
3 – 8 min. 30 s from the start of heating. 

Scale: 1 – 20 V/div and 100 mA/div;  
2, 3 – 100 V/div and 100 mA/div 
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These characteristics agree with the 
symmetric discharge glow (photo b1) when 
the cathode glow envelops both electrodes 
almost similarly. The initial heating current in 
this mode was noticeably higher and equaled 
to 0.15 A, increasing up to 0.32 A by the end 
of this process, which is 4 times as high than 
in the case shown in Fig. 1. Since the 
diameter of the positive column’s discharge 
channel, which is associated with electrode 
sizes, is  2.5 times smaller for burner 5/22, 
the maximum current density and, therefore, 
the plasma concentration in the column is 
approximately 20 times higher for the mode 
shown in Fig. 3. The high concentration of 
ions explains the white-pink color of the 
discharge glow in this burner. The 
concentration of cesium ions in this discharge 
state seems to be already high enough for 
recombination continua to contribute 
significantly to the radiation of the positive 
column plasma.  

The most important thing when heating 
of burner 5/22 was that increase of the 
heating current along with the relatively small 
burner size, which allowed to increase the 
electrodes temperature and cesium pressure to 
the value at which the discharge was able to 
change over to the arc mode, with the burner 
voltage dropping from 50 V to several volts 
and the discharge branch of the current-
voltage characteristic developing a noticeable 
slope. The processes that could be observed 
visually took place at first with the first 
electrode (Fig. 3, 2а, 2b). Here the cathode 
glow enveloping the electrode changed to the 
end tie to the electrode. Since there was no 
bright point (cathode spot), the tie was mostly 
diffuse, that is the cathode current was 
maintained by the thermal emission of heated 
electrode. Breakdown was immediately 
followed by arcing: at first for one electrode, 
and then for both (current-voltage 
characteristic 3a in Fig. 3). For burner 5/22, 
the end surface area of the niobium bushing 
 was 0.25 cm2, and the reduced normal 
current density 2

Xe/nj P   was 2000 µA/torr2 at 

the end of the vertical section, becoming an 
order of magnitude higher when attempting to 
change over to the abnormal mode.  

Since the current-voltage characteristic 
of the discharge almost does not change 
during heating of the lamp when the 
concentration of Cs atoms grows by several 
orders of magnitude, the above specific 
features of the discharge in xenon with 
cesium shall be mainly related to the change 
in emission characteristics of electrodes as 
they adsorb Cs atoms. For the cesium 
adsorbed coating to be formed on the surface 
of electrodes, quite minimum concentrations 
of Cs atoms in the burner volume suffice, 
especially that coatings are quite stable at a 
low temperature of the adsorbing surface 
(about the liquid-phase temperature of cesium 
and lower). Whereas decrease of the work 
function down to k  1.7 eV shall result in 
the increase of both ion-electron and 
photoelectric emissions. 

When energies of bombarding ions are 
low i <  1 keV, the emission occurs based 
on their ionization energy Ei [8]. Ion is 
neutralized on the surface by the metal’s 
conduction electron with energy consumed k 
and with an excited atom formed, after which 
the remaining energy Ei – k is transferred to 
another conduction electron as the atom is de-
excited. And if Ei – k > k, this electron has a 
probability of exiting the metal. This higher 
the difference, the higher such probability is. 
Similarly, an excited atom with excitation 
energy Е* > k getting on the metal surface is 
able to cause the electron emission. 

According to [8], as tungsten is being 
bombarded, the ion-electron emission factor 
for ion Хе+ (Ei = 12.3 eV) is virtually 
constant for the entire range of low i and  
not high – ϒi = 0.02, because for 
polycrystalline W k  4.7 eV, and the 
exceedance Ei – 2k = 2.9 eV is low. But if Cs 
atoms are adsorbed on the surface and 
k = 1.7 eV, Ei – 2k = 8.9 eV, and ϒi shall 
increase significantly. According to empirical 
dependence ϒi(Ei – 2k) given in [8], we will 
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have ϒi (9 eV)  0.12. Therefore, during 
adsorption of cesium on the electrodes, the 
ion-electron emission for xenon shall increase 
considerably due to Хе+ ions. While for Cs+ 
ions Ei – 2k = 3.89 – 3.4  0.5 eV is very 
low. Correspondingly, both ϒi and their 
contribution to the electron emission shall be 
low as well. This explains the weak 
dependence of the current-voltage 
characteristic on the cesium pressure during 
lamp heating, although Cs atoms are easily 
ionized due to the Penning process. 

But if ionization is the main source of 
cathode electrons, even its strong growth 
during adsorption of cesium on the electrodes 
surface cannot explain why the current-
voltage characteristic is vertical and abnormal 
mode does not develop. Indeed, in this case 
the discharge current is carried by ions both at 
small and at large ϒi in the high-field region. 
The difference is that in the first case the 
generation of one electron requires many 
ionizations in the high-field region while in 
the second case fewer ionizations are 
required. For this reason, the higher density of 
the ion current is required in this region to 
increase the discharge current after the point 
of the normal mode changing to the abnormal 
one at any ϒi. The positive space charge and 
potential drop along the high-field region will 
increase correspondingly to extent the 
increased ion current. This determines the 
voltage growth as the current on the current-
voltage characteristic of the discharge’s 
abnormal mode is growing no matter how 
high ϒ is. These considerations are confirmed 
by the fact that ϒi is almost the same for 
argon with pure tungsten as for W–Xe+Cs, 
even reaching 0.2–0.3 for Ne and He, but the 
glow discharge for all these pure gases has a 
clearly defined anomalous section of the 
current-voltage characteristic. 

