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• �Information systems. Computer 
sciences. Issues of information  
security

• �Multiple robots (robotic centers)  
and systems. Remote sensing  
and non-destructive testing 

• �Modern radio engineering  
and telecommunication systems 

• �Micro- and nanoelectronics. Condensed 
matter physics

• �Analytical instrument engineering  
and technology

• �Mathematical modeling 
• �Economics of knowledge-intensive  

and high-tech enterprises and industries. 
Management in organizational systems

• �Product quality management. 
Standardization

• �Philosophical foundations of technology 
and society
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• �Информационные системы. 
Информатика. Проблемы 
информационной безопасности

• �Роботизированные комплексы и системы.  
Технологии дистанционного зондирова-
ния и неразрушающего контроля

• �Современные радиотехнические 
и телекоммуникационные системы

• �Микро- и наноэлектроника. Физика 
конденсированного состояния

• �Аналитическое приборостроение  
и технологии

• �Математическое моделирование
• �Экономика наукоемких и высокотехно

логичных предприятий и производств. 
Управление в организационных системах

• �Управление качеством продукции. 
Стандартизация

• �Мировоззренческие основы  
технологии и общества

РОССИЙСКИЙ 
ТЕХНОЛОГИЧЕСКИЙ 
ЖУРНАЛ
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Abstract
Objectives. The active digitalization of the Russian economy has resulted in a shortage of IT personnel; 
this is particularly true of software developers. Thus, the Russian university education is faced with the task 
of undertaking the large-scale professional training of such specialists. The purpose of the present work 
was to support the large-scale (“massive”) professional training of programmers through the creation and 
implementation of Digital Teaching Assistant (DTA) computer system, allowing teachers working under stressful 
conditions to concentrate on functions that require a creative approach, namely, drawing up and discussing 
nontrivial programming tasks.
Methods. Pedagogical methods for the personification of learning processes were employed. The general 
approach was based on satisfying the constraints for creating programming task generators. Tasks were generated 
using methods for generating random programs and data based on probabilistic context-sensitive grammars, 
along with translation methods using an abstract syntax tree. The declarative representation of the task generator 
was performed using functional programming methods, allowing the creation of a domain-specific language using 
combinators. The solutions were checked using automated testing methods.
Results. The developed structure of the proposed DTA system was presented. Considering the automatic 
generation of programming tasks, classes of practical tasks that reflected the modern specifics of software 
development were identified along with examples of their generation. A diagram of the programming task 
generator was provided along with a description of the procedure for automatically checking the solutions of the 
tasks using a set of program tests generated by the task generator. The presented procedure for comprehensive 
assessment of a student’s solution included verification of the correctness of the result and plagiarism checks in 
the case of tasks created manually by the teacher; this also involved validation for compliance with coding style 
standards, along with metrics for assessing program complexity, etc. The means for recording of statistics of 
academic achievement of students was characterized along with the interface of interaction between students 
and teachers.
Conclusions. The experience of introducing a DTA into the learning process of teaching programming in Python 
confirmed the possibility of personifying the learning process in the form of individual learning paths.

Keywords: massive programming learning, Digital Teaching Assistant, task generation, individual learning path, 
student motivation
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НАУЧНАЯ СТАТЬЯ

«Цифровой ассистент преподавателя»  
в массовом профессиональном обучении  

для цифровой экономики

Е.Г. Андрианова @, 
Л.А. Демидова, 
П.Н. Советов

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: andrianova@mirea.ru 

Резюме
Цели. Активная цифровизация российской экономики вызывает дефицит ИТ-кадров и, в первую очередь, 
дефицит разработчиков программного обеспечения. Для российского университетского образования акту-
альной является задача массовой профессиональной подготовки таких специалистов. Цель работы – повы-
шение качества массовой профессиональной подготовки программистов путем создания, внедрения и раз-
вития функциональности компьютерной системы «Цифровой ассистент преподавателя» (ЦАП). Эта система 
позволяет преподавателю в условиях массового обучения сконцентрироваться на функциях, требующих 
творческого подхода – составлении и обсуждении нетривиальных задач по программированию.
Методы. Использованы педагогические методы персонификации учебного процесса. Общий подход осно-
ван на удовлетворении ограничениям для создания генераторов задач по программированию. При генерации 
задач применены методы порождения случайных программ и данных на основе вероятностных контекстно-
зависимых грамматик, а также методы трансляции с использованием дерева абстрактного синтаксиса. Для 
декларативного представления генератора задач применены методы функционального программирования, 
позволяющие создать предметно-ориентированный язык с помощью комбинаторов. Для проверки решений 
использованы методы автоматического тестирования.
Результаты. Разработана структура системы ЦАП. Рассмотрена автоматическая генерация задач по про-
граммированию, выделены классы практических задач, отражающие современную специфику разработки 
программного обеспечения, приведены примеры их генерации. Приведена схема генератора задач по про-
граммированию. Описана процедура автоматической проверки решения задач, осуществляемая с помощью 
набора программных тестов, сформированного генератором задач. Приведена процедура комплексной 
оценки решения обучающегося, включающая проверку корректности результата и проверку на плагиат ре-
шений в случае задач, созданных преподавателем вручную; соответствие стандарту стиля написания про-
граммы, метрикам оценки сложности программы и т.д. Рассмотрены ведение статистики успеваемости обу-
чающихся и интерфейс взаимодействия обучающихся и преподавателей. 
Выводы. Опыт внедрения ЦАП в учебный процесс курса «Программирование на языке Python» подтвердил 
возможность обеспечения персонификации учебного процесса для обучающихся в виде индивидуальных 
образовательных траекторий. 

Ключевые слова: массовое обучение программированию, цифровой ассистент преподавателя, генерация 
заданий, индивидуальная траектория обучения, мотивация обучающихся
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INTRODUCTION

The digitalization of the economy, which has the 
potential to radically transform all fields of human 
activity, generates an urgent need for a large number 
of professionals with IT or digital competences. Thus, 
a significant challenge facing learning providers 
concerns how to provide massive professional training 
of personnel for the digital economy, in the first place, 
software developers. In the medium term, the Russian 
labor market anticipates an increase in the demand for 
software developers in such promising areas as artificial 
intelligence, big data analytics, robotics, virtual reality, 
and the Internet-of-things1 [1, 2].

Technologies of massive training of software 
developers require the active implementation of intelligent 
and IT technologies in the organization of learning 
process and use of electronic educational resources to 
support convenient and rapid communications between 
participants in learning process and apply advanced 
pedagogical innovations and practices.

However, there is a concern that the digitalization 
of the learning process for massive training of software 
developers might imply the unification of approaches 
to all students. On the contrary, it is necessary to 
provide a student with wide opportunities to create 
and support personification of learning, first of all, by 
creating individual learning paths, which imply the 
active individual work of the student. According to 
Yaroslavtseva, in making digital technologies available 
for massive use, which structures the social system 
and social relationships, electronic culture implies the 
formation of new views of the world and methods of 
perceiving it. The human in digital space thus becomes 
a continuously developing “open anthroposystem,” 
an interactive system, which “rapidly expands its 
capabilities and creates the corresponding parameters 
of the future” [3]. Meanwhile, some pedagogical 
experts note a decrease in the motivation of students 
for individual work. There is even an opinion that this 
is due to educational labor now having the “traits of 

1 Rynok truda v Rossii (The labor market in Russia). Tadviser. 
Gosudarstvo. Biznes. Tekhnologii (in Russ.). https://clck.ru/
ZD5AU. Accessed November 28, 2021.

forced labor” [4]. Thus, existing standards and training 
materials are failing to provide students with personally 
significant learning results but are instead perceived as 
motivated by the requirements imposed by the education 
system. Students do not feel as of their actions are 
independent; rather, they are forced to conform to the 
learning objectives, contents and methods of an external 
control system. “Motives for learning are replaced by 
motives for responsibility, social need and enforcement: 
‘you should,’ ‘you must’” [5].

Various concepts of learning approaches aimed 
at increasing the motivation of students have been 
proposed. For example, the heuristic learning concept, 
which is based on an exteriorization model, is aimed at 
the self-actualization of a student [6, 7]. Conversely, the 
developmental learning concept, which is based on an 
interiorization model, is targeted at the development of 
a student [6, 7]. Whether proceeding according to the 
heuristic or developmental learning approaches, the 
purpose of the teacher lies not so much in the development 
of course content (e.g., lectures and practical exercises) 
as the search and monitoring of available educational 
resources, which can comprise materials for the learning 
content of the course. By taking this approach, it is 
possible to support a student in creating an individual 
learning path. However, it should be noted that the 
important issue of providing support of the motivation 
of a student to software development competence cannot 
be reduced only to the material aspect.

When carrying out training of software developers, 
technical universities using a classical form of programming 
training have long competed in the provision of high-
quality massive open online course at leading companies 
and educational institutions and with specialized online 
educational platforms, such as Stepik [8] and JetBrains 
Academy [9], which provide tools for the efficient learning 
of programming languages that are currently in demand by 
employers in software development.

The increased use of online technologies in the 
learning processes as part of recent epidemic control 
measures resulted in blended learning becoming a 
standard part of the learning process at universities. This 
has changed the duties of the teacher by supplementing 
them with a tutoring function, which obviously increases 
the scope of the teacher’s creative functions related to 

• Поступила: 29.12.2021 • Доработана: 03.03.2022 • Принята к опубликованию: 11.05.2022

Для цитирования: Андрианова Е.Г., Демидова Л.А., Советов П.Н. «Цифровой ассистент преподавателя» в мас-
совом профессиональном обучении для цифровой экономики. Russ. Technol. J. 2022;10(3):7−23. https://doi.
org/10.32362/2500-316X-2022-10-3-7-23

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-
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the tutorship due to the necessity to take into account the 
individual traits of a student in practice-oriented training 
in programming. Due to the resultant significant increase 
in the teacher’s workload, it has become necessary to 
automate the routine part of the teacher’s duties by 
creating and using a Digital Teaching Assistant (DTA). 
Comprising a kind of intelligent learning system, a 
DTA can take on functions of delivery and creation of 
practical programming tasks, generation of tasks and 
checking of results, monitoring of the attendance and 
work of students, digital footprint acquisition, etc.

Thus, the development of a DTA, as well as its 
realization and implementation in teaching a training 
course in programming at a technical university, 
becomes an urgent problem.

1. PEDAGOGICAL DESIGN  
AND MAIN ELEMENTS OF COMPUTERIZATION 

OF PROGRAMMING TRAINING

The state of the art in the educational system 
of programming training provides a teacher with 
significant opportunities for setting learning objectives 
and undertaking pedagogical design of a training 
course, which determines means for achieving the 
set objectives. Pedagogical design is a systematized 
approach to creating learning solutions, which uses 
pedagogical principles and theories to ensure high 
quality of learning [10].

In the context of digitalization of education, 
pedagogical design represents an efficient tool for 
developing learning content aimed at ensuring a 
reasonable combination of online and offline learning 
(blended learning), creating an intelligent environment 
within the programming training course and supporting 
the realization of an individual learning path.

The main principles of pedagogical design are to 
provide a clear explanation of the goals and objectives of 
learning, attraction and retention of student’s attention, 
awaken interest in topic being learned or learning 
methods applied, ensure rapid testing of obtained 
knowledge in practice, receive feedback from students, 
deliver assessments (including self-assessment) of 
academic achievement and general assessment of 
efficiency of training course, and help to student in 
preserving and correctly using obtained knowledge [10].

By using pedagogical design principles in developing 
the content of a training course, it becomes possible to 
determine optimal conditions for achieving learning 
goals: model of interactive interaction of participants 
in the learning process, forms of representation of the 
learning content of the training course and methods of 
increasing the motivation of students for independent 
work on the materials of the course (cognitive function). 
For example, using crowdsourcing methods identifies 

learning needs and deficits that are significant for 
students trained in this programming training course.

The pedagogical design of the programming 
training course encapsulates not only the format 
of representation of the learning content, but also 
methodological guidelines for students and teachers, 
tasks and exercises on the developed content, as well as 
test assignments and student self-assessment forms. Test 
assignments, their performance, and the subsequent self-
assessment of academic achievement in the course by 
students can partially be based on gamification. Student 
self-assessment of competence can correspond to events 
in an electronic system, e.g., such as evaluation of a 
performed task on a pass/no pass or letter-grade basis, 
and so on. For the content of the training course to be 
of high quality, motivating stimuli should necessarily be 
included, e.g., as creative tasks, tasks for determining 
the problematic area of the course, etc. 

The pedagogical design of a practice-oriented 
programming training course has the following 
mandatory elements:

•	 interactive materials available online (a student 
can run examples directly in a study guide, can use 
elements of a built-in graphical interface to update 
the contents of graphs, etc.);

•	 presentation of the materials in a personalized form: 
as a dependency graph (knowledge graph);

•	 online system for reception and verification of tasks;
•	 automatic adaptation of the complexity of tasks and 

theoretical materials to the level of a student;
•	 automatic task generation;
•	 automatic generation of hints and comments on the 

solutions of the tasks.

2. CONTEMPORARY PROGRAMMING  
LEARNING TOOLS

A promising trend in the pedagogical design of a 
university course of massive training in programming 
consists in the use of learning tools and blended learning 
(a combination of offline and online learning). The 
asynchrony of the online part of the learning process 
provides a student with the space to select the material 
and time to learn it. Of particular relevance here is the 
flipped classroom model based on online self-directed 
online learning of students in the main theoretical 
knowledge in the course. In this case, classroom lectures 
become more interactive to include discussions of the 
topics self-learned by students; such lectures widely 
feature additional materials, as well as involving 
collaborative solution of tasks.

For students to better retain the training material, 
a conventional 1½-hour-long lecture is more and more 
often represented online as a set of short (5–15 min) 
videos [11]. Using virtual reality technologies in learning 
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process becomes increasingly popular [11]. For prompt 
assessment of academic achievement, feedback with 
students can be organized directly during the online 
lecture as brief test questions and test tasks. A special 
role in ensuring the deep retention of the lecture material 
by students can be played by such interactive elements 
of the lecture as executable code fragments and various 
apparent dynamic models, which are controlled by a 
graphical interface (explorable explanation) [12]. In 
particular, the Online Python Tutor [13] visualizes details 
of the execution of a Python program in a dynamic mode.

In organizing a massive programming training 
course, it is important to personalize learning by creating 
an individual learning path to adapt the learning process 
to an individual student’s needs. For lectures, the material 
of the course can be represented as a knowledge graph 
with the freedom of choice between topic nodes taking 
into account dependency edges [14].

During performing practical exercises and under 
quantitative constraints on instructional personnel, an 
intelligent tutoring system (ITS) can be employed to 
obtain feedback from students, transfer an individual 
instruction or provide a response to the actions of students 
on a real-time basis without teacher intervention. ITS are 
computer systems that combine a knowledge domain 
model with a student model and a teacher model. Such 
integrated systems often use machine learning methods 
and have a complex design [15].

The complexity of the design of an ITS as a single 
system integrating all the situations and scenarios of 
interaction led to propagation of computer tools, which 
solve individual problems related to an ITS. In particular, 
they comprise automated grading systems [16], data-
driven hint generation systems [17], as well as automatic 
generators of exercises of a given complexity [18] and 
systems for checking solutions for plagiarism [19].

A disadvantage of such systems is that they focus 
only on a student’s individual work along with a limited, 
formally defined set of tasks. In this context, specialized 
forums such as Piazza2, which may include rewards 
for students who help their colleagues, can be useful. 
An important role is also played by using learning 
projects developed collaboratively by students (project-
based learning) and using technologies to provide the 
gamification of learning processes [20].

3. DIGITAL TEACHING ASSISTANT

3.1. DTA structure

In university massive programming training 
courses, much of the teaching workload is borne by 
teacher assistants, who create programming tasks and 

2 https://piazza.com/. Accessed January 13, 2022.

check the correctness of their solution by students. In 
this context, a new approach is proposed for organizing 
the learning process of training of software developers 
based on a DTA computer system. DTA helps 
teachers working under massive learning conditions 
to concentrate on functions that require a creative 
approach, in particular, creating and discussing 
nontrivial programming tasks and also developing the 
DTA functionality.

The main DTA functions (Fig. 1) are:
•	 generation of individual tasks;
•	 check of tasks with informative answer for a 

student;
•	 recording student academic achievement statistics;
•	 interface of interaction between learning process 

participants.

DTA

Generation  
of tasks

Check  
of tasks

Web interface
Student  
activity  

database

Teacher

Students

Fig. 1. DTA structure

Unlike an ITS [21], a DTA is not intended to 
completely replace a teacher or resemble a “black 
box” that automatically select tasks during learning or 
evaluates solutions according to parameters hidden from 
a student. The model of a tutor used in ITS is replaced in 
DTA by real teacher’s settings.

3.2. Automatic generation  
of programming tasks

The automatic generation of programming tasks 
provides each of students with an individual set of tasks. 
This inherently laborious function is difficult for teachers 
to perform alone, especially if the number of students is 
large. Automatic task generation also partially solves the 
problem of plagiarism of solutions.