Whereas the second factor, which is the 
increase in photoemission when there is an 
adsorbed layer of Cs on the electrodes 
surface, can be, in fact, the reason for the 
absence of the discharge's abnormal mode in 

the Xe+Cs mixture. But this requires 
assuming photoemission growth to the value, 
at which this mechanism becomes the main 
one ensuring the electron current from the 
cathode. In this case the current in the high-
field region is carried by the electrons emitted 
by the cathode, and to increase the discharge 
current, the same cathode’s electron emission 
is required. But this will require the growing 
number of excitations of Xe atoms followed 
by the glow rather than the increase in the 
number of ionizations. The discharge 
structure remains while parameters change 
completely, Due to the fact that no intensive 
ionization is required in the cathode layer, the 
cathode voltage drops from 300 V to 50 V. 
Such insignificant drop is likely to result in 
significant decrease of the electric field 
strength near the cathode, which means that 
the energy of accelerating electrons will be 
mostly consumed for excitation of Xe atoms 
and generation of resonance radiation that 
ensures the emission of electrons from the 
cathode rather than their ionization. But since 
the cathode drop still noticeably exceeds the 
ionization potential of the Xe atom, the low 
ion current is maintained. When its 
contribution to the discharge current is 
negligibly small, it is quite likely that it will 
not only compensate for the space charge of 
the electron current, but also retain a small 
positive charge in the high-field region, since 
the contribution of the Xe+ ion to the space 
charge in (M/m)1/2 is  500 times greater than 
that of the electron. In this case, as the 
discharge current grows, for the extra electric 
current to pass in the cathode region, the 
increase in the voltage drop therein will not 
be required, and, at the first approximation, 
the radiation intensity that determines the 
current of the electron emission from the 
cathode will be proportional to this current. 
But this condition is exactly the condition for 
the current-voltage characteristic to run 
vertically – additional quanta required to 
generate additional electrons are produced by 
these electrons due to the increase in the 
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energy entering the discharge as the current 
grows. 

According to the experiment during 
which the electrode was illuminated by the 
LED light and the maximum current on the 
current-voltage characteristic was one and a 
half times as high, photoemission is the main 
contributor to the electric current from the 
cathode in the discharge under study. And 
there are reasons for it. First, due to the 
reduced work function of the electrodes 
during cesium adsorption, photoemission 
covers virtually the entire visible radiation 
spectrum of the cathode layer. Second, 
formation of W–Th–Cs structures can 
significantly increase the work function 
similarly to the photomultiplier. Third, the 
cathode layer radiation has an especially 
spectral structure which is especially 
beneficial for the photoemission. On the high-
field segment, resonance lines of the Xe atom 
( = 119, 125, 130 and 147 nm) must be the 
first to be excited, since their photon energy is 
higher than not only the work function of the 
monoatomic cesium film adsorbed on 
tungsten ( 1.7 eV) but also the Cs atom 
ionization (3.89 eV). In the positive column 
of the regular glow discharge in xenon, 
resonance lines carry away about a half of the 
radiation energy [9]; on the high-field 
segment of the cathode layer, they must be 
the first to be excited because their share in its 
radiation shall be at least the same. Such 
significant decrease of k shall increase the 
photoemission in this spectrum region 
drastically. This is the main factor. The 
combination of the intensive resonance 
radiation of xenon atoms with the low work 
function of cesium coatings on the electrodes 
determines the specific features of the glow 
discharge in the Xe–Cs mixture. These 
specific features do not exist separately in 
xenon or cesium. Finally, the flow of excited 
Xe atoms to the cathode gives rise to the same 
emission of electrodes and is equivalent to 
photoemission. 

 

Photoemission and impact of the natural 
external illumination can be also the factors 
that cause the drop of ignition voltage Uign 
observed in cold lamps. This value was equal 
to 460 V for burner 11/35 Uign. For it 
PXeL = 70 Torrcm, it corresponds to 
Uign = 2000 V on the xenon-specific Paschen 
curve, which is 4 times is high. For the lamp 
with burner 5/22, PXeL = 45 Torrcm, with 
Uign = 1400 V derived from the Paschen 
curve, which is 3 times as high as 500 V 
obtained experimentally. Such significant 
drop of the ignition voltage means that high 
photoemission factors and presence of even 
small cesium amounts change the avalanche-
type mechanism of breakdown in pure xenon 
drastically.  

From a practical outlook, low ignition 
and burning voltages of the photoemission 
discharge make it much easier to design 
preheating ESE for PPD lamps, while due to 
relatively high currents the temperature of 
electrodes shall grow quite fast. The only 
thing that requires confirmation is that the 
transition to the arc mode being observed 
corresponds to the diffuse tie to the 
electrodes. In this case the cathode sputtering 
of the electrodes is reduced almost to nothing, 
because the contribution of the ion-electron 
emission to the electron current from the 
cathode, which seems to be very insignificant, 
while the cathode drop of the voltage is 
several times lower. 

 
 

Conclusion 
 
Research of the discharge ignition with 

cold electrodes in cesium illuminating lamps 
revealed the unusual “high-current” form of 
the glow discharge that is formed and burns at 
considerably lower voltages and at the 
currents that are 1–2 orders of magnitude 
higher than that of the regular glow discharge 
in pure xenon or cesium. Essential 
characteristics of such high-current glow 
 



Applied Physics, 2025, No. 2 
 

83

discharge were obtained, a number of its 
patterns were established preliminarily. The 
specific features of a high-current glow 
discharge in xenon with cesium added are 
supposed to be caused by the formation of 
W–Th–Cs film structures on the electrodes 
with the low work function and high 
photoemission in relation to the short-wave 
resonance radiation of xenon atoms in the 
cathode layer. The high-current glow 
discharge mode is extremely favourable for 
designing ESE for cesium PPD preheated 
lamps, since it prevents erosion-induced 
cathode spots that shorten the service life of 
the light source. From the standpoint of both 
physics of gas discharge and practical 
significance, further, more detailed, research 
of the high-current glow discharge in steady-
state modes and, first of all, spectroscopic 
study of the phenomena described herein, is 
of great interest.  

 
_________________ 
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Introduction 
 
Photodynamic therapy (PDT) is the 

modern approach in cancer treatment which 
uses a photosensitiser which, when excited, 
usually in the optical range, is able to 
generate the reactive oxygen species (ROS) 
which, in turn, are able to locally cause the 
apoptosis of pathogenic cells and tissues 
where photosensitiser molecules are 
concentrated [1, 2]. The PDT mechanism can 
potentially be considered as an effective non-
invasive method for treatment of deep-seated 
tumors, provided the systems can be excited 

using the penetrating ionizing radiation, for 
example, in the gamma or X-ray range. This 
version of the approach is known as the X-ray 
photodynamic therapy. However, although the 
first works on the application of X-ray 
radiation for exciting the photosensitiser and 
subsequent generation of ROS were published 
as long as a half a century ago [3], the current 
implementation of this technique on the 
widespread basis requires to develop 
biocompatible nanoparticles comprising 
heavy elements and featuring the highly 
efficient absorption of ionizing radiation and 
subsequent energy transfer to the 
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photosensitiser molecules [4]. When the 
highly efficient energy transfer is achieved, 
this mechanism can lead to local death of 
cancer cells even at low radiation load rates. 

Introduction of rare earth elements 
(REE) such as lanthanides into the structure, 
which exhibit scintillation properties due to 
electronic transitions within f-orbitals [5, 6], 
allows creating more efficient X-ray 
phosphors, while variability of dopant types 
and concentrations allows shifting the 
emission spectrum density of phosphors [7], 
thereby allowing to use a larger number of 
photosensitizers. Calcium tungstate with a 
scheelite structure, which is widely used in 
medical imaging studies and may find 
application in theranostics, has a promising 
potential as a host lattice [8].  Modern 
synthesis methods, such as a microfluidic 
technique, allow producing more defective 
structures, including those with a distorted 
crystal lattice, without long-term heat 
treatment. 

The findings of the optical and structural 
analysis of the calcium tungstate’s defective 
structures obtained during the research, which 
can be used to form nanocomposites for X-
ray photodynamic therapy, are provided 
herein. 

 
 

Reagents 
 
Doped scheelite was produced using 

sodium tungstate dihydrate Na2WO42H2O 
(M.W.: 329.86 g/mol, 98 %, Sisco Research 
Laboratories Pvt. Ltd.), anhydrous calcium 
chloride CaCl2 (M.W.: 110.98 g/mol, 93 %, 
Sigma-Aldrich), europium(III) chloride 
hexahydrate EuCl36H2O (M.W.: 446.07 
g/mol, 99.99 %, REacton), neodymium(III) 
chloride hexahydrate NdCl36H2O (M.W.: 
358.69 g/mol, 99.99 %, REacton), anhydrous 
samarium(III) chloride SmCl3 (M.W.: 
256.72 g/mol, 99.9 %, Alfa Aesar), 

cerium(III) chloride anhydrous CeCl3 (M.W.: 
246.48 g/mol, 99.5 %, Alfa Aesar), 
praseodymium(III) chloride hexahydrate 
PrCl36H2O (M.W.: 355.36 g/mol, 99.99 %, 
REacton). 

 
 

Production procedure 
 
To produce materials with the 

theoretical formula Ca0,925Ln0,05WO4 

(Ln3+ = Pr3+, Nd3+, Eu3+, Ce3+, Sm3+) using 
the microfluidic method, two solutions were 
prepared: solution A contained 0.3 mol/L of 
sodium tungstate dihydrate, solution B 
contained 0.278 mol/L of anhydrous calcium 
chloride and 0.015 mol/L of lanthanide salt. 
The solutions were put in separate syringes 
and secured in high-precision pumps in the 
microfluidic platform. After that the flows of 
solutions A and B were mixed through a Y-
shaped connector and the resulting mixture 
was fed through a polyethylene terephthalate 
(PET) tube with an internal diameter of 
1.0 mm and a length of 1 m at different rates: 
the A:B rate ratio was either 1:1 or 1:4, as in 
[9]. The flow rates were set equaling to 5 μl/s 
for solution A and to 5 μl/s or 20 μl/s for 
solution B. The white precipitate formed 
during the reaction was collected in a separate 
collecting tube, precipitated by centrifuging at 
10,000 rpm for 10 minutes, decanted, washed 
with bidistilled water three times, and dried at 
60 C. 

 
 

Equipment 
 
X-ray patterns were obtained by means 

of Bruker D2 Phaser desk-top X-ray 
diffractometer (Germany) at 30 kV, 10 mA 
Cu K radiation using a low-background cell. 
The range is 2 – 10–60, the step is 
0.01. The elemental composition was 
analyzed using Bruker M4 TORNADO X-ray 
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microfluorometer (Germany). The obtained 
quantitative values of the elemental 
composition were averaged based on results 
of measurement at 20 points on the sample 
surface with measurement duration of 10 s 
per point. X-ray excited optical luminescence 
XEOL was measured using a special bench 
designed on the basis of commercial Cary 
Eclipse fluorimeter (Australia) and RAP90-5 
X-ray tube and previously described in [10]. 

The emission slit width of the 
fluorimeter was 10 nm, and the exposure time 
was 0.1 s per point of the recorded XEOL 
signal. The operating parameters of the X-ray 
tube were 35 kV and 1.6 mA. X-ray 
absorption spectra in the XANES (X-ray 

absorption near edge structure) region were 
measured by the structural material 
engineering station of the Kurchatov 
synchrotron radiation source [11] using the 
silicon Si(311) monochromator for changing 
the energy of incident X-ray radiation on the 
sample. 

 
Findings and discussion 

 
According to the X-ray phase analysis 

data (Fig. 1), the samples produced by the 
microfluidic method are single-phase, and the 
X-ray pattern peaks correspond to the data of 
PDF-2 record with number 00-077-2236, 
CaWO4 of the scheelite structure. 
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Fig. 1. X-ray patterns of CaWO4:Ln samples where Ln = Pr, Nd, Eu, Ce, Sm, obtained by 
the microfluidic method with different ratios of flow rates: А (Na2WO42H2O) to B 

(CaCl2/LnCl3) 
 
 

The elemental composition of the 
materials was determined using X-ray 
fluorescence analysis. The atomic percentage 
was recalculated based on the tungsten (W) 
content assumed to be equal to one. In this 
way, quantitative values of the content were 
obtained for calcium (Ca) and lanthanides  

(Pr, Nd, Eu, Ce, Sm). The quantitative content 
of oxygen atoms was calculated based on the 
electrical neutrality principle. The 
stoichiometric formulas of the samples under 
study are given in Fig. 1. A degree of calcium 
substitution by the Ln3+ cation has been found 
dependent on the ration of flow rates. As can 
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be seen from the findings of the quantitative 
elemental analysis, the degree of substitution 
varies between 5 % and 7 % at the similar 
flow rates for all dopants. But as the flow rate 
of mixture B increases up to 20 μl/s, the 
degree of substitution of Ca ions rare earth 
elements ions is seen to grow considerably, 
by 16–27 %, except for Pr, where the increase 
of flow B rate results in the degree of 
substitution of 9 %. 