The following requirements are imposed on a task 
generator;

•	 support of the main topics of the course and language 
constructs;

•	 interest and practical utility of tasks;

https://piazza.com/
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•	 clarity and univocality of the text of a task statement 
and its resemblance to a human-composed text;

•	 identical complexity of all the generated variants of 
a task at fixed settings of the task generator;

•	 absence of obvious cliché solutions to different 
variants of a task;

•	 possibility of automatic check of solution.
A DTA contains a large number of task generators  

G = {g1, …, gn}, each generating variants of tasks of its 
own type. The inputs of the task generator function gi(h, s) 
consist in the hash value h of the individual data of a 
student and parameter s of complexity or size of the task.

Approaches to automatic generation remain to be 
developed for all the types of programming tasks. The 
types of tasks for which generators have already been 
created are discussed below.

In a course of programming in a certain language, 
one can identify the following classes of practical 
tasks reflecting the modern specificity of software 
development:

•	 сreation of a new program;
•	 analysis of the existing program;
•	 creation of unit tests for the existing program.

Among the tasks involved in creating a new program, 
there are generators of tasks of such types as [18]:

•	 translation of a certain representation into a program 
code;

•	 data format conversion.
In tasks of the former type, the input representation 

can be a mathematical formula. Thereby, a student learns 
a practically important skill to translate a mathematical 
language into a programming language. Another example 
of a task of the former type is to translate a program 
from one programming language into another. The input 
representation can also be graphic notation. Examples 
of tasks using graphic notation including converting 
a finite-state machine graph or a UML diagram into a 
program code.

Tasks to convert input data format into output data 
format can use both text and binary data formats.

In the general form, generators of tasks of the 
considered types can be created using approaches 
from the field of combinatorial problems of artificial 
intelligence. In particular, a promising approach is to 
use the constraint satisfaction method [22]. Using this 
approach, a set of variables and a set of their values 
describe a space of generated programs or data formats, 
and a set of constraints enables one to filter off only the 
results that correspond to given characteristics for a 
chosen type of tasks.

Random configuration p (program or data format 
description) from a space of configurations P is 
defined as

p ∈ P ∧ ϕс(p) ∧ ϕt(p).

Here, the specification predicate ϕc determines 
the conditions of choosing p, while the predicate ϕt 
characterizes the possibility to create for p a set of 
nondegenerate (i.e., with different values within given 
limits) program tests.

Random generations can be generated using 
probabilistic grammars, in which each rule is 
supplemented with the probability of using it in the 
process of generation of the result. The same approach 
is used in fuzzing [23].

Of special interest are probabilistic context-sensitive 
grammars, which not only enable a syntactically correct 
result to be achieved in the event of obtaining a random 
result, but also carry out a number of semantic checks. 
An example of such a check is correct use of a previously 
defined variable in its scope.

In generating a task, it is insufficient to formulate its 
statement. It is also necessary to obtain a set of program 
tests, against which the correctness of students’ solutions 
is evaluated. The step of test generation is part of the 
total process generating the task. If the quality of the 
obtained tests is unsatisfactory, the statement of the task 
should be changed.

Along with simple unit tests, which contain set of 
pairs {(x1, y1), …, (xn, yn)}, where xi is the vector of 
input values and yi is the computation result, tests with 
monitoring the state for responding systems can be used. 
The input data in this case are a trace of calls (methods, 
messages) and the responses of the system to each of 
the calls.

Among typical programming tasks for analyzing 
the correctness of the existing programs, generators that 
allow the creation of variations using a set of program 
templates could be of interest, as well as those for 
introducing an error to a program code, whose correction 
is delegated to a student.

A class of tasks related to the creation of program 
tests is characterized by using mutation testing [24] to 
determine the quality of program tests composed by 
students for an automatically generated program.

3.3. Realization of task generators

Figure 2 presents a general flowchart of a 
programming task generator. The statement of a task is 
formulated based on the hash code of information on a 
student and the task complexity parameter, along with 
program tests for automatic check of solutions.

The possible realization of the random configuration 
generator described below forms a random program 
or a random data format. The configuration is further 
subjected to a sequence of simplifications of its structure. 
In the case of a generated program, they can consist 
of conventional compiler-side optimizations, such as 
constant folding and simplification of expressions. 
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Fig. 2. Flowchart of programming task generator

The  characteristics of the configuration are evaluated 
using a set of constraints according to which the uniform 
complexity of the generated tasks is maintained. 
The well-generated configuration is translated into 
an external representation, which comprises the task 
statement for a student. 

The check test generator creates random data 
according to the type of a task being formed. The 
previously obtained configuration is evaluated using 
a set of tests. In the case of a program configuration, 
its internal representation is interpreted as an abstract 
syntax tree (AST) using random data as program 
inputs. In the case of a data format configuration, 
the corresponding structures are filled with random 
values. If no set of tests with given characteristics is 
successfully formed (e.g., after making a given number 
of attempts), then the return to the generation of a new 
configuration is performed.

To realize a random configuration generator, it is 
proposed to use a special grammar-describing language—
configuration generation rules. This language is an 
extension of probabilistic context-sensitive grammars 
and is a set of combinators in the spirit of functional 
programming.

Combinators are higher-order functions used to 
create embedded domain-specific languages (eDSL). In 
particular, numerous realizations of parser combinators 
are known [25]. In the case under consideration, the 
combinator after computation of the arguments returns 
the lexical closure f:

f: c → c’.

This uses a computation model in which 
combinators receive context c and return a new version 
of it. The context c = {(a1, v1), …, (an, vn)} comprises 
a set consisting of n pairs of the attribute–value form. 

The context always contains the following attributes: 
computation result aval and Boolean error value aerr. 
If an error emerges during the computation, a local 
rollback occurs from combinators: this is a return to one 
of the calling combinators, which processes this error.

The basis of the considered combinator language are 
combinators realizing operations known from the theory 
of formal languages: concatenation (seq) and union (alt). 
The basic combinator seq computes a sequence of its 
combinator arguments, thus updating the context. If an 
error emerges, there is a return from the combinator with 
restoration of the state of the context at the beginning 
of the execution of seq. The basic combinator alt 
computes, among its arguments, a randomly chosen 
combinator. For each of the arguments, the probability 
that it has been selected can be given. The combinator 
check checks the argument expression for truth using 
the current context as an argument. It the expression is 
false, then the unit value of aerr in the context indicates 
an error. The combinator find repeats the execution of 
the argument combinator until the computation result is 
good.

A variant of a combinatorial language developed 
in Python is considered. Using combinators, a random 
polynomial generator can be developed as shown in 
Fig. 3. This generator is realized according to three rules. 
The coeff rule in Fig. 3a determines the value of the 
coefficient. A choice is made between a random value 
in a given range and zero with the probability given in 
prob. The term rule forms an AST representation for 
an expression of the form kxn. The main rule forms an 
AST representation of a polynomial to the third degree. 
The combinator let is used to name the results, while ref 
provides a means for their subsequent reference. Using 
the combinator check, a constraint is imposed that the 
generated polynomial should have at least one nonzero 
coefficient at x.



14

Russian Technological Journal. 2022;10(3):7–23

Elena G. Andrianova,  
Liliya A. Demidova, Petr N. Sovetov

Pedagogical design of a digital teaching assistant  
in massive professional training for the digital economy

The search for the correct result is made by the 
combinator find. Thus, a simple declarative constraint 
programming system is realized. This approach is much 
less productive than, e.g., SMT solvers and specialized 
solvers for constraint programming tasks. Nevertheless, 
the considered declarative language allows constraints 
of arbitrary complexity to be used. Moreover, the 
generation rate typically is not the most important 
characteristic of creating learning tasks. Finally, SMT 
solvers and other third-party tools can be used together 
with the considered combinatorial language.

Figure 4 presents a more extended example of the 
realization of generation of random functions in C++ 
for array handling. Here, a task in the spirit of finite-
impulse-response filters is imitated.

In the generated random functions, the data types 
and the variable names are consistent. A cycle can be 
realized using both for and while, whose realization is 
similar to that of for. The realization of the combinator 
expr is not shown because it presents nothing new in 
comparison with the previous example of polynomial 
generation.

(а)                                                                              (b)
Fig. 3. Random polynomial generator:  

(a) realization in eDSL and (b) examples of the results of generation in the LaTeX format

Fig. 4. Realization of a generator of random functions of array handling
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Figure 5 gives some examples of the generated 
random functions.

 

Fig. 5. Examples of the generated random functions  
of array handling in C++

3.4. Automatic check of tasks

The correctness of the obtained solution was 
checked using a set of program tests, which is formed by 
a task generator. For testing, a “sandbox”, representing a 
medium of safe execution of program code, is realized.

It is also expedient to make a comprehensive 
evaluation of a student’s solution without restricting 
only to checking the correctness of the result. Elements 
of such evaluation made automatically can include:

•	 check of solutions for plagiarism in the case of tasks 
created manually by teachers;

•	 check for compliance with the program writing style 
standard;

•	 analysis of the metrics for assessing the program 
complexity;

•	 evaluation of the correctness of the result, the 
computational complexity of the program, and the 
memory size used by the program.
The first three items in the list can be realized using 

statistical analysis tools, while the last item, requires the 
use of program profiling tools.

In the case of an incorrect solution, the answer of 
DTA should include at least a massage of the compiler 
and an indication of the nonexecuted test.

A more informative answer includes an indication 
of a typical error made by a student. Such a mechanism 
can be realized by seeking templates in the AST of 
the incorrect program. Rules of the template-message 
form are added to DTA by the teacher. There are also 

approaches that enable the generation, based on an 
incorrect solution, of automatic hints directing the 
student toward the correct result [26].

3.5. Recording of statistics of academic 
achievement of students

By storing solutions received from students in a DTA 
database, the teacher can dispense with the requirement 
to manually fill out a gradebook. Furthermore, by 
comprehensively evaluating solutions using the DTA, it 
is possible to abandon simplified formulas for calculating 
the final grade or ready sets of tasks. As a result, the 
teacher can satisfy him- or herself with indicating the 
minimum necessary number of solved tasks for each of 
the topics of the course. At the same time, a DTA allows 
a student to carry out an unlimited number, complexity 
and type of training tasks.

3.6. Interface of interaction between students 
and teachers

For a DTA, it is preferable to use a web interface that 
provides access to the system from any device with an 
Internet connection.

From a student’s standpoint, the interface should 
allow the student to choose the types and parameters of 
tasks on the current topic of the course. By providing 
the results of the integrated assessment together with the 
history of the previous results, the student is empowered 
to evaluate his or her progress.

From a teacher’s standpoint, an important role is 
played by the analysis of students’ activity data. Using 
the DTA interface, the teacher can promptly assess 
the situation and make the necessary decisions. This 
concerns, e.g., a situation in which a task turned out 
to be too easy or too difficult to solve for the majority 
of students. Here, data analysis can be used to identify 
underachievers or predict a student’s final grade.

4. EXPERIENCE OF DEVELOPMENT  
OF PYTHON PROGRAMMING  

TRAINIUNG COURSE

The Python programming training course at the 
MIREA – Russian Technological University, Moscow, 
Russia, is organized as a blended learning environment. 
Figure 6 presents online tools used in this course.

The instructional personnel of the course comprise 
4 lecturers and 13 tutors of practical exercises. Since 
more than 1500 students participated in the training, 
a Telegram channel was created for their prompt 
notification of important events during the course. In 
terms of a duplex communication channel, the MantisBT 
bug tracker was used. This was already known to the 
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Fig. 6. Structure of the inline part of the Python programming training course

students from a configuration management course and 
was used as a replacement of conventional interaction 
tools (electronic mail and forum).

The basic part of the course, which includes issues 
of using the main constructs of the language and 
introduces students to the object-oriented programming 
style accepted in Python, was presented in the form of 
lectures. The final lectures consider a number of special 
issues, in particular:

•	 test automation: test coverage metrics, mutation 
testing, design by contract, property- and model-
based testing;

•	 functional programming: higher-order functions, 
closures, decorators, generators, immutable data 
types, functools and itertools modules, and NumPy 
library.
The main materials of the course are stored in a 

separate GitHub repository. The students are rewarded 
for errors found in the materials. Messages about the 
found errors are received as pull requests.

The use of Jupyter notebooks increased the 
interactivity of the online lectures delivered in a 
webinar format. During the lecture, the students directly 
experiment with brief proposed programs; responding 
inter alia to the students’ questions, the lecturer can 
modify and run examples of programs in cells of a 
Jupyter notebook. The representation of lecture material 
in the conventional slide form supplemented with the 
interactivity provided by cells is performed using the 
RISE extension for Jupyter notebooks.

The classroom lectures include an interactive 
theoretical part, which allows:

•	 assessment of the retention of the lecture material 
by the students online and, if necessary, timely 
addressing of gaps in the students’ knowledge;

•	 introduce the students to the subject domain of the 
tasks considered in the exercise.
In seminar classes, tasks of several types are used:

•	 procedure-generated tasks;
•	 tasks from Jupyter notebooks;

•	 tasks related to DandyBot game;
•	 individual and group creative projects on tutors’ 

topics.
Among the main problems involved in the design of 

the considered course were the creation and organization 
of rapid checks of practical tasks under massive learning 
conditions given a shortage of tutors. It was decided to use 
an approach based on procedural generation: an individual 
set of tasks was automatically formed for each of the 
students [18]. As well as solving the problem of plagiarism 
among the students, this approach also reduced the tutors’ 
workload due to the automatic checking of solutions.

For example, variants of the following tasks are 
generated automatically:

1)	conversion of mathematical notation into code: 
arithmetic expression;

2)	conversion of mathematical notation into code: 
branching;

3)	conversion of mathematical notation into code: 
cycles;

4)	conversion of mathematical notation into code: 
recursion;

5)	conversion of solution tree into code;
6)	realization of bit field swapping in a bit word;
7)	tabular data format conversion (Fig. 7);
8)	binary file format parsing (Fig. 8);
9)	realization of finite-state machine by object-oriented 

programming features.
For a given generated task, the degree of complexity 

can be set along with the number of formed tests to allow 
a student to check the correctness of his or her solution.

An important part is played by the informativeness 
of messages received by the students from the system 
submitting task solutions. For some types of tasks, there 
is a support of rules according to which a detailed error 
message is generated and accompanied by a reference 
to methods for obtaining the correct solution using the 
template found in the solution code. The pattern-matching 
search is performed at the level of the representation of 
a student’s program as an AST. In the bit field swapping 
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task, such rules allow an incorrect solution approach to be 
identified (the presence of a number-to-string conversion 
function) as well as hints given concerning the correct 
direction (using bitwise operations).

The exam in the Python programming training 
course also uses procedure-generated tasks. Figure 9 
presents the web interface via which the students send 
their solutions of tasks of this type.

For the majority of the seminar class, practical tasks 
from Jupyter notebooks are discussed and solved. Some 
of such tasks are considered “at the blackboard”: the 
tutor invites someone of the students to take a seat at a 
computer connected to the room’s projector. Using such 
a format, other students can keep track of the solution 
and the tutor’s comments. Better-prepared students 
during the classroom learning solve tasks by themselves 
and send the solutions to the tutor for checking through 
the bug tracking system. Such a workflow allows the 
tutor to actively participate in the learning without 
continuously moving over the room from computer to 
computer and, thereby, to respect COVID-19 restrictions 
more rigorously. A sudden transition to offline learning 
using such a workflow of practical exercise is not a 
serious problem because the students send their task 
solutions using the same bug tracking system.

Task 3. Realize a tabular data conversion function. The 
input and output tables are given in row-by-row form. Filled 
cells have a row data type. Empty cells have the None value.

Make the following conversions of the input tables:
– remove empty columns;
– divide column 1 by divider “!”;
– convert cell contents by examples;
– transpose the table.
Examples of table conversions:
1. Initial table:

     

     Conversion result:

     

2. Initial table:

     

     Conversion result:

     

Fig. 7. Example of an automatically generated task of 
tabular data conversion

Task 3.1. Realize binary file format parsing (in the spirit of 
the WAD format of the Doom game or the graphic PNG format). 
The data begin with the signature 0 × 42, 0 × 58, 0 × 59, 
0 × 9a followed by the structure А. Byte order: big-endian. The 
addresses are expressed as the offsets from the data origin. In 
the solution, it is allowed using the struct module.

Structure А: 

Structure B: 

Structure C: 

Structure D: 

Fig. 8. Example of an automatically generated task of 
binary file format parsing (test data are not shown)

Exam in the Python programming training course

Group  B1 ‸         Variant 25

Solution:

Send

Table of results
Error log

Fig. 9. Web interface for receiving the solutions  
of automatically generated tasks
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Practical tasks from Jupyter notebooks, which belong 
to different subject domains, are developed so that they 
are of interest for students and in such a way as to permit a 
solution to be obtained within a single practical exercise. 
The topics of the practical tasks are as follows: random 
digital economy report generator; Burrows–Wheeler 
transform; ASCII banner generator; Schelling’s model of 
segregation; graph imaging by physical modeling; stack 
language interpreter; hierarchical clustering algorithm; 
formal verification of computer game puzzles; undo/redo 
mechanism in graphic editor; SQL-like query language; 
Julia fractal; Floyd–Steinberg algorithm.