The samples containing Eu as a dopant 
were taken for XANES. These samples were 
prepared as powders and densely applied on 
the kapton. To calibrate the energy scale of 
the recorded X-ray absorption spectra, a 
reference sample – a tungsten oxide (WO3) 
pellet placed between the second and third 
ionization chambers – was analyzed 
simultaneously. Normalization, calibration of 
the energy position and averaging of several 
measurement results were carried using 
DEMETER software [12]. 

Normalized XANES spectra obtained 
beyond L3-edge of tungsten are shown in 
Fig. 2. The more intense absorption 
maximum observed in the CaWO4:Eu sample 
can be explained by the higher density of free 
states on the d- or d-p-hybridized tungsten 
shells as compared to those in the tungsten-
containing precursor. Peak I located at 
10213 eV, is a “white line” corresponding to 
the oxidation state of tungsten +6. Peak II 
corresponds to the tetrahedron-shaped 
environment of tungsten for CaWO4:Eu, and 
as for Na2WO42H2O precursor, octahedral 
complexes are most likely to form due to the 
presence of crystalline water, which manifests 
itself in splitting of d-orbitals into two 
sublevels: e_g at 10230 eV and t_2g at 
10220 eV. According to the XANES 
spectroscopy data, tungsten atoms in the 
obtained sample have a tetragonal 
coordination corresponding to the scheelite-
type structure. 
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Fig. 2. XANES spectra beyond L3-edge of tungsten 
for CaWO4:Eu (А:B = 1:1) as compared  

to tungsten-containing precursor Na2WO42H2O, 
where A is normalized absorption 

 
According to the literature data, pure 

calcium tungstate in the XEOL spectra 
exhibits a wide peak 1T2

1A1 at 450 nm due 
to the Jahn-Teller effect, which affects the 
degenerated excited states of the tetrahedron 

2
4WO   [13]. As shown in Fig. 3, doping with 

some lanthanides intensifies the initial 
luminescence of calcium tungstate and 
transfers the emission into the visible range, 
thus allowing to use a wide range of 
sensitizers. Adding Eu3+ and Nd3+ ions 
provides the maximum intensification of the 
initial scintillation of calcium tungstate 
around 450 nm, since 1T2 energy levels of 
complex 2

4WO   resonate with the lanthanide 

transitions 4f4f. Simultaneously, Sm3+ and 
Ce3+ ions effectively capture the excited state 
energy of the host matrix due to closely 
spaced energy levels, which leads to the 
nonradiative relaxation and quenching of 
luminescence. Whereas the high sensitivity of 
lanthanides’ emission characteristics towards 
the crystalline environment of the host lattice 
as applied to praseodymium results in 
competition between the intrinsic 
luminescence of Pr3+ ions and 2

4WO   states 
due to nonresonant interaction [14]. 
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Fig. 3. Spectra of XEOL samples obtained 
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Conclusion 
 

 The microfluidic method is effective 
for low-temperature doping of scheelite using 
lanthanides. 

 Four-fold increase of the rate of the 
flow containing doping elements results in the 
exponential growth of the CaLn 
substitution percentage. The maximum 
substituent concentration amounted to 27% 
(for the Eu substituted sample). 

 The most effective substitutes of 
calcium in scheelite, which contribute to a 
significant increase of the radiation intensity 
when irradiated in the X-ray range, are 
europium (+3) and neodymium (+3). 
Praseodymium (+3) exhibits the inherent 
luminescence, but suppresses the scintillation 
of the tungstate ion. Doping with samarium 
(+3) and cerium (+3) results in complete 
quenching of the X-ray luminescent 
properties. 

 The obtained X-ray phosphors can be 
potentially used for X-ray PDT combined 
with photosensitizers of the acridine group 
(adsorption maximum of 400–500 nm) and 
cyanine group (adsorption maximum of 
500–600 nm). 
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Introduction 
 

In recent years, the use of van der Waals 
(VdW) materials in micro- and 
nanoelectronics has been advancing 
incrementally. This trend is primarily caused 
by the wide range of unique properties 
exhibited by such materials. Forming 
heterostructures based on such properties 
enables the significant setting up of 
characteristics of final optical and electronic 
devices as well as their compact arrangement 
and higher efficiency [2, 3]. 

For example, transition metal 
dichalcogenides (TMDs) that are an advanced 
platform for atomically thin flexible 

optoelectronics [4, 5] have become widely 
popular. Monochalcogenide compounds are 
also of great interest for use in visible and 
near IR photodetectors due to their narrow-
forbidden band [6]. Graphene is 
demonstrating its potential as an element of 
atomically thin tactile sensors [7], acoustic 
coatings [8], and elements of micro- [9] and 
nanoelectromechanical [10] systems.  

It should be noted that assembling van 
der Waals heterostructures requires high 
precision [11], since the performance of such 
heterostructures is strongly dependent on both 
the lateral homogeneity of layers themselves 
and quality of their interfaces influencing the 
mechanical and acoustic properties of the 
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structure. They, in turn, may have significant 
influence on the transport of charge carriers 
and phonons, for which reason such studies 
are of high priority.  

Today, the most effective approach for 
studying the mechanical and acoustic 
properties of van der Waals heterostructures 
is the picosecond acoustics method, where an 
optically excited short elastic pulse is used as 
a tool for diagnosing materials. This elastic 
pulse propagates deeply into the sample and 
is partially reflected at the interfaces. The 
coefficient of elastic pulse reflection from the 
layers interface is also dependent on the 
quality of contact between the VdW layers 
[12, 13].  