A special type of practical tasks is constituted by tasks 
of simple data analysis based on information collected 
by a web tool for receiving the students’ solutions of 
procedure-generated tasks. Here, in the reflection mode, 
the students learn their own activity in the course. 
Figures 10 and 11 show the results of such an analysis.

Additional tasks for practical exercises are 
provided via the DandyBot game, which was developed 
especially for the considered course. It belongs to the 
genre of games for programmers in which, for success 
in the game, it is necessary to write a program code. 
The DandyBot game, an example of a level of which is 
shown in Fig. 12, is presented in the style of Roguelike 
games to allow the “intelligence” of player characters to 
be programmed in Python.

At the first levels, the players should write the 
simplest programs; therefore, even the students with 
minimum programming experience can be involved in 
writing a code in Python in a playful way.

The DandyBot game used by the students is a semi-
product presented in the form of a GitHub repository 
requiring numerous improvements. This stimulates the 
students to develop the program code of the DandyBot 
project as well as to create additional levels.
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Fig. 12. A level of the DandyBot game with a player controlled by a program in Python language

CONCLUSIONS

Under present-day conditions (massive programming 
learning, transition from classroom learning to distant/
blended learning and back within a semester, and 
competition with specialized courses and platforms 
of learning of programming languages), teachers at 
university programming teaching courses encounter a 
significant increase in the workload, which is mostly 
related to performing routine activities.

The developed DTA automates such procedures as 
generating individual tasks and checking their solutions, 
as well as providing an informative answer to the student 
and recording the academic achievement of students. 
This allows the teacher to devote more time and attention 
to functions requiring creative input—in particular, to 
creation and discussion of nontrivial programming tasks.

The experience of implementing the DTA in the 
learning process of the Python Programming course 
confirmed the possibility of personifying the learning 
process for students in the form of individual learning 
paths.
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All authors took part in the development and 
implementation of the Digital Teaching Assistant computer 
system in the practice of the RTU MIREA educational 
process in the Programming in Python discipline.
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Abstract
Objectives. Developing the element base of field-programmable gate arrays (FPGA) may significantly affect the 
design of electronic devices due to the enhanced logical capacity of such chips and the general tendency towards 
increased subsystem integration. The system-on-a-chip (SoC) concept is aimed at combining receiving, processing, 
and exchange subsystems onto a single chip, as well as at implementing control, diagnostic, and other auxiliary 
subsystems. The study aimed at developing a method for soft processor applications, i.e., processors based on 
configurable logical resources, for implementing control functions in an FPGA-based SoC.
Methods. A digital system design methodology was used.
Results. For soft processors, a unified design route based on selecting architectural parameters qualitatively 
corresponding to control tasks was considered. In particular, such parameters as instruction set addressness, number 
of pipeline cycles, and arithmetic logic unit configuration are adjustable at the design stage to allow the optimization 
of the soft processor in the discrete parameter space. An approach to rapid prototyping of the assembler based 
on stack-oriented programming language with regular grammar was also considered. The control of digital signal 
processing hardware as part of an SoC is the promising application area for soft processors. An implementation is 
considered on the example of an SoC based on Xilinx Virtex-7 FPGA containing several processor cores developed 
using the proposed methodology.
Conclusions. The considered approaches to soft processor design allow the rapid prototyping of the control 
processor core for operation as part of an FPGA-based SoC.
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НАУЧНАЯ СТАТЬЯ

Перспективы применения софт-процессоров 
в системах на кристалле на базе программируемых 

логических интегральных схем

И.Е. Тарасов @, Д.С. Потехин, О.В. Платонова 

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: tarasov_i@mirea.ru

Резюме
Цели. Развитие элементной базы программируемых логических интегральных схем (ПЛИС) качественно 
меняет требования к маршруту проектирования электронных средств вследствие роста логической емко-
сти этих микросхем и тенденции к повышению степени интеграции подсистем. Преимущественным направ-
лением применения данной платформы является концепция системы на кристалле (СнК), направленная 
на совмещение в одном кристалле подсистем приема, обработки и обмена данными, а также реализацию 
управляющих, диагностических и других вспомогательных подсистем. Цель работы – разработка методики 
применения софт-процессоров, т.е. процессоров, создаваемых на базе конфигурируемых логических ре-
сурсов, для реализации функций управления в составе СнК на базе ПЛИС.
Методы. Использованы методы проектирования цифровых систем.
Результаты. Для софт-процессоров рассмотрен унифицированный маршрут проектирования, основанный на 
выборе архитектурных параметров, качественно соответствующих задачам управления. В частности, такие па-
раметры, как адресность системы команд, количество тактов конвейера, конфигурация арифметико-логиче-
ского устройства, являются регулируемыми на этапе проектирования, что позволяет проводить оптимизацию 
софт-процессора в дискретном пространстве параметров. Рассмотрен также подход к быстрому прототипиро-
ванию ассемблера на основе стекового языка программирования с регулярной грамматикой. Перспективным 
направлением применения софт-процессоров является управление аппаратными компонентами цифровой 
обработки сигналов в составе СнК. В статье рассмотрен пример реализации СнК на базе ПЛИС Xilinx Virtex-7, 
в составе которого применены несколько процессорных ядер, разработанных по предложенной методике.
Выводы. Рассмотренные подходы к проектированию софт-процессоров позволяют проводить быстрое 
прототипирование управляющего процессорного ядра для работы в составе СнК на базе ПЛИС. 

Ключевые слова: процессор, ПЛИС, система на кристалле, цифровая обработка сигналов, компилятор

INTRODUCTION

Disadvantages inherent to programmable logic 
cell arrays in digital system designs based on field-
programmable gate arrays (FPGA) include inferior clock 
rate, chip area, and power consumption characteristics. 
However, such disadvantages may be compensated 
by combining hardware architectures to allow the 
reconfiguration of circuits, as well as the development 

of devices having optimized architectures for particular 
tasks [1]. Moreover, since FPGA functionality involves 
a number of digital nodes and subsystems, hardware 
architecture has evolved to progressively add specialized 
non-reconfigurable hardware components embedded in 
logic cell design. For example, dual-port static memory 
blocks and hardware multipliers of independent operands 
later converted into digital signal processing (DSP) 
modules were added to the FPGA architecture at the turn 

https://doi.org/10.32362/2500-316X-2022-10-3-24-33
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of 2000s [2]. Later on, the PowerPC (Xilinx Virtex-II 
Pro, Virtex-4, Virtex-5)1 and Advanced RISC Machine 
(ARM) (Xilinx Zynq-7000, Xilinx Zynq UltraScale+, 
Xilinx Versal2, Intel Cyclone V3) hardware processor 
cores were added to FPGAs. By separating the ARM 
processor subsystem into an independently operating 
part of the chip, the Xilinx Zynq-7000 family became 
a fully programmable system-on-a-chip (SoC)4 rather 
than FPGA.

The practical use of fully programmable SoCs has 
demonstrated the increasingly auxiliary role of processors 
due to the significant lag in their performance as compared 
with the overall performance of the array of configurable 
logic elements supplemented with DSP components. 
However, attempts to build a system around a processor 
core with configurable peripheral devices resulted in 
economically inefficient solutions as compared to similar 
capabilities provided by a wide element base range of 
microcontrollers based on ARM, MIPS (microprocessor 
without interlocked pipeline stages), RISC-V (reduced 
instruction set computer) cores, etc. Thus, the key factor 
determining the competitive technical and economic 
performance of FPGAs is the demand for reconfigurable 
resources as the main element of a computing system.

Among the main areas of application for high-
performance computing are video processing systems, 
virtual and augmented reality, robotics, industrial 
automation, digital radio communication, and 
measurement equipment systems [3, 4]. Current areas 
of signal processing include digital filtering [5], spectral 
analysis [6], and machine learning algorithms [7], 
including those based on specialized neuroprocessors 
[8] or FPGA-based reconfigurable accelerators.5

ARCHITECTURE OF DIGITAL SoC  
BASED ON PROCESSOR

The requirements for a processor used as part of 
an SoC are determined by its tasks and role in the 
system. Since the main computational load is provided 

1  Virtex-4 FPGA. User Guide. UG070 (v2.6). December 1, 
2008. URL: https://www.xilinx.com/support/documentation/
user_guides/ug070.pdf. Accessed December 27, 2021.

2   Versal ACAP Technical Reference Manual. AM011 
(v1.3). October 27, 2021. URL: https://www.xilinx.com/support/
documentation/architecture-manuals/am011-versal-acap-trm.pdf. 
Accessed December 27, 2021.

3   Cyclone® V FPGA и SoC FPGA. URL: https://www.
intel.ru/content/www/ru/ru/products/details/fpga/cyclone/v.html. 
Accessed December 27, 2021.

4   Xilinx Adaptive SoCs. URL: https://www.xilinx.com/
products/silicon-devices/soc.html. Accessed December 27, 2021.

5   Versal Architecture and Product Data Sheet: Overview 
DS950 (v1.0). October 2, 2018. Advance Product Specification. 
URL: https://www.xilinx.com/support/documentation/data_
sheets/ds950-versal-overview.pdf. Accessed December 27, 2021. 

by hardware accelerators implemented on the basis of 
logic cells, static memory blocks, and DSP hardware 
modules, it becomes hard to ensure the continuous 
participation of a processor (or even several processor 
cores) in dataflow computing. Therefore, hardware 
accelerators implemented in FPGA should provide 
dataflow computing that does not require constant 
processor participation, but instead allows the 
processing of parameters, reconfiguration, monitoring, 
and similar tasks, to be controlled by software. 
The implementation of complex software protocols 
for data exchange, such as support for wired and 
wireless networks, user interfaces, etc., also becomes 
a significant challenge. The flowchart illustrating 
interaction between the processor and hardware 
acceleration subsystem is shown in Fig. 1.

Figure 1 shows that the main computational 
performance is determined by a hardware accelerator 
implemented based on reconfigurable FPGA resources. 
At the same time, the control of low-speed peripherals 
may be assigned to the soft processor, while its low 
capacity allows the use of a second (and, if necessary, 
the third, fourth, etc.) processor core for simplifying 
software development. Here, a significant factor is the 
need to reduce response time to events generated by 
peripheral controllers.

Two significant tasks may arise in the development 
of control processors:

•	 providing an efficient topological implementation;
•	 tool support by software development tools.

The design route of an FPGA-based digital device 
can be divided into principal stages of synthesis and 
topological implementation. At the synthesis stage, 
the main part of circuit design is performed to convert 
the design source code into a hardware-independent 
netlist. The predicted clock rate may be significantly 
reduced by the subsequent placing of components 
and tracing of configurable connections. Achieving a 
high clock rate usually involves additional efforts by 
developers to clarify the mutual arrangement of the 
processor subsystems and even its individual digital 
nodes. Therefore, newly developed processors, even 
with implementing additional features, are initially 
disadvantaged compared to widespread processor cores 
optimized at the FPGA topology level.

The second significant factor hindering the active 
spread of using new soft processors optimized for 
the combined action with hardware accelerators is 
the requirement for tool support. Since additional 
instructions entered into the processor are not 
automatically supported by universal compilers, the 
basic soft processor model can additionally be defined 
by focusing on common retargetable compilers, such as 
GNU compiler collection (GCC) and low-level virtual 
machine (LLVM). This may drastically reduce the value 

https://www.xilinx.com/support/documentation/user_guides/ug070.pdf
https://www.xilinx.com/support/documentation/user_guides/ug070.pdf
https://www.xilinx.com/support/documentation/architecture-manuals/am011-versal-acap-trm.pdf
https://www.xilinx.com/support/documentation/architecture-manuals/am011-versal-acap-trm.pdf
https://www.intel.ru/content/www/ru/ru/products/details/fpga/cyclone/v.html
https://www.intel.ru/content/www/ru/ru/products/details/fpga/cyclone/v.html
https://www.xilinx.com/products/silicon-devices/soc.html
https://www.xilinx.com/products/silicon-devices/soc.html
https://www.xilinx.com/support/documentation/data_sheets/ds950-versal-overview.pdf
https://www.xilinx.com/support/documentation/data_sheets/ds950-versal-overview.pdf
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of hardware modifications by allowing the efficient use 
of low-level programming.

SOFT PROCESSOR ARCHITECTURES

The reconfigurable nature of the programmable 
cell array defines a sufficient range of possibilities for 
implementing soft processors. On the other hand, using 
FPGA for processor layout intended for subsequent 
implementation in very large-scale integration 
(VLSI) should be distinguished from developing SoC 
components intended primarily for control, monitoring, 
and interface support functions. In this case, the soft 
processor added to the system should not overload it in 
terms of occupying logical resources or unnecessarily 
reduce the clock rate of the design due to excessive trace 
complexity.

The selection of soft processor architecture is strongly 
dependent on the hardware architecture. For example, 
ARM6, MIPS7, and RISC-V8 solutions are currently 
widely used. Nevertheless, implementing processors 
based on FPGA configurable logic cells is only trivially 
less efficient as compared with a hardware solution. At 
the same time, the widespread MicroBlaze soft processor 
has been strongly influenced by the PowerPC and then 
ARM hardware core architecture. Here, a significant 

6  URL: https://www.arm.com/products/silicon-ip-cpu. Accessed 
December 27, 2021.

7  URL: https://www.mips.com/products/architectures. Accessed 
December 27, 2021.

8  URL: https://riscv.org/risc-v-foundation/16. Accessed 
December 27, 2021.

advantage of a soft processor has been software 
compatibility with corresponding hardware solutions 
present in the market. Therefore, for early FPGA families 
with PowerPC hardware cores, MicroBlaze cores were 
considered as a lower performance alternative suitable 
for low-cost FPGAs allowing the transfer of partially 
methodological developments and program code for 
PowerPC.

Thus, the implementation of widespread processor 
architectures based on logic cells aims at preserving 
methodological and tool support, but does not fully meet 
the requirements for the adaptation of the soft processor 
to the system architecture of the design. A possible 
solution to this problem may be the implementation of 
architecture features better adapted to FPGA, as well as 
to those designed for specific tasks.

It may be noted that the machine code density is the 
significant parameter for soft processors. This is due to 
the relatively low specific capacity of the FPGA on-chip 
static memory. In addition, since static memory blocks 
may be also used by hardware accelerators, memory 
saved for storing programs may be significant when 
selecting the processor architecture.

The general approach to instruction coding 
distinguishes between the two fundamental trends of 
strong and weak coding [9]. In strong coding, the binary 
representation of the instruction and its action is not 
accessible requiring transformation of machine code. 
In weak coding, conversely, some binary representation 
fields are directly responsible for particular processor 
devices encoding the operation, operands, and additional 
features.

Dataflow

DSP  
hardware  

acceleration

Soft processor 1

Soft processor 2

Configuring, monitoring

Peripheral controller 1

Peripheral controller 2

Peripheral controller 3

Low speed  
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control
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m
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us

Fig. 1. Interaction between processor and hardware acceleration subsystem in SoC class device
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The generalized instruction format may be 
represented as follows:

<Dest> = <Operand1> op <Operand2>

where Dest is the destination device (register) for placing 
the operation result; Operand1 is the first operand; op 
is the type of operation; and Operand2 is the second 
operand.

For the instruction set, the notion of addressness 
reflecting the number of registers described in the 
instruction code is used. The representation of instructions 
having different addressness is shown in Fig. 2. 

CmdType Zero-address

CmdType Operand One-address

CmdType Operand1 Operand2 Two-address

CmdType Operand1 Operand2 Dest

Three-address

Fig. 2. Representation of instructions  
with different addressness

Figure 2 shows that, although an overall increase 
in the addressness results in increased tool software 
capabilities, the control word length is also increased. 
Therefore, the memory size required for storing the 

program also increases. The absence of a reference to 
a particular type of resource follows implicitly from the 
type of operation being performed or coincides with 
specified resources. For example, in the x86 processor 
instruction set, the destination register coincides with 
the first operand, while, in accumulator architectures, 
the accumulator is always the destination register and 
the first operand. In stack architectures, the operands are 
always positioned at the top of the data stack along with 
the result.

The instruction set architecture may be supplemented 
with hardware microarchitecture defining the interaction of 
the main circuitry components forming the processor core. 
While the instruction set architecture and microarchitecture 
are generally designed independently, the list of permitted 
operations is largely determined by the presence of 
hardware components and communication between them. 
Basic versions of the processor microarchitecture limited 
to the 5-cycle architecture are depicted in Fig. 3.

As well as supporting a number of instruction 
formats, raising the number of pipeline stages allows the 
clock rate to be increased. For example, only one data 
memory operation (read or write) may be performed in 
3-cycle architecture. Here, the synchronous data memory 
interface conditions the outcome of the read instruction 
to be available at the “execution” stage only, while 
one additional cycle would be required for writing the 
read data to the destination register. However, 5-cycle 
architecture is free from this limitation.