In this paper we focused on studying the 
acoustic properties of heterostructure 
Al/hBN/WSe2(monolayer)/hBN/hBN/Al2O3 
and its interfaces, as well as the influence of 
the WSe2 monolayer on the elastic pulse 
spectrum characteristics within the 
heterostructure. 

Experiment description 
 

This paper provides the results of 
studying the heterostructure containing the 
WSe2 monolayer encapsulated between thin 
layers (12 nm) of hBN (Fig. 1а). hBN layers 
were produced by peeling off with a Scotch 
tape on oxidized Si. While the WSe2 
monolayer was produced by the laminating 
method using gold, which is described in 
[14]. Then, the heterostructure was assembled 
on the Al2O3 substrate with (001) orientation 
by dry hot transfer [15] in ambient conditions. 
A thin Al film (30 nm thick) sprayed on by 
electron beam evaporation acted as a 
generator of elastic pulses in the structure 
upon absorption of laser radiation. The layers 
were characterized by means of atomic force 
microscopy during assembly of the 
heterostructure. The WSe2 monolayer was 
identified using Raman scattering 
spectroscopy and photoluminescence 
measurements (Fig. 1b) [16]. 

 
 

In
te

ns
it

y,
 c

.u
. 

700         750          800          850         900          950
Wavelength, nm 

5        10        15 
X, m 

3.0

2.5

2,02.0

1.5

1.0

0.5

0.0

20

15

10

5

0

Y,
 

m
 

25
 
 
 
 
 
 
 
 

20 
 
 
 
 
 
 
 
 
 

15 
 
 
 
 
 
 
 
 

10 
 
 
 
 
 
 
 
 
 

5 
 
 
 
 
 
 
 
 

0 

In
te

ns
it

y,
 c

.u
. 

WSe2 monolayer 
without monolayer

Monolayer WSe2  

 
а)              b) 

 

Fig. 1. a) – photo of the structure: the region where the WSe2 monolayer was located is red, blue,  
hBN layers are yellow and light blue, WSe2 layer is green, multilayer Wse22 is green;  

b) – photoluminescence spectra of mono- and multilayer WSe2 at 300 K; the inset shows the spatial map  
of photoluminescence in the wavelength range of 738–760 nm after excitation at the wavelength of 472 nm 

 
Pulses of coherent phonons in the 

heterostructure were optically generated and 
recorded using a two-colour pump-probe 
setup (Fig. 2), which allowed measuring 
changes in the complex reflection coefficient 

with temporal and spatial resolution. The 
source of laser radiation was a femtosecond 
Ti:Sa laser generating pulses of linearly 
polarized radiation at the wavelength  = 
800 nm with a duration pulse = 160 fs and 
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repetition frequency of f = 76 MHz. The 
second harmonic laser pulse of the source, 
when absorbed by aluminum, generated a 
picosecond  elastic pulse that propagated 
perpendicularly to the surface deeply into the 
sample and was partially reflected from the 
heterostructure interfaces. Propagation of the 
elastic pulse, in turn, caused changes in the 
sample’s reflection coefficient recorded with 
the second light pulse at the wavelength of 
the source, which was focused at the same 
point as the excitation pulse. 

The experiment measured the time 
dynamics of the reflection coefficient phase 
in different areas of the structure by means of 
a delay line that allowed changing the time 
delay of the probing pulse relative to the 
excitation pulse. Due to use of the Sagnac 
interferometer the sensitivity of the setup to 
minor phase changes was increased 
significantly [17].  

The resulting responses were a 
combination of a high-oscillating part 
associated with propagation of the elastic 
pulse in the structure and a slow thermal 
contribution. After the slow component was 
substracted, the Fourier spectral analysis of 
the obtained time responses was performed. 

To model the elastic response of the 
structures, a multilayer one-dimensional 
model similar to that of [18] was used. The 
bond between two contacting layers is 
considered to be ideal (acoustic mismatch) if 
displacement of two adjacent points 
belonging to different materials is the same. 
However, the case of acoustic mismatch is 
actually often not realized, especially in case 
of laminate materials, and such contact is 
considered to be non-ideal.  

To take into account the influence of 
interface nonideality on the elastic response 
of the system, a “spring” contact model was 
used in the calculations. Within this model, 
the contacting layers are linked to each other 
with weightless springs evenly distributed 
over the entire contact area. 
         In this case the equivalent stiffness of 
these springs , which is a quantitative 

characteristic of the elastic bond of the layers, 
was one of the key interface parameters in the 
calculations. The values obtained for the total 
stiffness of springs and characteristic 
frequencies of the interfaces under 
consideration ( 0 1 2 1 2( ) / 2 ,f Z Z Z Z      where 
Z1 and Z2 are acoustic impedances of 
contacting layers) are given in Table 1. 
Frequency f0 characterizes the frequency 
dependence of the elastic wave’s reflection 
coefficient at a non-ideal interface [13]: 
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where 1 2 1 2( ) / ( )R Z Z Z Z    is the elastic 
wave’s reflection coefficient at a non-ideal 
interface. For frequencies that are much lower 
than f0, Reff  R, so the interface can be 
considered ideal. 
         For frequencies that are greater than f0, 
the value of the elastic wave’s reflection 
coefficient is greater than for the ideal 
interface case, while the interface is described 
as non-ideal. 

The calculations assumed the fact that 
the first few tens of picoseconds are not 
enough for the elastic pulse to propagate 
throughout the entire heterostructure, so the 
influence of layers and interfaces manifests 
itself over time, with different layers and 
interfaces influencing different parts of the 
response. This allows to sequentially expand 
the model by adding new layers to it while 
increasing the time interval over which the 
response is analyzed. Layer parameters 
obtained at the previous stages of calculations 
are considered to be known. Such technique 
of fitting-up allows to reduce the modeling 
time significantly and increase the reliability 
of parameter determination. 

 
 

Results  
 

Elastic response was measured in the 
sample regions having different compositions. 
Thus, far from the heterostructure, the 
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response is determined exclusively by the 
aluminum film and its interface with the 
Al2O3 substrate. As can be seen in Fig. 2a, 
arrival of the laser pulse was immediately 
followed by a short positive spike of 1–2 ps in 
duration, which was associated with strong 
heating of electrons by the pumping radiation, 
after which damped oscillations were 
developing smoothly. Two broad peaks can 
be clearly seen on frequencies of 35 and 
120.5 GHz of the Fourier spectrum. These 
two lines are caused by vibrations of the 
aluminum film as a whole (low-frequency 
peak), as well as by with the presence of the 
elastic pulse repeatedly reflected from the 
film boundaries (high-frequency peak). 

Highlighted in purple in Fig. 2a is the 
modeled response. The calculations allowed 
estimating the photothermal and photoelastic 
parameters of the aluminum film, as well as 
the equivalent stiffness of the interface 
between the film and the substrate (table). 
The estimated aluminum thickness (30 nm) 
perfectly agrees with the value measured with 
a quartz thickness gauge during the sputtering 
operation. The spectrum width (Fig. 2c) 
proved to be large for two reasons: due to the 
leakage of sound wave energy into the 
sapphire substrate, as well as due to the 
viscoelastic damping in the polycrystalline Al 
film (damping length is 1.251017/2, m). 
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Fig. 2. Experimental dependencies of photoresponse (a and b) and their Fourier spectra (c and d)  
in the structures: Al/Al2O3 – (а and c); Al/hBN/WSe2(monolayer)/hBN/Al2O3 (b and d, red curves)  
and Al/hBN/hBN/Al2O3 (b and d, blue curves). Highlighted in purple in all figures are calculated 

dependencies 
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Table 
 

Calculated acoustic parameters of the interfaces under study.  
AM stands for acoustic mismatch (ideal contact) 

 

Interface Structure configuration  , 1018 N/мm3 f0, GHz 

Al/Al2O3 Al/Al2O3 8.7  2.6 114 

Al/hBN Al/hBN/hBN/Al2O3 8.4  0.6 258 

Al/hBN/WSe2(monolayer)/hBN/Al2O3 2.0  0.7 61.5 

hBN/Al2O3 Al/hBN/WSe2(monolayer)/hBN/Al2O3 АР  

hBN/WSe2 Al/hBN/WSe2(monolayer)/hBN/Al2O3 АР  
 
 

The responses from the heterostructure 
regions without the WSe2 monolayer 
(Al/hBN/hBN/Al2O3, blue curve in Fig. 2b) 
and with the WSe2 monolayer (Al/hBN/WSe2 
(monolayer)/hBN/Al2O3, red curve in Fig. 2b) 
have a more complex structure due to the 
elastic pulse propagation in the hBN layers 
and WSe2 monolayer, and the elastic response 
damps more slowly. Their spectra prove to be 
more complex because reflections from both 
Al/hBN, hBN/WSe2 and hBN/Al2O3 
interfaces add to natural frequencies. The 
spectral lines become narrower both due to 
the increased acoustic length of the system 
and to the higher reflection coefficient at the 
hBN/Al2O3 interface. Additionally, a 
characteristic and reproducible feature 
associated with the presence of the WSe2 
monolayer could be observed in these spectra. 
It consisted in the shift of the hBN collective 
mode from 50 GHz to 40 GHz (Fig. 2d). 

Modeling of experimental responses 
showed that this feature of the spectra could 
be described by introducing into the 
calculation model the -distributed mass 
m = 1.410–5 kg/m2 that corresponds to 
approximately two masses of the WSe2 
monolayer, which agrees well with 
photoluminescence measurements and Raman 
scattering spectroscopy results. 

 The sensitivity of the collective mode 
frequency to the WSe2 monolayer is due to 
the sufficiently high value of complex 
reflection coefficient R* of the -distributed 
mass: 

*
* 0

*
0

/
,

1 /

if f
R

if f



  

 

where *
0

z
f

m



, Z is the wave impedance of 

the WSe2 monolayer environment. In this 
case *

0f   160 GHz, and at f = 40 GHz 
|R*| = 0.25. 

Upon estimating the parameter of bond 
rigidity at the hBN interfaces with a WSe2 
monolayer, these interfaces were found to be 
described in terms of the ideal contact of 
layers accurately enough. As for the interface 
of two hBN layers, the coefficient of 
reflection from the boundary between them 
tuned to be equal to zero, that is, the acoustic 
contact is ideal, and two hBN layers are 
equivalent to one layer of the total thickness. 

The derived feature of the spectrum not 
only characterizes the WSe2 monolayer, but 
also reveals the spectrum sensitivity of the 
picoacoustic method to the heterostructure 
composition, and to the individual 
monolayers as well. To demonstrate this 
possibility graphically, the responses of the 
sample region outlined with a white frame in 
Fig. 3a were measured. Then their Fourier 
spectra were calculated, and the spatial 
distribution pattern of the modulus of the 
response spectral component at the frequency 
of 40 GHz was made, corresponding to the 
collective mode of the heterostructure with 
the WSe2 monolayer (Fig. 3b). The structure 
region comprising the monolayer can be 
clearly seen in this image. This allowed to 
locate the WSe2 monolayer spectrally. Thus, 
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this research method supplemented by depth 
profiling of elastic properties which may be 

used as a tool of hypersonic tomography of 
such heterostructures. 
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Fig. 3. a) – photo of the structure as seen in the optical microscope, the scanning area is outlined with a white 
frame; b) – map of the spectral component distribution at the frequency of 40 GHz within the outlined area 

 
Conclusion 

 
Here the elastic properties of the layered 

heterostructure Al/hBN/WSe2 
(monolayer)/hBN/Al2O3 were studied using 
the optical pump-probe method. The 
sensitivity of the method proved to be 
sufficient to spectrally identify the 
monolayer. This allowed to locate the WSe2 
monolayer acoustically. Modeling of the 
structure response made enabled estimating 
the elastic parameters of the WSe2 monolayer 
and hBN layers, in particular, determining the 
rigidity of van der Waals bonds at the 
structure interfaces.  