While soft processors do not permit a further increase 
in the number of the pipeline clock cycles, the introduction 
of pipelining in an arithmetic logic unit (ALU) may reduce 

Reg

Reg
Op1

Op1

Op2

Op2

Addr Data

5-cycle architecture (version):  
fetch–decode–execute–memory–write

3-cycle architecture:  
fetch–decode–execute

2-cycle architecture:  
fetch–execute

Reg

Сmd

Сmd

Сmd

ALU

ALU

ALU

Fig. 3. Basic versions of the processor microarchitecture. ALU is the arithmetic logic unit
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Fig. 4. Examples of the ALU architecture implementation 
based on unified representation

ALU1

ALU1

ALU2

ALU2

ALU3

Reg

the critical path length in this module. Nevertheless, 
this approach may be less efficient for FPGAs where 
computational implementation is based on logic cells due 
to the larger granularity of cells compared with some of 
VLSI gates. 

Considering the reconfigurable nature of FPGAs and 
the possibility of creating an instruction set optimized 
for a subclass of tasks, attention should be drawn to the 
possibilities of describing ALU. For example, in [10], 
a unified description of a computational node through 
four parameters (I, O, D, and S) is considered, where I 
is the number of instructions executed per clock cycle, 
O is the number of operations defined by instruction, D 
is the number of operands (pairs of operands) related to 
operations, and S is the degree of pipelining.

For SIMD (single instruction, multiple data) 
architectures, D > 1; for MIMD (multiple instruction, 
multiple data) architectures, I > 1, D > 1. Datapaths 
at the level of a separate computational node may be 
additionally considered for mass parallelism, thus 
allowing the architecture to be described according to 
the node in the form of four (R, <O>, <D>, and <S>), 
where: R is the number of independently calculated 
results, <O> is the vector of the number of operations 
performed by the instruction for each of the data paths, 
<D> is the vector of the number of operands (pairs 
of operands) for each of the datapaths, and <S> is the 
vector of pipelining for each of the datapaths.

This approach implies the replacement of parameters 
O, D, and S by vectors describing the characteristics of 
the corresponding datapaths forming R outputs.

The examples of ALU implementation are shown 
in Fig. 4. This description does not consider possible 
variations in the composition of computational nodes 
shown as ALU1, ALU2, and ALU3, although their 
functionality may differ both within a single path and 
for separate paths.

The datapath design route may be as follows:
1)	selecting an architecture model in space (R, <O>, 

<D>, and <S>);
2)	compiling pseudocode by the set of model tasks, 

identifying the most frequent sequences of 
operations along with creating computational nodes 
for their single-cycle execution, checking the result 
using emulator, and creating the processor element 
nodes at the register transfer level description;

3)	checking the synthesizability of the obtained scheme 
and performing functional verification at the system 
level;

4)	evaluating the topological implementation in the 
selected technological basis.

USE OF STACKED PROCESSORS  
IN FPGA-BASED DESIGNS

When providing tools for designing systems for new 
processor architectures, an important component consists 
in the design of compilers [11, 12]. Although so-called 
regular grammar imposes significant limitations on the 
input language, its low implementation complexity is 
of interest. A regular grammar may be conveniently 
supported by a stack-oriented computational model.
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The stacked processor is an example of a zero-
address architecture allowing the reduction of instruction 
size. This feature may be useful for FPGA-based systems 
in which on-chip static memory size is limited. Such a 
stacked processor microarchitecture is shown in Fig. 5.

Formalized approaches to program code generation 
for the stack-oriented computing model include those 
originally developed during the 1970s in the Forth 
programming language [13] and implemented, e.g., 
in the Java Virtual Machine, the intermediate code 
representation of .NET technology, and others. Although 
the Forth programming language itself is no longer 
widely used, the stack-oriented computing principles it 

embodies allow this approach to be used for low-level 
programming of stacked processor cores for efficient 
use as auxiliary processors in SoCs due to their compact 
code requirement and relatively low hardware costs. 
When combined with regular grammar, such a stack-
oriented computing model supports rapid prototyping 
of tool software. This may be relevant for enabling 
the ALU rapid reconfiguration and the instruction set 
modification.

The external appearance of the developed 16-channel 
spectrum analyzer based on FPGA with multiprocessor 
control subsystem based on stacked processor cores is 
shown in Fig. 6.

Fig. 6. External appearance of the developed 16-channel spectrum analyzer  
based on FPGA with multiprocessor control subsystem

Gradients +

12V

Add-in  
card

K
B

M
S

h

FPGA

Fig. 5. Stacked processor microarchitecture
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Abstract
Objectives. In order to solve fundamental metrological problems concerning the reproduction and transmission of 
spectral radiometry units, as well as developing methods and tools for metrological support of modern technologies 
such as nanophotolithography in the electronics industry, synchrotron radiation can be used. When developing 
solid-state sources and receivers of radiation, new topical problems arise in connection with the metrological 
characteristics of light-emitting diodes (LEDs), multi-element array receivers, charge-coupled device (CCD) cameras 
and telescopes, whose successful solution depends on the properties of a reference source of synchrotron radiation. 
Therefore, the purpose of the present work is to develop spectral radiometry methods for obtaining metrological 
channels using an electron storage ring in order to control the characteristics of electronics components, as well as 
for studying and calibrating radiometers, photometers, and emitters operating in the visible, ultraviolet and infrared 
regions of the electromagnetic spectrum.
Methods. Methods for transmitting spectroradiometric units on an electron storage ring are based on the classical 
theory of Julian Schwinger, which describes the electromagnetic radiation of a relativistic electron to calculate the 
spectral and energetic synchrotron radiation characteristics taking polarization components into account.
Results. The possibility of developing methods for transmitting spectral radiometric units using synchrotron 
radiation was evaluated by means of a test setup, which included a monochromator-based comparator, a telescope 
with a CCD array, a spectroradiometer, a radiometer, a photometer, a goniometer, and an integrating sphere. This 
allowed the full set of spectroradiometric and photometric characteristics of radiation sources and receivers to be 
measured: from the most differential distribution of the spectral radiance density of the emitting region to the integral 
radiation flux. The results were compared with the reference synchrotron radiation source.
Conclusions. Among possible approaches for determining the metrological characteristics of LED emitters, multi-
element array receivers, CCD cameras, and telescopes, synchrotron radiation seems to be the most promising. This 
approach allows the small size of the emitting region of synchrotron radiation, the Gaussian distribution of radiance 
over the emitting region of the synchrotron electron bunch, as well as the wide dynamic range of spectrum tuning 
due to changes in the energy and number of accelerated electrons, to be taken into account.

Keywords: spectral radiometry, synchrotron radiation, radiance, radiation intensity, LED, photometer, radiometer
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НАУЧНАЯ СТАТЬЯ

Решение актуальных задач спектрорадиометрии 
с использованием синхротронного излучения

А.С. Сигов, 
Н.Б. Голованова, 
О.А. Минаева @, 
С.И. Аневский, 
Р.В. Шамин, 
О.И. Останина

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: minaeva_o@mirea.ru

Резюме
Цели. Использование синхротронного излучения позволяет решать фундаментальные метрологические за-
дачи воспроизведения и передачи единиц спектрорадиометрии, разрабатывать методы и средства метро
логического обеспечения современных технологий, таких как нанофотолитография в электронной про-
мышленности. Развитие твердотельных источников и приемников излучения формирует новые актуальные 
задачи исследования метрологических характеристик светодиодов, многоэлементных матричных приемни-
ков, ПЗС-камер и телескопов, успешное решение которых зависит от использования свойств эталонного 
источника синхротронного излучения. Целью работы является развитие методов спектрорадиометрии для 
метрологических каналов электронного накопительного кольца при контроле характеристик компонентов 
в  электронной промышленности, при исследованиях и калибровках радиометров, фотометров, излучате-
лей в видимой, ультрафиолетовой и инфракрасной областях спектра.
Методы. Методы передачи единиц спектрорадиометрии на электронном накопительном кольце основаны 
на использовании классической теории Ю. Швингера, описывающей электромагнитное излучение реляти-
вистского электрона, для расчета спектральных энергетических характеристик синхротронного излучения 
с учетом поляризационных компонентов. 
Результаты. Рассмотрены возможности развития методов передачи единиц спектрорадиометрии с исполь-
зованием синхротронного излучения и создания испытательной установки. Эта установка включает в себя ком-
паратор на основе монохроматора, телескопа с ПЗС-матрицей, спектрорадиометра, радиометра, фотометра, 
гониометра и интегрирующей сферы, позволяющих проводить измерения полного набора спектрорадио
метрических и фотометрических характеристик источников и приемников излучения – от наиболее дифферен-
циального распределения спектральной плотности энергетической яркости по излучающей области до инте-
грального потока излучения с прослеживаемостью к эталонному источнику синхротронного излучения.
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INTRODUCTION

The unique synchrotron radiation properties of 
accelerated relativistic electrons in cyclic accelerators 
opened up significant opportunities for metrology, 
allowing electron storage rings (ESRs) to be used as 
primary reference sources of electromagnetic radiation. 
This results in a clean, plasma-free, continuous 
spectrum, which is free of spectral lines and easily 
tunable by changing the energy and number of electrons 
in orbit [1]. 

Synchrotron radiation is widely used in 
fundamental metrological research and developing 
metrological support for modern nanophotolithography 
technologies used in the electronics industry [2]. The 
Decree of the President of the Russian Federation1 
and the Decree of the Government of the Russian 
Federation2 pay great attention to the development of 
optical radiation spectroradiometry using synchrotron 
radiation.

The first work on spectroradiometry carried out 
at the DESY3 synchrotron in Hamburg was aimed at 
measuring the spectral density of energy brightness 
of ultraviolet (UV) radiation using the relative 
spectral distribution of synchrotron radiation with 
absolute referencing in the visible region to the 

1   Decree of the President of the Russian Federation of 
July 25, 2019 No. 356 “On measures to develop synchrotron 
and neutron research and research infrastructure in the Russian 
Federation” (in Russ.).

2   Decree of the Government of the Russian Federation of 
March 16, 2020 No. 287 “On Approval of the Federal Scientific 
and Technical Program for the Development of Synchrotron and 
Neutron Research and Research Infrastructure for 2019–2027” (in 
Russ.).

3   Deutsches Elektronen-Synchrotron—German electronic 
synchrotron (National Research Center DESY, Germany).

Выводы. Определение метрологических характеристик светодиодных излучателей, многоэлементных ма-
тричных приемников, ПЗС-камер и телескопов с использованием синхротронного излучения представляет-
ся наиболее перспективным направлением с учетом малых размеров излучающей области синхротронного 
излучения, Гауссова распределения энергетической яркости по излучающей области электронного сгустка 
синхротрона, широкого динамического диапазона перестройки спектра за счет изменения энергии и числа 
ускоренных электронов.

Ключевые слова: спектрорадиометрия, синхротронное излучение, энергетическая яркость, сила излуче-
ния, светодиод, фотометр, радиометр
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standard black body model. By this means, the 
spectral range of the deuterium continuum could 
be calibrated up to the vacuum ultraviolet (VUV) 
limit—that is, up to photon energies of 6 eV, which 
is not possible using the black body model. Electron 
storage rings and synchrotrons are used in Russia, 
Germany, and the USA to expand the range of 
absolute spectral measurements to the VUV region, 
first to the Schumann region up to 10 eV, and then 
to the Lyman region to 30 eV. With the development 
of extreme VUV for nanoelectronics based on 
contemporary advances in nanophotolithography, 
synchrotron radiation metrology can be used to 
determine the dimensions of microcircuit elements 
down to several nanometers at photon energies 
of about 100 eV [3, 4]. With the creation of the 
Metrological Light Source (MLS) storage ring at 
the National Metrological Institute RTV (Berlin), 
spectroradiometric work began on the use of 
synchrotron radiation to access the terahertz range 
for photon energies ranging from 10−2 to 10−3 eV [5]. 
Meanwhile, the Siberia-1 and Siberia-2 ESRs hosted 
at the Kurchatov Institute in Russia are also engaged 
in developing spectroradiometric methods using 
synchrotron radiation. Thus, synchrotron radiation 
has been instrumental in providing absolute 
spectral measurements at the world’s leading 
national metrological centers across a wide range of 
wavelengths from radio frequencies to X-rays. 

In national metrological centers, fundamental and 
applied metrological research is not only carried out 
using synchrotron radiation in the extreme VUV and 
terahertz ranges, but also in the visible and near infrared 
(IR) regions of the spectrum, where the successful 
solution of certain challenging metrological problems 
involved in the study of the metrological characteristics 
of LEDs, multi-element array receivers, as well as 

https://doi.org/10.32362/2500-316X-2022-10-3-34-44
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CCD4 cameras and telescopes, depends directly on 
the properties of a reference source of synchrotron 
radiation.

METHODOLOGY AND APPARATUS FOR 
MEASUREMENTS

In accordance with the existing GOST 8.888-20155, 
GOST R 54814-20186, and GOST R.8.749-20117 
standards, the main tasks in the study of the metrological 
characteristics of LEDs involve measurements of the 
spectral power density of the radiation and the total 
radiation flux. Measurements of the metrological 
characteristics of LEDs are especially important for 
carrying out technological control in the production of 
emitters of white cold, neutral, and warm colors for the 
development of illumination and indication equipment 
used in land, aviation, and marine transport, as well as 
lighting products used for office, street and domestic 
purposes. The study of the electro-optical, luminosity, 
and thermal characteristics of semiconductor 
nanoheterostructures of solid-state radiation sources 
also requires the development of spectroradiometric 
methods. To determine the radiation characteristics 
of sources used in units of the spectral power density 
of radiation (SPDR), spectral comparators are used 
to integrate the spectral density of energy brightness 
(SDEB) within the radiating region and at a fixed solid 
angle [6].

When using synchrotron radiation in spectral 
radiometry, the main problem involves the need to 
take into account the complex angular dependence of 
the intensity of the polarization components [1]. The 
comparator for calibrating the SPDR of LEDs comprises 
focusing optics, a spectral device, light filters, and a 
radiation receiver. The method of transmitting a unit 
of SPDR on an electron storage ring should take into 
account two polarization components of synchrotron 
radiation whose oscillations lie in the electron orbit 
and perpendicular planes, respectively. The equation 
describing the comparator signal iSR(λ), which is 
proportional to the SPDR [7, 8] in the polarization 

4  CCD is a charge-coupled device.
5   GOST 8.888-2015. National Standard of the Russian 

Federation. State system for ensuring the uniformity of measure-
ments. Reference Light-emitting diodes (LED) оf noncoherent ra-
diation. Technical requirements. Moscow: Standartinform; 2019 
(in Russ.).

6   GOST R 54814-2018. National Standard of the Russian 
Federation. Light emitting diodes (LED) and LED modules for 
general lighting and related equipment. Terms and definitions. 
Moscow: Standartinform; 2018 (in Russ.).

7   GOST R 8.749-2011. National Standard of the Russian 
Federation. State system for ensuring the uniformity of measure-
ments. Light-emitting diodes. Methods of photometric measure-
ments. Moscow: Standartinform; 2019 (in Russ.).

components of the synchrotron radiation, is written as 
follows:
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where Ψ is the angle of deviation from the plane of the 
electron orbit; Ψ0 is the aperture angle of deviation from the 
plane of the electron orbit; λ is the wavelength; ISR
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ISR

⊥ ( , )ψ λ  are the spectral power densities of synchrotron 
radiation polarized in the orbit and perpendicular planes, 
respectively; τ ψ λ( , )  and τ ψ λ⊥ ( , )  are the transmission 
coefficients of the comparator spectral device for radiation 
polarized in the orbital plane and perpendicular planes, 
respectively; S( ),λ S⊥ ( )λ  are the spectral sensitivities of 
the comparator detector for radiation polarized in the orbit 
and perpendicular planes, respectively; Δλ is the spectral 
resolution of the comparator; Δφ is the aperture angle of the 
comparator in the plane of the electron orbit.

As follows from Equation (1), metrological analysis is 
complicated when using a monochromator, photomultiplier, 
or spectral radiometer as part of a comparator, whose 
efficiency depends on the plane of polarization of the 
incident radiation. While a photodiode or CCD array can 
be used to eliminate the complex dependence of the signal 
on the degree of polarization, for spectral measurements, 
a normal incidence monochromator or set of interference 
filters is used [9, 10].

This allows Equation (1) for the comparator signal 
to be reduced to:
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For an LED, the equation describing the comparator 
signal iLED(Ω, λ) in a fixed solid angle Ω, which 
is proportional to the spectral power density of the 
unpolarized radiation ILED(Ω, λ) [11], has the form:

	 ILED(Ω, λ) = S(λ)ΔλΔτΩILED(Ω, λ).� (3)

In order to take the polarization components into 
account in the system of equations (1) and (3) on the 
synchrotron radiation metrological channel of the ESR 
BESSY-II8 in Berlin, the monochromator is rotated 

8  BESSY-II Electron storage ring is a third-generation syn-
chrotron radiation source (Helmholtz-Zentrum Berlin, Germany). 
URL: https://www.helmholtz-berlin.de/forschung/quellen/bessy/
index_en.html. Accessed December 10, 2021.

https://www.helmholtz-berlin.de/forschung/quellen/bessy/index_en.html
https://www.helmholtz-berlin.de/forschung/quellen/bessy/index_en.html
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around the optical axis without violating the alignment. 
For a comparator with a small aperture angle relative 
to the plane of the electron orbit, only the polarization 
sigma-component of the synchrotron radiation is 
considered, which makes it possible to obtain a relatively 
simple solution for the spectral density of the radiation 
intensity of the LED in accordance with the Schwinger 
formula [12].
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where N is the number of electrons in the orbit; γ is 
the relativistic factor; e is the electron charge; R is the 
radius of the electron orbit; c is the speed of light; K2/3 
is MacDonald function; λc  =  (4/3)πRγ−3 is the critical 
wavelength. 

For determining the electron energy and the 
relativistic factor on storage rings, electron bunch 
backscattered laser radiation allows the magnetic field 
induction to be measured in orbit alongside methods 
based on relative spectral measurements of the 
synchrotron radiation flux. The most accurate method 
for determining the number of electrons is based on 
the use of a telescope with a CCD array to isolate an 
individual electron in the orbit of the accelerator. The 
radius of the orbit is determined by the frequency of 
the accelerating field of the electron storage rings. To 
fulfill the condition Ω  = ΔφΨ0, the sizes of aperture 
diaphragms and the distance to the radiating point of 
the orbit are determined. 

At wavelengths much greater than the critical λc 
(i.e., in the visible-, near UV-, and near IR regions of 
the spectrum), along with an increase in the aperture 
angle of the optical system of the comparator in the 
plane of the electron orbit Ψ0 for the synchrotron 
radiation source, the integrated values of the SPDR in 
the total angle of deviation from the plane of the orbit 
(normalized to one electron) can only be determined 
by the radius of the orbit at the point of emission. 
This means that in the visible-, near UV-, and near 
IR regions of the spectrum, the accurate calculation 
of the spectral density integral of the synchrotron 
radiation intensity across all angles of deviation from 
the orbital plane is constant for each synchrotron 
radiation source and does not depend on the electron 
energy. This conclusion is especially important 
for metrological studies when creating primary 
spectroradiometric standards based on fundamental 
physical constants.

By integrating the SPDR of LEDs over different 
wavelengths, it is possible to determine the radiant 
and luminous intensity in a fixed solid angle taking 
into account the relative spectral luminous efficiency 

in accordance with GOST 8.332-20139. In accordance 
with the recommendations of the International 
Commission on Illumination (CIE 127:200710), the 
measurement of the radiation intensity in regime A is 
carried out at a distance of 316 mm in a solid angle 
of 0.001 sr; in regime B—at a distance of 100 mm in 
a solid angle of 0.01 sr. To determine the radiation 
intensity and luminous intensity of LEDs, integrated 
comparators including radiometers, photometers, 
or spectroradiometers are used [13]. Here the main 
difficulties are associated with the need of accurate 
measurements of the spectral correction coefficients 
of the comparator sensitivity in accordance with the 
recommendations of CIE 053-198211.

Spectral correction of the sensitivity of the 
luxmeter in accordance with regulatory documents 
is only carried out for five types of control emitters. 
This means that the spectral correction of the 
sensitivity of the luxmeter is mainly carried out at the 
maximum sensitivity in the “green” region, as well as 
on the falling wings in the “blue” and “red” regions 
of the spectrum. Since the relative spectral sensitivity 
of the luxmeter can differ from the relative spectral 
light efficiency by an order of magnitude, significant 
errors can occur, for example, when assessing the 
hazardous effects of radiation when using bright blue 
LEDs [14].

When using an integral radiometer, significant 
difficulties are encountered due to the practical 
impossibility of realizing the required top-hat profile 
in the relative spectral sensitivity of the radiometer. 
Therefore, the creation of universal integral radiometers 
and photometers for determining the radiation intensity 
and luminous intensity of a LED comprises a nontrivial 
metrological problem [14]. When using ESR, radiometers 
and photometers are calibrated in accordance with 
expression (4), while spectral correction coefficients 
are determined for specific types of emitters and 
comparators. The use of spectroradiometers calibrated 
with respect to synchrotron radiation allows the values 
of the radiation intensity and luminous intensity to be 
obtained by integrating signals proportional to the SPDR 
of LEDs. However, here it is necessary to consider the 
level of scattered radiation, higher diffraction orders, and 
the impact of the degree of polarization of synchrotron 
radiation [16].

9   GOST 8.332-2013. Interstate Standard. State system for 
ensuring the uniformity of measurements. Light measurements. 
Values of relative spectral luminous efficiency function of mono-
chromatic radiation for photopic vision. Moscow: Kodeks; 2015 
(in Russ.).

10  CIE 127:2007. Technical report “Measurement of LEDs”. 
ISBN 978-3-901906-58-9.

11  CIE 053-1982. Methods of characterizing the performance 
of radiometers and photometers. ISBN 978-92-9034-053-9.
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When determining the total standard uncertainty 
of measurements of radiation intensity and luminous 
intensity, it is also necessary to consider the linearity 
range of sensitivity and noise, as well as the sensitivity 
threshold of the spectroradiometer’s detectors.

The main difficulties encountered in measuring the 
characteristics of solid-state emitters are associated with 
the complex angular dependence of the SPDR and the 
high energy brightness of solid-state LED emitters [17]. 
When measuring the angular distribution of the 
radiation intensity of LEDs in metrological laboratories, 
goniometers are used to obtain the value of the radiation 
flux and luminous flux. Goniometer detectors include 
radiometers, photometers, spectroradiometers, and 
CCD arrays calibrated against a synchrotron radiation 
source.

When measuring the total flux, the detector is 
mounted on the movable arm of the goniometer and 
adjusted in horizontal and vertical planes to obtain 
the maximum signal. With step-by-step fixation of 
signals, the angular distribution of radiation intensity is 
determined. To improve the accuracy of measurements, 
the minimum step of the angle of rotation relative to the 
geometric axis of the LED is used. Depending on the 
angle of deviation from the geometric axis of the emitter 
and when the emitter is rotated around the geometric 
axis, the signals of the radiometer or photometer are 
normalized to the maximum signal of the angular 
distribution and measured in a solid angle fixed during 
calibration at the synchrotron radiation source.

By integrating the angular dependence of the 
normalized goniometer signals, it is possible to 
calculate the total radiation flux or luminous flux of the 
LED. However, this requires the processing of a large 
amount of information on measurements involving 
angle gradations of several thousand points, as well 
as involving significant measurement time due to the 
need to stabilize the LED power regime and maintain 
the thermal regime. Measurement of the total radiation 
flux using a goniometer is characterized by a significant 
systematic error due to the absolute calibration of the 
reference radiometer or photometer while taking into 
account the spectral sensitivity correction, setting the 
angle of rotation of the goniometer arm, measuring 
the distance from the detector to the center of rotation, 
angular resolution and angular step, noise of the 
radiometer or photometer, high scanning speed at the 
corners of the scattered radiation, and instability of the 
radiation source [18].

The use of highly sensitive multi-element detectors 
allows the measurement time to be reduced while 
maintaining the requirements of spectral sensitivity 
correction. A 3D computer diagram illustrating the 
results of measurements of the angular dependence of 
the LED radiation intensity is shown in Fig. 1.

Fig. 1. 3D computer diagram depicting the results  
of measuring the angular dependence  

of the LED radiation intensity

The above example shows that the maximum of the 
radiation intensity angular distribution can be shifted 
relative to the axis of the LED, while the radiation flux 
is concentrated in a small solid angle. The resulting 
angular distribution allows the radiation intensity and 
flux to be determined in an arbitrary solid angle.

The corresponding 2D diagram is presented in 
Fig. 2. Here, the red line represents the half-width of the 
angular distribution of the LED radiation with a shift 
relative to the geometric axis.

Fig. 2. 2D diagram of the half-width of the angular 
distribution of the LED radiation

In order to measure the luminous flux of high-
power LEDs used for illumination, it is necessary to 
investigate the angular distribution of the radiation 
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intensity according to the regime in which LEDs are 
used in working modules. A controllable heat sink is 
used to ensure the desired temperature when measuring 
the characteristics of high-power LEDs.

In spectroradiometry, it is particularly important to 
accurately measure the most differential characteristics of 
radiation, involving the spatial distribution of brightness 
and radiance of LEDs over the emitting region. The 
radiance comparator includes an optical system, a set of 
corrective filters and a cooled CCD matrix.

The calibration of the relative sensitivity of 
the pixels of the CCD array and measurement of 
the distribution of the radiance of various emitters 
is possible due to the Gaussian distribution of the 
radiance over the emitting region of the ESR electron 
bunch, which comprises a fundamental property of 
synchrotron radiation.

Figure 3 shows the results of registration of 
the Gaussian distribution of energy brightness over 
the radiating region of the ESR. Fig. 4 depicts the 
energy brightness across the emitting region of the 
LED [19].

Fig. 3. Registered Gaussian distribution of brightness  
for emitting region of ESR

Fig. 4. Registered distribution of brightness  
for emitting region of the LED

The significant inhomogeneity of the LED’s spatial 
brightness distribution is associated with the distortion 
of the distribution due to the focusing lens [20]. To 
eliminate this distortion over the radiating region, 
secondary reference LEDs featuring a specially shaped 
surface and temperature control using a Peltier element 
were developed (Fig. 5).

Fig. 5. Specially designed secondary reference LEDs

Figure 6 shows the results of measurements of the 
brightness distribution over the emitting area of the 
reference LED.

Fig. 6. Brightness distribution over the emitting area  
of the reference LED

To obtain the sensitivity of the comparator based 
on a telescope with a CCD array in accordance with 
the relative light efficiency, a set of corrective filters 
is used. This allows the spatial brightness distribution 
and average overall brightness to be measured to 
determine indicators of glare and visual discomfort 
of a light environment formed by super bright LED 
emitters.

The standard method for measuring the total radiation 
flux of an LED is based on an integrating sphere. This 
involves a correction of the spatial inhomogeneity of the 
diffuse reflection coefficient of the sphere surface, as 
well as the angular and spectral correction of the detector 
sensitivity [21]. To increase measurement accuracy, 
large diameter integrating spheres with a high ratio of 
sphere area to emitter size are used. In this case, the LED 
should be installed in the center of the integrating sphere 
in accordance with the CIE recommendations.

The LED calibration scheme and general view of the 
integrating sphere used are shown in Figs. 7 and 8. The 
radiation of an external reference source 6 or 7 enters 
the integrating sphere 1 through the aperture diaphragm 
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and is detected by the radiation detector 2. A photodiode 
or a CCD array with corrective filters, a photometer, 
a radiometer, or a spectroradiometer are used as the 
radiation detector 2. The radiation of the calibrated 
LED 4 installed in the center of the integrating sphere is 
prevented from directly hitting the radiation receiver by 
screens 3. The receiver 5 is used to detect radiation at the 
aperture diaphragm of the integrating sphere. External 
reference sources of radiation 6, 7 and the receiver 5 are 
placed at an angle of 90°.

1 2 3

4 5 6 7

Fig. 7. Scheme for calibrating a LED on an integrating 
sphere using synchrotron radiation

Fig. 8. General view of the integrating sphere

The radiation flux from an external reference 
source is determined by integrating the radiation 
intensity within a solid angle fixed during the 
calibration against the synchrotron radiation source. 
The radiation flux from an internal LED source is 
determined by the ratio of the signals of the radiation 
receiver from external and internal sources along with 

correction factors that account for the imperfection of 
the integrating sphere [22]. 

In accordance with the CIE recommendations, 
correction factors are used during calibration to account 
for the spectral correction error relative to type A source, 
the inhomogeneity of the integrating sphere for internal 
and external radiation sources, and the difference in 
diffuse reflection coefficients of the sphere coating at 
different angles of incidence. The zonal inhomogeneity 
coefficient of the sensitivity of the sphere is determined 
by the angular dependence of the receiver signals, which 
allows the effects of screens, uneven coating thickness, 
and the state of the inner surface to be taken into 
account [23]. The sensitivity of the integrating sphere, 
which is calibrated according to the reproducibility of 
the metrological characteristics of ESR synchrotron 
radiation, is determined by the ratio of the signal 
received by the detector to the radiation flux at the input 
diaphragm.

CONCLUSIONS

In conclusion, the development of spectroradiometry 
methods developed for ESR metrological channels in 
Russia and abroad demonstrates synchrotron radiation 
source to comprise a high-precision primary standard 
used by national metrological centers to provide 
metrological support for the production of components 
in the electronics industry, as well as research and 
calibrations of radiometers, photometers and emitters 
(including LEDs), in the visible, UV, and IR regions of 
the electromagnetic spectrum. 

Spectroradiometry methods based on the use of the 
fundamental properties of synchrotron radiation with 
a small emitting region and high radiation intensity 
and brightness controlled over a wide dynamic 
range can be used to provide absolute calibration of 
CCD-based telescopes and cameras, integrating spheres, 
goniophotometers, and spectroradiometers.

The spectroradiometric setup, which comprises a 
comparator based on a set of emitters, monochromator, 
telescope with a CCD array, spectroradiometer, 
radiometer, and photometer, allows the measurement 
of the full set of spectroradiometric and photometric 
characteristics of emitters used in the electronics 
industry—from the most differential SDEB distribution 
over the emitting region to integral total radiation flux.

When using a source of synchrotron radiation at 
wavelengths much longer than the critical one—that 
is, in the visible, near UV, and near IR regions of the 
spectrum—the integral values of SPDR in the full angle 
of deviation from the orbital plane normalized to the 
number of accelerated electrons are determined only 
by the radius of the orbit at the radiation point. These 
values, which do not depend on the energy of electrons 
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and are calculated with high accuracy from fundamental 
physical constants, thus comprise invariable metrological 
characteristics for each source of synchrotron radiation.

Synchrotron radiation appears to be the most 
promising metrological approach for determining the 
metrological characteristics of LEDs, allowing the small 
size of the emitting region of synchrotron radiation 
compared to the emitting region of LEDs to be taken 
into account, as well as the Gaussian distribution of the 
brightness over the emitting region of the electron bunch 
of the synchrotron, the wide dynamic range of SPDR 
tuning due to changes in the energy and the number of 
accelerated electrons at wavelengths near critical.
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Abstract
Objectives. Terahertz quantum-cascade lasers (THz QCLs) are compact solid-state lasers pumped by electrical 
injection to generate radiation in the range from 1.2 to 5.4 THz. The THz QCL operating frequency band contains 
absorption lines for a number of substances that are suitable for biomedical and environmental applications. In order 
to reduce the size and cost of THz QCLs and simplify the use of THz sources in these applications, it is necessary to 
increase the operating temperature of lasers.
Methods. To calculate electron transport in THz QCLs, we used a system of balance equations based on wave 
functions with reduced dipole moments of tunnel-bound states. 
Results. As a result of the calculations, an original band design with a period based on three GaAs/Al0.18Ga0.82As quantum 
wells (QWs) and a gain maximum at about 3.3  THz was proposed. Based on the developed design, a THz QCL was 
fabricated, including the growth of a laser structure by molecular beam epitaxy, postgrowth processing to form strip lasers 
with a double metal waveguide, as well as an assembly of lasers mounted on a heat sink. The developed THz QCLs was 
capable of lasing at temperatures of up to 125 K as predicted by the performed calculations. We also studied band designs 
based on two GaAs/AlxGa1–xAs QWs having varying aluminum contents in the barrier layers (x = 0.20, 0.25, and 0.30). 
Conclusions. The calculated temperature dependences of the peak gain for two-QW designs with x > 0.2 confirm 
the possibility of creating THz QCLs operating at temperatures above 200 K. Thus, we have proposed two-QW band 
designs that outperform existing high-temperature designs in terms of maximum operating temperature. 
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НАУЧНАЯ СТАТЬЯ

Высокотемпературные квантово-каскадные лазеры 
терагерцового диапазона: оптимизация дизайнов 

и экспериментальные результаты

Д.В. Ушаков 1, 
А.А. Афоненко 1, 
И.А. Глинский 2, 
Р.А. Хабибуллин 2, 3, @
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Резюме
Цели. Квантово-каскадные лазеры терагерцового диапазона (ТГц ККЛ) являются компактными твердо-
тельными приборами с инжекционной накачкой, которые позволяют генерировать излучение в диапазоне 
от 1.2 до 5.4 ТГц. В полосе рабочих частот ТГц ККЛ находятся линии поглощения для ряда веществ, актуаль-
ных для медико-биологических и экологических приложений. Для широкого применения ТГц ККЛ в данных 
приложениях необходимо увеличивать рабочую температуру лазеров, что позволит уменьшить размеры и 
стоимость ТГц ККЛ, а также упростит использование данных ТГц-источников.
Методы. В работе для расчета электронного транспорта в ТГц ККЛ использовалась система баланс-
ных уравнений на основе базиса волновых функций с уменьшенными дипольными моментами туннельно- 
связанных состояний. 
Результаты. В результате расчетов предложен оригинальный зонный дизайн с периодом на основе трех 
GaAs/Al0.18Ga0.82As квантовых ям (КЯ) и максимумом усиления около 3.3 ТГц. На основе разработанного ди-
зайна был экспериментально изготовлен ТГц ККЛ, что включало рост лазерной структуры методом моле-
кулярно-лучевой эпитаксии, постростовой процессинг для формирования полосковых лазеров с двойным 
металлическим волноводом и сборку лазеров на теплоотводе. Изготовленные ТГц ККЛ продемонстрировали 
генерацию вплоть до температуры 125 К, что согласуется с проведенными расчетами. Также в работе прове-
дено исследование зонных дизайнов на основе двух GaAs/AlxGa1–xAs КЯ с различным содержанием алюми-
ния в барьерных слоях (x = 0.20, 0.25 и 0.30).
Выводы. Рассчитанные температурные зависимости пикового усиления для двух-КЯ дизайнов с x > 0.2 под-
тверждают возможность создания ТГц ККЛ, работающих при температурах свыше 200  К. Таким образом, 
в работе предложены двух-КЯ зонные дизайны, которые превосходят по максимальной рабочей температу-
ре существующие рекордные высокотемпературные дизайны ТГц ККЛ. 