The results obtained confirm the high 
potential of the picoacoustic method for 
characterizing van der Waals materials and 
heterostructures based on them. 

 

______________________ 
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Introduction 
 
When synthesized with copper added, 

composite TiN-Cu coatings having a 
nanocrystalline structure exhibit high 
hardness and plasticity [1, 2]. Cu atoms, when 
localized to form coating [1] along the 
boundaries of TiN crystallites, prevent the 
columnar structure of TiN crystallites from 
growing and lead to nanostructuring of 
superhard TiN-Cu coatings with an average 
grain size of 20 nm. The dependence of the 

coating hardness on the copper content has a 
non-monotonic pattern. The maximum 
hardness value is achieved at relatively low 
copper concentrations [1]  (1–2) at. %, with 
a nanocomposite structure formed in the TiN 
coatings being synthesized. 

Among the most advanced processes 
that allow high precision copper filling during 
synthesis of composite nanostructured TiN-
Cu coatings, there are gas-discharge devices 
combining two gas-discharge processes: arc 
evaporation of Ti and magnetron sputtering of 
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Cu, designed as a plasma-chemical reactor 
[3]. This combination has a potential enabling 
the controlled sizing of crystallites in a 
coating being built-up, which is extremely 
important because the nanostructure and, 
consequently, the microhardness and crack 
resistance of coatings are dependent on the 
concentration of an impurity component, the 
copper, to a certain extent. Controlling the 
parameters of vacuum arc and magnetron 
discharges while building up coatings [4, 5] 
facilitates controlling the ratio of evaporated 
and sprayed components. 

This paper discusses the synthesis of 
TiN-Cu composite coatings based on 
combination of the Ti vacuum-arc 
evaporation process and Cu magnetron 
sputtering process [3, 6, 7] and describes the 
surface microstructure of TiN-Cu composite 
coatings, their X-ray diffraction analysis, 
electron probe microanalysis and 
microhardness.  

 
 

Experiment procedure 
 
TiN-Cu composite coatings were 

synthesized in the vacuum chamber of the 
plasma-chemical reactor [3]. The vacuum 
chamber comprises vacuum-arc evaporator 1 
and planar magnetron 2 (see Fig. 1). Vacuum-
arc evaporator 1 is positioned horizontally 
and provides the evaporation of the water-
cooled cathode by a cathode spot of vacuum 
arc discharge. The cathode has a 60-mm 
diameter and is made of titanium grade ВТ-1-
0. The arc discharge current is 60-90 A, the 
pressure of working gas, nitrogen, is 2.610-

1–12 Pa, glowing voltage is 35-45 V. Planar 
magnetron 2 is positioned vertically. The 
magnetron power supply capacity is 3 kW, 
the output voltage is up to 103 V. Water 
cooling of permanent magnets ensures stable 
operation of the magnetron.  

 

 

CuWater 

Water 

2

1

3

4 5 6
Cu

Ti Ti 

N2 
N N 

Cu Cu 
TiN TiN 

e

 
 

Fig. 1. Schematic diagram of the synthesis  
of TiN-Cu composite coatings: 1 – vacuum-arc 

evaporator; 2 – planar magnetron; 3 – vacuum-arc 
discharge plasma; 4 – substrates; 5 – substrate 

holder; 6 – screen 

 
The sputtering rate of the copper target 

is controlled by the magnetron discharge 
power. The sputtering efficiency is controlled 
by adding 20 % of argon to the total volume 
of the working nitrogen and argon mixture in 
the gas mixer. The magnetron supported the 
stable operation within the plasma-forming 
gas pressure range of 2.610-1–12 Pa. The 
magnetron discharge current is 0.2–0.7 A. 
The discharge glowing voltage during the 
experiments was 340–450 V. The discharge 
glowing current and voltage depend on the 
pressure of the nitrogen and argon gas 
mixture. The distance from the evaporator 
cathode to the substrates 4 is 230 mm. 
Replaceable hexagonal plates of type 11114 
(HNUM) as per GOST 19068-80 made of 
T15K6 hard alloy are used as substrates. 
Generally, they are used for straight-turning 
tools and end cutters. Drum-type substrate 
holder 5 allowed fastening up to six 
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substrates. During building up of TiN-Cu 
coatings the growth surface of the initial 
substrate is oriented at an angle of 45 to the 
normals of the mutually perpendicular planes 
of the evaporated titanium cathode and 
sputtered copper cathode. Spare substrates 
shall be covered with screen 6. When the 
coating building-up is finished, the substrate 
holder rotates to an angle of 60  and the next 
substrate is extended out of the screen, 
opening the growth surface for building up a 
coating. The distance from the magnetron 
cathode to the substrate is within the range of 
120–140 mm. The reference voltage of  
160–180 V supplied to the substrate holder 
enables ion cleaning of the growth surface to 
remove gas inclusions; the surface 
preparation time is 4–10 min. 

 
 

Findings and discussion  
 

TiN-Cu composite coatings of 6 μm in 
thickness were synthesized on substrates 4 
(see Fig. 1) by initiating a chemical reaction 
between titanium vapor and atomic nitrogen 
in copper vapor, in conditions of dissociation 
in nitrogen-containing plasma 3 of molecular 
nitrogen N22N by plasma electrons, 
vacuum-arc evaporation by a cathode spot of 
titanium vapour and ion-plasma sputtering of 
copper vapor. Process parameters of the 
synthesis: arc discharge current of 90 A, 
magnetron discharge glowing current of 0.5 A 
and voltage of 400 V, gas mixture pressure in 
the vacuum chamber of 2.4 Pa. At first, the 
hard alloy surface is cleaned, activated and 
heated up to 473 K for 10 minutes with 
metal-containing ions and plasma-forming 
gas ions, the bias voltage equaling to 160 V. 
The surface temperature of T15K6 hard alloy 
is measured with ТХА thermoelectric 
transducer (chromel-alumel). After that, 
under the synthesis process parameters, the 
achieved surface temperature of the hard 

alloy is steady-state, and the TiN-Cu coating 
is synthesized for 15 minutes at a constant 
temperature of 473 K. 