Ключевые слова: квантово-каскадный лазер, терагерцовый диапазон, квантовая яма, молекулярно-
лучевая эпитаксия 
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INTRODUCTION

Both in terms of fundamental science and as 
comprising a potential solution to a large number of applied 
problems, the terahertz frequency range  (1–10  THz)  
remains one of the most intriguing regions of the 
electromagnetic spectrum. For a long time, the lack 
of compact solid-state sources of THz radiation with 
an average power level measured in mW remained 
a limiting factor for realizing the advantages of THz 
waves in spectroscopy, visualization, and remote sensing 
applications. The possibility of “transferring” the 
operational scheme of quantum-cascade lasers  (QCLs) 
in the mid-infrared (mid-IR) range to the THz region 
demonstrated the possibility of tuning the generation 
frequency from 1.2  to 5.4  THz to create a unique 
source of THz radiation by changing the thickness of 
the semiconductor layers without using large magnetic 
fields. However, in comparison with mid-IR QCLs, 
where operating temperatures of more than 300  K 
have been demonstrated, the operation of THz QCLs 
required long periods of cryogenic cooling. Thus, 
the  task of raising THz QCL operating temperatures 
using thermoelectric cooling based on the Peltier effect 
becomes highly relevant in order to for THz QCLs 
to find practical application in medicine, biology, 
agriculture, ecology, the fight against terrorism, and 
wireless communication [1–8].

The cryogenic cooling used with the first THz QCLs, 
which required the laser chip to be mounted on the cold 
finger of a flooded cryostat or a closed cycle cryocooler, 
significantly affected the size and energy efficiency of 
such THz sources, complicating the use of this type 
of laser outside laboratories. The optimization of THz 
QCL band designs and use of low-loss waveguides led 
to an increase in the operating temperature of these 
lasers, allowing the use of compact electric cryocoolers 
operating according to the Stirling cycle, which do not 
require cryogenic liquids and have a service life of more 
than 30 000 hours. However, the main disadvantage of 
this approach is the high cost of Stirling cryocoolers 
(tens of thousands of US dollars), which also limited the 
widespread use of THz QCLs.

Studies into electron transport [9] and the creation of 
more efficient band designs of the THz QCL active region 
[10] led to the revolutionary demonstration in 2019  of 
the first thermoelectrically cooled lasers operating at 
a maximum temperature of 210.5  K (−63°С). By the 
end of 2020, data had been published demonstrating a 
THz  QCL having a maximum operating temperature 
of 250 K (about −23°С) [11], which permitted the use 
for cooling of a single-stage Peltier element costing less 
than USD  100. Meanwhile, research featuring similar 
band designs whose active region period was based on 
two quantum wells (QWs), differing in the height of 

potential barriers AlxGa1−xAsx  =  0.25  ([10], 2019) and 
x = 0.30 ([11], 2020), was published. Here, the band design 
and approach to increasing the height of potential barriers 
are primarily aimed at suppressing parasitic channels of 
electron leakage into the continuum, since the presence 
of such parasitic conduction channels in the active region 
adversely affects the operation of THz QCLs at high 
temperatures [12]. The increase in the height of potential 
barriers results in the need to reduce their thickness in 
order to maintain tunneling transparency, which in 
turn leads to even higher requirements for the epitaxial 
growth of such heterostructures having extremely thin 
barrier layers with a thickness of a few monolayers [13].

Despite work on the creation of THz QCLs in 
Russia having begun with a 10–15-year delay relative 
to the work of foreign groups, THz QCLs exclusively 
fabricated in Russia include the use of molecular 
beam epitaxy (MBE) to grow heterostructures and 
post-growth processing of stripe lasers with a double 
metal waveguide [14, 15]. In this paper, we present the 
experimental results of a study into THz QCLs based on 
an original active region design whose period contains 
three GaAs/Al0.18Ga0.82As QWs. The results of the band 
design optimization of THz QCLs having a period based 
on two GaAs/AlxGa1−xAs QWs with x = 0.20, 0.25, and 
0.30  for operation at high temperatures (greater than 
200 K) are also presented.

EXPERIMENTAL STUDY OF THE THz QCL  
WITH A PERIOD BASED ON THREE  

GaAs/Al0.18Ga0.82As QWs

The highest THz QCL operating temperatures to 
date have been demonstrated by a resonant phonon (RP) 
design featuring successive resonant tunneling of 
electrons to the upper laser level and emission of a THz 
photon, along with the depopulation of the lower laser 
level due to electron scattering on longitudinal optical 
phonons (longitudinal-optical phonons, LO-phonons). 
By means of diagonal radiative transitions, it was 
possible to significantly reduce the rate of nonradiative 
recombination of “hot” electrons from upper to lower 
laser levels due to the temperature activation of the 
emission of LO-phonons. Based on the foregoing, in 
order to optimize the active region of a high-temperature 
THz QCL, we selected a resonant-phonon design having 
a period of three GaAs/Al0.18Ga0.82As QWs and a 
generation frequency of about 3.3 THz.

In order to achieve the maximum operating 
temperature, numerical optimization of the design of 
the THz QCL active region was carried out according 
to the previously developed method based on a 
system of balance equations [16, 17]. In the course 
of optimization, the thicknesses of all layers of the 
period were scanned over a wide range (thicknesses 
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of the QWs and barriers) with a step equal to half the 
constant of the GaAs crystal lattice. When selecting 
optimal designs, there was a condition for ensuring 
maximum gain on the positive branch of the current-
voltage characteristic in order to avoid electrical 
instabilities that prevent the formation of electric field 
domains. The maximum operating temperature of the 
design corresponded to the intersection point of the 
temperature dependences of the gain and losses in the 
resonator, which were calculated earlier for a THz QCL 
with a double metal waveguide [16].

In the course of the optimization, an original 
GaAs/Al0.18Ga0.82As band design was developed 
based on a period comprising a sequence of layer 
thicknesses starting from the injector barrier: 
4.23/16.09/3.95/8.75/2.54/8.18 (in units of nm, GaAs 
QWs are in bold). Doping of the active module with a 
Si donor impurity was 3.0  ∙  1010  cm−2. In the model, 
the height of Al0.18Ga0.82As potential barriers in the 
conduction band was assumed to be ΔEc = 164 meV.

An illustration of electronic transport in the 
developed band design is shown in Fig.  1; here, the 
current flow through the electron levels in two periods 
is indicated by arrows. The number of arrows between 
levels is proportional to the current density (the current 
density through the period corresponds to five arrows). 
During optimization, spurious conduction channels 
having current densities of less than one arrow were 
minimized (not shown in Fig.  1). The diagonal laser 
transition E43 with a matrix element of dipole transitions 
Z43  =  3.8  nm corresponds to a generation frequency 
of 3.3–3.4  THz. In the insert, Fig. 1  shows the gain 
spectrum of the developed design (red line) and the loss 
spectrum in the resonator (blue dot-dash line).

A laser structure based on the developed 
GaAs/Al0.18Ga0.82As band design was grown by MBE 

on a Riber Compact 21T setup at the National 
Research Nuclear University “MEPhI” (group of Prof. 
I.S.  Vasilevsky). When developing optimal growth 
parameters, special attention was paid to the selection of 
technological growth conditions (substrate temperature, 
As4 arsenic flow), accurate calibration of the growth rates 
of GaAs and AlAs compounds, as well as their stability 
during the growth of thick structures. Excluding the time 
taken for the growth of gauge superlattices, which were 
grown before and after the growth of the laser structure, 
the growth time of one laser structure was more than 
10 h. The deviation of the thickness of the period of the 
structure grown from the nominal thickness (specified in 
the design) did not exceed 1%.

Based on the grown laser structure, THz QCLs with 
a double metal waveguide (DMW) were fabricated. The 
fabrication procedure for stripe lasers with Au–Au DMW is 
described in detail in [18, 19]. The cleaved THz QCLs with a 
Fabry–Perot resonator were assembled at the M.F. Stelmakh 
Polyus Research Institute (group of S.M. Sapozhnikov) on 
C-mount radiators; electrical contact was made by welding 
to the upper metal of the laser strip a large number of gold 
wires with a diameter of 30 μm, distributed evenly along 
the entire length of the strip to improve electrical injection 
over the entire surface of the laser [20].

The radiation characteristics of the fabricated 
lasers were measured at the Institute of Physics of 
Microstructures of the Russian Academy of Sciences 
(group of Prof. V.I.  Gavrilenko). The current-voltage 
characteristics (I–V) and the dependences of the integral 
radiation intensity on the pump current and temperature 
of the fabricated THz lasers were studied in a pulsed 
mode (pulse duration 500  ns, repetition frequency 
100  Hz). The structures were powered by a specially 
made electronic key, which made it possible to obtain 
pulses of a given duration, duty cycle, and amplitude, 
as well as to measure the voltage and current passing 
through the laser. When measuring the voltage-current 
characteristics and the integral dependences of radiation 
on current/temperature, the signal from the detector was 
fed to a Stanford Research Systems SR250 two-channel 
strobe integrator (Sunnyvale, California, USA).

In order to determine the maximum operating 
temperature, we measured the dependences of the 
integrated radiation intensity on the pump current. 
Figure 2 shows that an increase in temperature from 8 to 
60 K has little effect on the output power or threshold 
current values. When approaching 100 K, the intensity 
of the optical signal begins to decrease sharply. The rapid 
increase in the threshold current at temperatures above 
100 K is most likely due to the activation of parasitic 
conduction channels. The maximum temperature at 
which lasing was observed was about 125–130  K. 
A metal tube having its own loss level in the THz range 
was used as a waveguide system for extracting THz QCL 
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Fig. 1. Energy profile of the bottom of the conduction 
band Ec; energy levels (numbered) and basis wave 

functions after the localization procedure (tight coupling 
model) for two successive active modules at voltage 

V1 = 51 mV and temperature 77 K
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radiation from the cryostat. It can be assumed that the 
actual maximum operating temperature of the THz QCL 
is higher by 5–10 K; that is, about 140 K.
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Fig. 2. I–V (black line) and current dependences  
of the integrated radiation intensity for QCL #52111  

in the temperature range from 8 to 125 K. The amplitude 
of the integrated signal for temperatures of 120 and 125 K  

is multiplied by 50 and 100, respectively

OPTIMIZATION OF THz QCL BAND DESIGN 
BASED ON TWO GaAs/AlxGa1−xAs QUANTUM 

WELLS WITH x = 0.20, 0.25, AND 0.30

To further improve the high-temperature 
characteristics of THz QCLs, it is necessary to develop 
new concepts for the band design of active regions for 
reducing losses in the resonator. Approaches for reducing 
losses in THz QCLs proposed earlier include those based 
on the use of a double silver metal waveguide [21, 22]. 
In order to increase the maximum operating temperature 
of THz QCLs, we proposed to study band designs based 
on two GaAs/AlxGa1−xAs QWs with different potential 
barrier heights: x = 0.20, 0.25, and 0.30.

A system of balance equations with a basis of wave 
functions in the tight-coupling approximation was used 
to calculate the THz QCL characteristics. This basis 
was obtained as a superposition of the eigenstates of 
the Schrödinger equation for the entire THz QCL active 
region by minimizing the spatial expansion of the wave 
functions of the tunnel-coupled states. Due to the small 
wave function overlap (and accordingly low scattering 
rate) of degenerate ground states with ΔE ≲ 3 meV, the 
localized basis of wave functions in the tight-coupling 
approximation is more resistant to the influence of 
the dephasing effect. After analyzing band designs of 
THz QCLs based on two GaAs/AlxGa1–xAs QWs, we 
optimized the height of potential barriers by varying the 
aluminum contents (see Table).

The depiction of the proposed designs in Fig. 3 shows 
the current through the energy levels (red arrows). 
Several conduction channels can be seen between the 
electronic levels, including the 3–2  transition between 

the upper and lower laser levels, as well as parasitic 
transitions between levels 3  and 1. The temperature 
dependences of the maximum gain at a frequency of 
3.9 THz shown in Fig. 4 demonstrate the possibility of 
operation at temperatures above 200 K for designs with 
x  >  0.2. As a comparison, the calculated dependence 
of the gain on temperature (blue line) is shown for the 
band design based on three GaAs/A10.25Ga0.75As QWs 
proposed in [10], along with the experimental maximum 
operating temperature Tmax = 210.5 K.

Table. Parameters of optimized band designs  
of an active module THZ QCL based on two quantum 
wells GaAs/AlxGa1−xAs

Design x

Barrier 
heigh 
ΔEc, 
meV

Sequences of barriers in a period:
Potential barrier / quantum well, 

nm

Bosco [10] 0.25 212.5 1.98/16.37/3.39/7.91

A 0.20 178.5 2.3/16.4/4.2/7.3

B 0.25 212.5 2.0/17.2/3.4/7.9

C 0.30 244.5 1.7/17.0/3.1/7.9

40	 60	 80	 100

150

100

50

0

–50

z, nm

E c,
 m

eV
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Fig. 4. Temperature dependences  
of the maximum gain G for the GaAs/AlxGa1−xAs structure 

with different Al content in the barriers



50

Russian Technological Journal. 2022;10(3):45–55

Dmitrii V. Ushakov, 
et al.

High-temperature terahertz quantum-cascade lasers:  
design optimization and experimental results

Designs with gain exceeding losses at high 
temperatures (210–240  K) were optimized by 
scanning the thickness of the active module in the 
range from 24  to 36  nm. In this case, the thickness 
of the AlxGa1−xAs barrier layers was varied in the 
range of 1.4–4.0 nm, while that of the GaAs quantum 
wells was in the range of 6.3–20.0  nm; here, a step 
was equal to half the lattice constant of GaAs. The 
parameters of optimized designs of active modules for 
different compositions of barrier layers (x contents) 
are presented in Table. In  the sequence of period 
layers, GaAs quantum wells are shown in bold type. 
The central part of the wide GaAs QW is doped with 
silicon having a layer concentration of 4.5 ∙ 1010 cm−2, 
as in [3].

The main factors affecting the gain in QCLs are the 
effective electron mass me, population inversion n32 of 
laser levels, and matrix elements of dipole transitions 
Z32 [23–25]. Thus, the gain of the QCL active module 
can be represented as the product of these parameters  
G ~ mc

−3/2  n32  Z32
2. This means that effective 

amplification in a QCL requires a small effective electron 
mass combined with a large population inversion and 
dipole transition matrix elements. The temperature 
dependences of these values for the optimized active 
modules compared to the Bosco design [3] are shown 
in Fig. 5, while Fig. 5a depicts the effective electron 
mass increases in designs with higher potential barriers 
(higher aluminum content in AlxGa1−xAs) due to the 
non-parabolic effect. For all designs under study, mc 
can be seen to decrease at elevated temperatures. In 
optimized designs B and C (Fig. 5b), the population 
inversion is larger at temperatures above 200  K. As 
can be seen from Fig.  5c, the matrix elements of the 
dipole junctions of these designs increase with rising 
temperature from 50  to 250  K: from 4.9  to 5.2  nm 
(design Bosco 2019), from 4.7  to 5.0 nm (design A), 
from 4.4 to 4.7 nm (design B), and from 4.7 to 5.0 nm 
(design C). Thus, by combining all three factors for 
all optimized designs A (xb = 0.20), B (xb = 0.25) and 
C (xb  =  0.30), we can expect a maximum operating 
temperature of 238 K.
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CONCLUSIONS

A THz QCL based on an original band design 
having a period based on three GaAs/Al0.18Ga0.82As 
quantum wells has been experimentally demonstrated at 
a maximum operating temperature of more than 125 K. 
Band designs based on two GaAs/AlxGa1−xAs quantum 
wells with varying aluminum contents of x = 0.20, 0.25, 
and 0.30  were studied. The calculated temperature 
dependences of the peak gain for two-QW designs with 
x > 0.2 confirm the possibility of creating a THz QCL 
operating at temperatures above 200 K.
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Abstract
Objectives. Two-dimensional transition metal dichalcogenides (TMDs) are utilized for various optical applications 
due to the presence in these materials of a direct band gap corresponding to the visible and near-infrared spectral 
regions. However, a limited set of existing TMDs makes the region of the used spectral range discrete. The most 
effective way to solve this problem is to use two-dimensional TMD films based on multicomponent alloys, including 
three or more different chemical elements (while TMDs consist of two). By varying their morphological composition, 
one can control the value of the band gap and thus their optical absorption spectrum. However, since the band gap 
in such structures is highly nonlinear as far as their chemical composition is concerned, it can be challenging to 
select the required concentration in order to achieve uniform absorption. In this regard, the purpose of this work is 
to theoretically determine the dependence of the band gap of four-component two-dimensional MoxW1–xS2ySe2(1–y) 
alloys on their morphological composition.
Methods. The calculations were performed within the framework of the density functional theory using the Quantum 
Espresso software package. Flakes of two-dimensional TMDs alloys were prepared from bulk TMDs crystals by 
mechanical exfoliation on a Si/SiO2 substrate. An experimental study of the photoluminescence characteristics was 
carried out using photoluminescence microscopy-spectroscopy.
Results. In this work, the dependence of the band gap on the morphological composition of two-dimensional  
MoxW1–xS2ySe2(1–y) alloys was determined. Upon varying the composition of TMDs alloys, it was found that the band 
gap changes from 1.43 to 1.83 eV. The obtained theoretical results are in qualitative agreement with the experimental 
data.
Conclusions. The minimum band gap is observed in alloys close to MoSe2, while alloys close to WS2  have the 
maximum band gap value.

Keywords: transition metal dichalcogenides, two-dimensional semiconductors, band structure, band gap, density 
functional theory
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НАУЧНАЯ СТАТЬЯ

Моделирование зонной структуры двумерных 
твердых растворов MoxW1−xS2ySe2(1−y)
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Резюме
Цели. Благодаря наличию прямозонного перехода с шириной запрещенной зоны, соответствующей види-
мой и ближней инфракрасной областям спектра, двумерные дихалькогениды переходных металлов (ДПМ) 
находят применение в различных оптических приложениях. Однако ограниченный набор существующих ДПМ 
делает область используемого спектрального диапазона дискретной. Наиболее эффективным способом ре-
шения этой проблемы является использование двумерных пленок ДПМ на основе многокомпонентных твер-
дых растворов, в состав которых входят три и более различных химических элемента (в то время, как ДПМ 
состоят из двух). Варьируя их морфологический состав, можно управлять значением ширины запрещенной 
зоны, и, таким образом, их оптическим спектром поглощения. Так как ширина запрещенной зоны в таких 
структурах сильно нелинейна по отношению к их химическому составу, это затрудняет подбор необходимой 
концентрации для достижения равномерного поглощения. В связи с этим целью данной работы является  
теоретическое определение зависимости ширины запрещенной зоны четырехкомпонентных двумерных 
твердых растворов MoxW1−xS2ySe2(1−y) от их морфологического состава. 
Методы. Расчеты выполнены в рамках теории функционала плотности с использованием программного 
пакета Quantum Espresso. Двумерные кристаллиты твердых растворов ДПМ были изготовлены из объем
ных кристаллов ДПМ методикой механической эксфолиации на подложку Si/SiO2. Экспериментальное ис-
следование фотолюминесцентных характеристик было проведено при помощи фотолюминесцентной 
микроскопии-спектроскопии.
Результаты. В работе была определена зависимость ширины запрещенной зоны от морфологического со-
става двумерных твердых растворов MoxW1−xS2ySe2(1−y). Установлено, что при варьировании состава твер-
дых растворов ДПМ ширина запрещенной зоны изменяется от 1.43 до 1.83 эВ. Показано, что полученные 
теоретические результаты качественно совпадают с экспериментальными данными.
Выводы. Минимальной шириной запрещенной зоны обладают твердые растворы, близкие по своему соста-
ву к MoSe2, в то время как максимальной – структуры, близкие по своему составу к WS2.

Ключевые слова: дихалькогениды переходных металлов, двумерные полупроводники, зонная структура, 
запрещенная зона, теория функционала плотности
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INTRODUCTION

The discovery by Novoselov and Geim of a 
method for obtaining graphene in 2004  [1] aroused 
great interest in the study of various two-dimensional 
materials demonstrating unique physical properties. 
Transition metal dichalcogenides (TMDs) can be 
distinguished among such materials. TMDs comprise 
materials having the formula MX2, where M is a 
transition metal (Mo, W, etc.) while X is a chalcogen 
(S, Se, etc.). The metal and chalcogen atoms have a 
predominantly covalent bond forming a hexagonal 
lattice. Bulk crystals have a layered structure with 
weak Van der Waals interactions between layers [2]. 
Unlike graphene, which has the characteristics of 
a semimetal, two-dimensional TMDs have a band 
gap. The key feature of such materials is a strong 
change in the configuration of their band structure 
with a change in thickness: for example, bulk TMD 
crystals are indirect-gap semiconductors, while two-
dimensional crystals are referred to as direct-gap 
semiconductors  [3]. Due to their direct transition-, 
high charge carrier mobility-, and a number of 
other properties [4], two-dimensional TMDs can be 
used as materials for creating photodetectors [5], 
phototransistors [6], solar cells [7], and other opto- 
and nanoelectronic devices [8].

The parameters of devices made on the basis 
of TMDs can be altered by varying the number of 
layers, as well as their composition, deformation, 
etc. The direct-gap transition in two-dimensional 
TMDs promotes efficient absorption and generation 
of light, which is important in optical applications. 
An important characteristic that determines the 
optical absorption of a material is the band gap. In 
two-dimensional TMDs, the band gap is on the order 
of 1–2 eV, which corresponds to the visible and near 
infrared regions of the spectrum. Since the number 
of available TMDs is very limited, the region of the 
spectral range used is discrete. One approach to solving 
this problem, which involves the synthesis of various 
structures comprising more than two types of atoms is 
possible due to the similar atomic structure of various 
TMDs, allowing the creation of alloys based on them 
(for example, MoS2xSe2(1−x) or MoxWx−1S2)  [9]. 
In addition, many works have been devoted to the 

creation and study of heterostructures consisting 
of two TPM layers of different composition (for 
example, MoS2/WS2) [10] and “Janus monolayers” 
(materials having the formula MXY, where M 
is a transition metal atom enclosed between two 
homogeneous layers of different chalcogens X and Y),  
such as MoSSe or WSSe [11].

The use of alloys of two-dimensional TMDs is 
due to the fact that, by changing the morphological 
composition, one can quite accurately control the 
band gap. This, in turn, allows for controlling the 
absorption spectrum over the entire range of possible 
values. The non-linear nature of the dependence of 
the band gap on the morphological composition of the 
solid solution makes it difficult to select the required 
concentration to achieve the required parameters. 
In this regard, there is a need to determine this 
dependence.

At present, although there is a large number 
of works devoted to the study of three-component 
structures [12, 13], more complex structures remain 
poorly studied. In this regard, within the framework 
of the present work, a theoretical calculation of the 
band structure of two-dimensional MoxW1−xS2ySe2(1−y) 
alloys at x, y ∈ 0–1 was carried out to determine the 
dependence of the band gap on the morphological 
composition.

METHODS

All calculations in this work were carried out from 
first principles (ab inito) within the framework of 
density functional theory (DFT) involving the Perdue–
Burke–Eisernhoff exchange-correlation functional 
[14] and ultrasoft pseudopotentials. The calculations 
were performed in the Quantum Espresso software 
environment [15]. The minimum cutoff kinetic energy 
was selected as 80 Ry, while the dimensions of the k-point 
sampling grid were 8 × 8 × 1. The generation of singular 
k-points in the first Brillouin zone was performed by 
the Monkhrust–Pack method [16]. The unit cell of a 
monolayer TMD contains 1 metal atom and 2 chalcogen 
atoms. For calculations, a supercell was generated with 
a dimension of 2 × 2 unit cells and including 4 metal 
atoms and 8 chalcogen atoms. The supercell structure is 
shown in Fig. 1.
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Fig. 1. Structure of the 2 × 2 MoxW1−xS2ySe2(1−y) 
supercell

In order to eliminate the influence of neighboring 
layers, the cell parameter ratio c/a was set to about 2.5.

Two-dimensional TMD alloy crystallites were 
fabricated from commercially available bulk TMD 
crystals (6Carbon Technology, Shenzhen, China)1 by 
mechanical exfoliation onto a Si/SiO2  substrate. The 
initial samples were a series of MoS2xSe2(x–1) with 
different chalcogen concentrations. The parameter x in 
the series varied from 0 to 1 with a step of 0.1–0.2. The 
presence of interference effects allowed the thickness of 
the created two-dimensional crystallites to be estimated 
using optical confocal microscopy [17].

An experimental study of the photoluminescent 
characteristics of the created two-dimensional solid 
solutions of semiconductors was carried out using 
photoluminescent microscopy-spectroscopy. A solid-
state laser having a wavelength of 532 nm was used as 
a laser pump source. Next, the radiation was focused by 
an objective on the sample fixed on the scanning stage. 
The power density of the optical pump radiation was 
approximately 15 mW/μm2. A photomultiplier coupled 
to an optical monochromator was used for detecting 
optical radiation.

RESULTS AND DISCUSSION

The band structures of two-dimensional  
MoxW1−xS2ySe2(1−y) alloys were calculated in several 
stages. First, the two-component TMDs—MoS2, 
WS2, MoSe2, and WSe2—were calculated using the 
corresponding unit cells. After that, the obtained 
results were compared with the calculations carried 

1   URL: http://www.6carbon.com/index-en.php. Accessed 
August 3, 2021.

out earlier using a similar method. At the second stage, 
three-component TMDs MoxW1−xS2, MoxW1−xSe2, 
MoS2ySe2(1−y), and WS2ySe2(1−y) of various morphological 
compositions were calculated. At the final stage, the four-
component TMDs MoxW1−xS2ySe2(1−y) were calculated 
and a general graph of the dependence of the band gap 
on the morphological composition of the structures 
under study was constructed.

The band structures of two-dimensional MoS2, 
MoSe2, WS2, and WSe2 calculated at the first stage are 
shown in Fig. 2.

In all calculated structures, a direct-gap transition is 
observed at the K point of the Brillouin zone. The band 
gap Eg, the unit cell parameter a obtained in the course 
of calculations, and the results obtained using a similar 
technique [18] are shown in Table.

Table. Theoretical results for two-component TMDs

TMD atheor, Å a, Å [18] Eg theor, eV Eg, eV [18]

MoS2 3.18 3.18 1.69 1.68

MoSe2 3.32 3.32 1.44 1.45

WS2 3.19 3.18 1.79 1.82

WSe2 3.33 3.32 1.55 1.55

The calculation of three-component TMD alloys 
was carried out for two cases, the first when the 
concentration of transition metal atoms changes and 
the second at an altered concentration of chalcogen 
atoms. Figure 3  shows the dependences of the 
band gap Eg and the supercell parameter a for two-
dimensional MoxW1−xS2  and MoxW1−xSe2  alloys on 
changes in the concentration of transition metals in 
their composition.

Both cases are characterised by a decrease in the 
band gap with the predominance of Mo. The MoxW1−xS2  
alloys are also characterized by a larger band gap than 
MoxW1−xSe2  by 0.3  eV on average. The supercell 
parameter varies insignificantly (within a few hundredths 
of Å) and is on average 6.36 Å and 6.64 Å for MoxW1−xS2  
and MoxW1−xSe2, respectively.

Similar calculation results for the dependences 
MoS2ySe2(1−y) and WS2ySe2(1−y) having different 
chalcogen ratios are shown in Fig. 4.

For both alloys, an increase in the concentration of S 
in the composition leads to an increased the band gap; 
in this case, the supercell parameter decreases with the 
predominance of S in the composition (by about 0.3 Å 
when going from Se to S).

To experimentally verify the theoretical results, the 
luminescence spectra of two-dimensional TMD alloys 
created by mechanical exfoliation were obtained. The 
obtained luminescence spectra are shown in Fig.  5a. 
It can be seen that all spectra have a characteristic 
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Fig. 2. Calculated band structures of (a) MoSe2, (b) WSe2, (c) MoS2, and (d) WSe2.  
G, K, and M are the characteristic points of the Brillouin zone
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Fig. 3. Dependence of the band gap (circle) and the supercell parameter (square) on the ratio of transition metals  
for MoxW1−xS2 and MoxW1−xSe2, where x is the relative concentration of Mo atoms in the composition
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Fig. 4. Dependence of the band gap (circle) and the supercell parameter (square) on the ratio of chalcogens  
for MoS2ySe2(1−y) and WS2ySe2(1−y), where y is the relative concentration of S atoms in the composition
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maximum in the range from 1.55  to 1.85  eV. The 
positions of the maxima for each of the studied 
compositions are plotted together with the obtained 
theoretical results of the band gap in Fig. 5b. It can be 
seen from the presented results that the theoretical and 
experimental values at all TMD concentrations differ by 
a fixed value of approximately 0.2 eV. This is because 
DFT systematically underestimates the band gap; as a 
result, the data obtained by calculations are somewhat 
smaller than the experimental data [19].

The last step was the calculation of four-component 
MoxW1–xS2ySe2(1–y) alloys of various compositions. The 
band gap values were determined from the obtained band 
structures. An example of the calculated band structure 
for the Mo0.25W0.75S0.5Se1.5 alloy is shown in Fig. 6.

As in two-component alloys, a direct-gap 
transition is observed in all calculated four-component 
MoxW1−xS2ySe2(1−y) alloys at the K point of the 
Brillouin zone. Figure 7  shows the dependence of the 
band gap on the morphological composition of alloys of 
MoxW1−xS2ySe2(1−y) for x, y ∈ 0–1.

The results show that in two-dimensional  
MoxW1−xS2ySe2(1−y) alloys of various morphological 
compositions, the band gap can be varied within the range 
of 1.83 eV to 1.43 eV. In this case, the minimum values 
of the band gap have similar morphological composition 
structures to the MoSe2 monolayer, while the maximum 
values are similar to those of the WS2 monolayer.