Fig. 2 shows the surface microstructure 
of TiN-Cu composite coatings. The 
metallographic analysis of the TiN-Cu 
composite coating surface structure was 
performed using МЕТАМ РВ-21 optical 
microscope equipped with VEC-335 digital 
camera and NEXSYS ImageExpert Pro 3.0 
software package. The coating is uniform wit 
clear grain boundaries.  

 

 
 

Fig. 2. Surface microstructure of TiN-Cu coating 
(500 magnification) 

 
Fig. 3 shows the X-ray pattern of the 

TiN-Cu coating synthesized on the surface of 
T15K6 alloy. The X-ray phase analysis of the 
coatings was carried out by means of D2 
Phaser Bruker diffractometer using a 
LYNXEYE linear detector for powder 
diffractography and decoding of X-ray 
patterns with DIFFRAC.EVA software 
package with the ICDD PDF2 international 
database. According to the X-ray phase 
analysis completed, reflections of the TiN 
coating (111), (200), (202), (222), (311) 
having different crystal lattices and volume 
fractions are observed along with the WC 
reflections (001), (100), (101), (110), (002), 
(111), (200), (201), (112) and Ti2C (111), 
(200), (202), (311), (222), (422) belonging to 
T15K6 alloy.  According to the X-ray phase 
analysis, there are no copper reflections in the 
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composite layer. Whereas the electron probe 
microanalysis (electron probe microanalysis 
of the coating structure was performed using 
JSM-6510LV JEOL electron microscope 
(Japan) with INCA Energy 350 Oxford 

Instruments microanalysis system (Great 
Britain)) of the coating structure confirms that 
there is copper in the coatings under study 
throughout the entire coating profile (see the 
table).  
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Fig. 3. X-ray pattern of TiN-Cu coating 
 

 
Table 

 

Elemental composition (in at.%) of TiN-Cu coating 
 

No. Al Ti Cu W 

8.91 0.23 79.81 5.57 5.48 

 
Since copper does not form its own 

crystalline phase and is not part of the crystal 
lattice of other phases, it is probably located 
at the boundaries of crystallites in an 
amorphous or X-ray-amorphous state. As in 
[2, 5, 6], during the reaction of Ti and N in 
Cu vapor, copper is displaced to the boundary 
between TiN grains. Copper prevents the 
columnar structure of TiN crystallites from 
growing, thus contributing to the 
nanostructuring of TiN-Cu composite 
coatings. On the one hand, it is shown by the 
low affinity of Cu for N. Nitrogen does not 
form compounds with Cu (copper does not 
directly combine with nitrogen; nitrogen 
nitride Cu3N cannot be produced). On the 

other hand, the phase diagram of the Ti-Cu 
system shows [8] that intermetallics are not 
formed steadily at low atomic percentages of 
copper; moreover, TiCu, Ti2Cu, Ti2Cu3, 
TiCu3 intermetallics are formed at high 
atomic percentages of copper and at 
temperatures of 1073–1173 K. The time 
needed for copper atoms to form a closed 
shell around a growing TiN crystallite 
determines the growth duration of nanosized 
TiN crystallites, and, as a consequence, the 
size thereof.  

The microhardness of the formed layers 
was measured using ПМТ-3 М 
microhardness tester equipped with a digital 
camera and NEXSYS ImageExpert 
MicroHardness 2 program for indentation 
image processing as per GOST 9450-76 
(using the Knoop indentation restoration 
method). The microhardness of coatings is 
38–42 GPa. 
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Conclusion 
 

TiN-Cu composite coatings of 6 μm in 
thickness were synthesized on replaceable 
hexagonal plates of type 11114 (HNUM) as 
per GOST 19068-80 made of T15K6 hard 
alloy by initiating a chemical reaction 
between titanium vapor and atomic nitrogen 
in copper vapor, in conditions of dissociation 
in nitrogen-containing plasma of molecular 
nitrogen by plasma electrons, vacuum-arc 
evaporation by a cathode spot of titanium 
vapor and ion-plasma sputtering of copper 
vapor. The following process parameters of 
the synthesis of TiN-Cu composite coatings 
have been determined: arc discharge current 
of 90 A, magnetron discharge glowing current 
of 0.5 A and voltage of 400 V, gas mixture 
pressure in the vacuum chamber of 2.4 Pa, 
growth surface temperature of 473 K, the 
synthesis time of 15 min, cleaning time of 
the substrate growth surface of 10 min, bias 
voltage of 160 V. According to the X-ray 
phase analysis, there are no copper reflections 
in the composite layer. Electron probe 
microanalysis of the structure confirms the 
copper content of 5.57 at.% in the coatings 
under study over the entire coating profile. 
The microhardness of coatings is 38–42 GPa.  

According to the results of testing  
TiN-Cu coatings in real operating conditions 
under critical loads on  replaceable hexagonal 
plates made of T15K6 and fixed on the  
straight-turning tool for cutting structural 
steel 40X on 16K20 screw-cutting lathe, the 
coatings did not fail (chips, peeling) in the 
contact area of the cutting tool, which is a 
clear evidence that the TiN-Cu coating 
strongly adheres to T15K6 hard alloy applied 
using the hybrid plasma technology. The test 
results confirmed that TiN-Cu coatings can be 
used as wear-resistant ones. In addition, the 
following pattern was established in [9]: TiN-
Cu coatings with the Cu concentration of 
12 at.% and  microhardness of up to 45 GPa 
feature a low friction coefficient (0.2), high 
adhesive strength to the metal and hard alloy 

substrate (> 30 N), higher degree of strain 
recovery (< 50 %), high wear resistance  
(< 2600 μm3/Nm), good thermal stability (up 
to 1373 K), and higher oxidation resistance 
(up to 1073 K). 

Thus, the diverse applicability of the 
simplified technology for changing the 
structure and phase composition make allows 
creating composite superhard TiN-Cu 
coatings that significantly increase the surface 
microhardness of straight-turning tools and 
end cutters made of T15K6 hard alloy. 

 
______________________ 
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