CONCLUSIONS

In this work, a theoretical calculation of the band 
structure of monolayer MoxW1−xS2ySe2(1−y) alloys was 
carried out. It was determined that all the calculated 
structures are direct-gap semiconductors with a transition 
to the K point of the Brillouin zone. It is shown that the 

Fig. 5. (a) Luminescence spectra of alloys of two-dimensional TPM crystallites of MoS2xSe2(x−1);  
(b) comparison of the theoretically calculated band gap of MoS2xSe2(x−1) and the position of the maximum of their 

luminescence peak. X is the х value for MoS2xSe2(x−1)
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Fig. 6. Calculated band structure of the 
Mo0.25W0.75S0.5Se1.5 alloy
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supercell parameter depends weakly on the change in 
the concentration of transition metals (Mo and W) but 
is determined to a greater extent by the concentration 
of chalcogens (i.e., it decreases when going from Se 
to S). In two-dimensional MoxW1−xS2ySe2(1−y) alloys, 
it is possible to obtain structures having a band gap 
ranging from 1.43 eV (for alloys with the compositions 
close to that of MoSe2) to 1.83  eV (for alloys with 
the compositions close to WS2). A comparison of the 
theoretical results with the experimental data showed a 
qualitative agreement of the dependences. In this case, it 
is important to take into account that DFT systematically 
underestimates the band gap by approximately 0.2 eV. 
Further improvement of the obtained results implies 
an increase in the dimension of the supercell, making 

it possible to obtain band gap values for a larger set of 
MoxW1−xS2ySe2(1−y) structures of various morphological 
compositions.
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Abstract
Objectives. A topical task in the design of magnetoelectric (ME) devices based on composite ferromagnetic–piezoelectric 
heterostructures involves reducing their dimensions to increase their operating frequencies and optimize their integration 
in modern electronics. The study set out to investigate the influence of in-plane dimensions on the characteristics of ME 
effects in stripe and periodic nickel–lead zirconate titanate heterostructures manufactured via electrolytic deposition.
Methods. Lead zirconate titanate disks with Ag-electrodes were used for manufacturing the ME heterostructures; 
Ni was deposited on one Ag-electrode only.
Results. While a reduction in stripe size leads to an increase in the frequency of the resonant ME effect, it is followed 
by a decrease in ME conversion efficiency. The ME coefficient for the periodic heterostructures is about ~1 V/(Oe∙cm). 
By increasing the angle between the magnetic field H and the Ni-stripe axis from 0° to 90°, a 2.5-fold increase in the 
optimal field Hm and a 4-fold drop in the maximum amplitude of ME voltage umax(Hm) was achieved.
Conclusions. In periodic heterostructures, the frequency of the resonant ME effect is determined by the substrate’s 
size, while ME conversion efficiency depends on the width of the Ni stripes and the distance between them. The 
observed anisotropy of the ME effects in the investigated heterostructures is explained in terms of demagnetization 
effects. In the future, the anisotropic ME effect in the periodic heterostructures could be used to develop magnetic 
field sensors that are sensitive to field orientation. 
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НАУЧНАЯ СТАТЬЯ

Магнитоэлектрический эффект в двухслойных 
полосковых и периодических гетероструктурах 

никель – цирконат-титанат свинца

Ф.А. Федулов @, 
Д.В. Савельев, 
Д.В. Чашин, 
В.И. Шишкин, 
Ю.К. Фетисов

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: ostsilograf@ya.ru 

Резюме
Цели. Актуальной задачей при создании магнитоэлектрических (МЭ) устройств на основе композитных  
гетероструктур ферромагнетик-пьезоэлектрик является уменьшение их размеров, что позволит повысить 
рабочие частоты устройств и интегрировать их в современную электронику. Цель работы – исследование 
влияния размеров на характеристики МЭ эффектов в полосковых и периодических гетероструктурах никель – 
цирконат-титанат свинца, изготовленных методом электролитического осаждения.
Методы. Для изготовления образцов использовали диски цирконата-титаната свинца с Ag-электродами. На 
одну поверхность диска электролитически наносили слой Ni. Исследовали резонансную частоту МЭ эффек-
та, коэффициент МЭ преобразования на этой частоте и величину оптимального магнитного поля смещения 
для полученных образцов.
Результаты. Показано, что уменьшение размера в плоскости полосковых структур до ~1 мм приводит к росту 
частоты резонансного МЭ эффекта до ~1 МГц и одновременно к снижению эффективности МЭ преобразо-
вания. МЭ коэффициент для периодических гетероструктур с шириной Ni-полосок ~100 мкм и расстоянием 
между ними 20–100 мкм составляет ~1 В/(Э · см). Показано, что при увеличении угла φ между направлением 
постоянного поля H и осью Ni-полосок от 0° до 90° величина оптимального поля Hm возрастает в ~2.5 раза, 
а максимальная амплитуда напряжения umax(Hm) падает в 4 раза. 
Выводы. В периодических структурах частота резонансного МЭ эффекта определяется размером подложки 
и может составлять единицы кГц, а эффективность преобразования полей зависит от ширины Ni-полосок и 
расстояния между ними. Обнаружена и объяснена анизотропия характеристик МЭ эффектов в исследован-
ных гетероструктурах, возникающая из-за эффектов размагничивания. Анизотропия МЭ эффекта в перио-
дических гетероструктурах может быть использована для создания датчиков постоянных магнитных полей, 
чувствительных к ориентации поля.

Ключевые слова: магнитоэлектрический эффект, магнитострикция, пьезоэлектрический эффект, ани-
зотропия, датчик магнитного поля
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INTRODUCTION

In recent years, much research attention has been 
attracted to the study of magnetoelectric (ME) effects 
in composite heterostructures containing ferromagnetic 
(FM) and piezoelectric (PE) layers due to the possibility 
of developing valuable devices based on these 
structures. Prototypes of highly sensitive ME sensors for 
determining constant and variable magnetic fields can 
be used in electrically controlled devices for processing 
radio signals, as well as in autonomous electrical energy 
sources [1–3]. It has been shown that ME effects arising 
in FM–PE structures due to mechanical coupling 
between the FM (magnetostriction) and PE (layers 
piezoelectricity) [4] are manifested in the generation of 
an alternating electrical voltage u by the structure under 
the action of an alternating magnetic field h (direct 
effect) or a change in the magnetization of the structure 
m under the action of an alternating electric field e 
(reverse effect). It has been shown that the efficiency 
of the ME field conversion increases by ~2  orders of 
magnitude when the frequency of the exciting field 
coincides with the acoustic resonance frequency of 
the structure [5]. At present, the main challenge lies in 
miniaturizing the ME elements to increase the operating 
frequencies of devices and integrate them into modern 
electronics and microsystems technologies. In addition, 
it is necessary to study the interaction of ME elements 
as part of spatially distributed structures for measuring 
magnetic fields in biology and medicine [6]. It has 
been experimentally shown that a decrease in the size 
of FM–PE heterostructures in the plane to ~0.5–1.0 cm 
leads to an increase in the acoustic resonance frequency 
of the structure f0 and a decrease in the amplitude of the 
generated ME voltage u(f0) at this frequency [7].

In addition, the increased optimal bias magnetic 
field Hm arising due to demagnetization effects must be 
applied to the structure [8]. When using heterostructures 
having the form of long stripes, shape anisotropy 
becomes strong [9], which can be used to develop sensors 
for determining constant magnetic fields taking field 
direction into account [10]. To the best of the present 
authors’ knowledge, no studies of the characteristics of 
ME effects in periodic structures containing a set of ME 
elements have been carried out to date.

The purpose of this work was to study the 
characteristics of ME effects in stripe and periodic 
heterostructures with an FM layer of nickel (Ni) and 
a PE layer of piezoceramic lead zirconate titanate 
(PZT) of millimeter and submillimeter dimensions 
in the plane. The choice of materials stems from the 
possibility of using electrodeposition technology to 
deposit thick layers of Ni to provide a sufficiently high 
magnetostriction in low magnetic fields. The first part 
of the work describes a method for fabricating Ni–PZT 

heterostructures in the form of separate stripes and a 
method for fabricating periodic structures in the form of 
a grating of Ni stripes on the surface of a PZT substrate, 
as well as measurement techniques. The second part 
presents the results of experimental studies of the ME 
characteristics of individual Ni–PZT stripes with linear 
dimensions of ~1–15 mm. In the third part of the work, 
the ME characteristics of Ni–PZT heterostructures with 
Ni-gratings with periods of 0.12–0.20 mm are described, 
including frequency, field, and amplitude dependences. 
According to the developed theory, the occurrence of a 
strong anisotropy is explained in terms of the ME effect 
in periodic structures taking into account the magnetic 
interaction between individual grating stripes. On the 
basis of the main conclusions, recommendations for 
future research are formulated.

MATERIALS AND METHODS

In order to experimentally study the influence 
of the linear dimensions of the ME structure on the 
characteristics of the direct resonant ME effect, 
structures of two types were fabricated. The first type 
consisted of two-layer composite heterostructures 
with layers of piezoelectric ceramics of lead zirconate  
titanate PbZr0.52Ti0.48O3  (PZT) and Ni, whose 
schematic view and photographs are shown in Figs. 1a 
and 1b, respectively. Piezoceramic PZT was selected 
due to being a widely-available, isotropic and easily 
machined material. The ceramic piezoelectric modulus 
was d31  ≈  175  pC/m, and the permittivity ε  ≈  1700. 
Ferromagnetic Ni layers have a high magnetostriction 
λS  =  −30  ∙  10−6  and saturate in low magnetic fields 
HS  ≈  1  kOe. The samples were fabricated using 
commercially available PZT disks of 25 mm in diameter 
and ap  =  200  µm thick with Ag electrodes of ~2-µm 
thick (Elpa Research Institute, Moscow, Russia). A layer 
of Ni with a thickness of am ≈ 10 μm was deposited on 
one surface of the disk by electrolytic deposition from 
an aqueous solution of NiCl2 and NiSO4 salts [11]. At 
a current density of 1 A/cm2, the Ni deposition rate was 
1 μm/min. Stripes 1 mm wide were cut from the central 
part of the disk. Then structures with lengths L = 1.2, 
2, 4, 6, 8, 10, 15, and 23 mm were fabricated from the 
stripes. By using the electrolytic deposition method, 
it was possible to fabricate monolithic structures with  
in-plane isotropic properties and good mechanical 
bonding between the layers.

ME structures of the second type comprised gratings 
of parallel Ni stripes deposited on the surface of a PZT 
substrate. The same disks of 25  mm in diameter and 
ap  =  200  μm thick with 2-μm thick Ag electrodes on 
the surfaces were used as the PZT substrate. A grating 
of Ni stripes was fabricated by the following method. 
First, both electrodes of the PZT disk were coated with 
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a layer of positive photoresist CRC Kontakt Chemie 
Positiv 20/200 (Belgium) having a thickness of ~2 μm. 
One of the surfaces was exposed through a 16 × 16 mm 
photomask in the form of parallel stripes to ultraviolet 
radiation for 60  s. Then, the exposed areas of the 
photoresist were removed with an aqueous solution 
of sodium hydroxide having a concentration of 6  g/L. 
After that, a Ni layer with a thickness of am ≈ 10 μm was 
electrolytically deposited on the free sections of the Ag 
electrode. The cross section of the fabricated samples 
is shown schematically in Fig. 1c, while in Fig. 1d the 
visual appearance of one of the samples is depicted. 
This method was used to fabricate several structures 
with a grating of Ni stripes w = 100 µm wide and having 
a distance between stripes T  =  20, 50, and 100  µm, 
respectively. For comparison, one of the surfaces of a 
sample was covered with a continuous layer (T = 0) of 
Ni having a thickness of am  ≈  10  μm. The saturation 
magnetization of Ni measured on this sample was 
MS = 5900 G; the saturation magnetostriction reached 
λS = −30 ∙ 10−6 in the saturation field HS ≈ 1 kOe.

The block diagram of the setup for studying ME 
effects is shown in Fig.  1e. The samples were placed 
between Helmholtz coils with a radius of 15  cm 
connected to an Agilent 33210A generator (Agilent 
Technologies, USA). The coils generated an alternating 
exciting magnetic field hcos(2πft) with a frequency f 
from 1 kHz to 2 MHz and an amplitude up to h = 4 Oe. 
A  constant magnetic field H  =  0–2  kOe was created 
using an electromagnet having a pole diameter of 50 mm 
connected to a TDK GENH600-1.3  power supply unit 
(TDK-Lambda Corporation, Germany). The H field was 
measured with a Lake Shore 421 Teslameter (Lake Shore 
Cryotronics, Westville, Ohio, USA). The fields h and H 
were applied in the plane of the structure and parallel to 
each other. In studying the anisotropy of the ME effect, the 
heterostructure with the Ni grating was rotated around the 
vertical axis by changing the angle φ between the fields 
and the axis of the Ni stripes. The voltage u, generated due  

to the ME effect between the electrodes of the PZT disk, 
was measured using an AKIP 2401 voltmeter having an 
input impedance of 10 MΩ. The dependences of the ME 
voltage on the excitation field frequency f and the bias 
field strength H were recorded for different orientations 
of the structure (angle  φ). The setup was operated in 
automatic mode under the control of a specialized program 
in the LabVIEW environment1. The magnetostriction 
of the FM  layer of the structure was measured using a 
strain gauge glued to the surface of the Ni film; the 
magnetization curves of the Ni film were measured using 
a Lake Shore 7407 vibrating magnetometer (Lake Shore 
Cryotronics, Westville, Ohio, USA).

MAGNETOELECTRIC EFFECT  
IN Ni–PZT STRIPES

At the first stage, the linear ME effect was studied 
in two-layer Ni–PZT heterostructures taking the form 
of stripes of different lengths L. Figure 2  shows the 
measured dependences of the ME voltage amplitude u 
on the frequency f of the exciting magnetic field with 
an amplitude h = 1.3 Oe for structures of different L. 
For each sample, the measurements were carried out in 
the optimal constant field Hm directed along the stripe 
axis at which the ME conversion is most efficient. 
As L decreases from 23  to 1.2  mm, the resonant 
frequency f0  increases from 68.7  to 1380  kHz, while 
the signal amplitude at the resonant frequency drops by 
~12 times. The quality factor of the resonances Q = f0/Δf  
(where Δf is the bandwidth at a level of 0.7) was 
Q  ≈  100  for structures with L  =  4–23  mm and then 
dropped to Q ≈ 67 and Q ≈ 150 as L decreased to 2.0 and 
1.2 mm, respectively. Figure 2b shows the dependence 

1  The environment for creating applications for the 
collection, processing, and visualization of information received 
from instruments, laboratory facilities, process control and 
devices, was developed by National Instruments, USA. https://
www.ni.com. Accessed November 22, 2021.
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φ
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Fig. 1. View and schematics of researched composite Ni–PZT heterostructures (a)–(d)  
and block-diagram of the setup for measurements (e)
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of the resonant frequency f0 and the ME voltage at a 
given frequency u0  on the length of the structure L. 
For a sample with a length L = 1.2 mm, the resonant 
frequency f0 = 1380 kHz is almost 5 times higher than 
for a structure with a length of 5 mm described in [12]. 
The amplitude of the ME voltage, which remained 
constant at u0  ≈  230  mV for structures with a length 
L = 25–10 mm, then dropped approximately linearly to 
u0 ≈ 19 mV as L decreased to 1.2 mm.

Figure 3 shows the dependences of the ME voltage 
u0 on the constant magnetic field H for Ni–PZT stripes 
of different lengths L. The shape of the dependences is 
typical for the linear ME effect: initially, u0  increases 
linearly with increasing H, subsequently reaching a 
maximum at Hm, which is different for each sample, then 
smoothly dropping to zero when the FM layer becomes 
saturated. As the stripe length decreases, the field Hm 
shifts to higher fields, while the voltage amplitude 
u0 drops by a factor of ~12 at Hm.
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Fig. 3. Dependences of the ME voltage u0  
on the constant magnetic field H at h = 1.3 Oe  

for structures of various lengths L. The field Hm  
is only shown for a 15 mm long stripe

The most important characteristics of the ME effect in 
heterostructures are the resonant frequency f0, the ME 
conversion coefficient at this frequency αE = u(f0)/(aph), 
and the magnitude of the optimal bias magnetic field Hm. 
The resonance frequency for the structures under study 
can be estimated from the formula for the frequency of the 
fundamental mode of acoustic oscillations of a free rod 
f L Y0 1 2= ( / ) / ρ  [13]. The effective values of Young’s 

modulus Y and density ρ for a Ni–PZT structure with two 
Ag-electrodes are obtained as Y  =  ∑Ykak/∑ak and 
ρ = ∑ρkak/∑ak, where Yk, ρk, and ak are Young’s modulus, 
density, and thickness of the corresponding structure layer, 
respectively. Substituting the values of the layer parameters 
into the formula (Ym = 21.5 ∙ 1010 N/m2, Yp = 7 ∙ 1010 N/m2,  
YAg = 7.9 ∙ 1010 N/m2; ρm = 8.9 ∙ 103 kg/m3, ρp = 7.7 ∙ 103 kg/m3,  
ρAg  =  10.5  ∙  103  kg/m3; am  =  10  μm, ap  =  200  μm, 
aAg = 2 μm), we obtain the dependence of the resonance 
frequency on the sample length f0 = 1570/L kHz, where L is 
given in millimeters. The calculated dependence shown in 
Fig. 2b by a solid line satisfactorily describes the 
measurement data. We note that the frequency f0 changed 
slightly (<1%) when the magnetic field H was tuned due to 
a change in the Young’s modulus of the FM layer of the 
structure [14]. The maximum value of the ME coefficient 
for Ni–PZT stripes 15 mm long was αE ≈ 8.8 V/(Oe∙cm). 
The observed increase in the optimal field Hm from ~120 
to  ~180  Oe along with a decrease in the length of the 
heterostructure from 15  to 1.2  mm is explained by the 
demagnetization effect [2]. The drop in the amplitude of 
the ME voltage with decreasing length L (and increasing 
frequency f0) of the structure is mainly due to an increase 
in losses in the PZT layer caused by an increase in the 
resonance frequency. A decrease in the acoustic quality 
factor Q and the piezoelectric modulus d31  of the PZT 
layer with an increase in the resonance frequency can also 
lead to a voltage drop.
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Fig. 2. (a) Dependences of the ME voltage amplitude u on the frequency f of the exciting magnetic field  
at a field amplitude h = 1.3 Oe for Ni–PZT stripes of different lengths L. The inset schematically shows the method  

of fixing the specimens; (b) Dependences of the resonant frequency f0 and voltage u0 generated at the frequency f0  
on the length of the Ni–PZT stripe L. The points are the experimental data, the solid line is the calculation by formula (1), 

the dashed line is the approximation
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MAGNETOELECTRIC EFFECT  
IN PERIODIC Ni–PZT HETEROSTRUCTURES

At the second stage, the characteristics of the ME 
effect in periodic heterostructures with Ni-gratings were 
studied. As an example, Fig. 4  shows the dependences 
of the ME voltage u on the frequency f of the exciting 
field for structures in which the distance between the Ni 
stripes T = 20 μm and T = 100 μm for a field h = 1 Oe and 
a constant field H = 90 Oe is directed along the Ni stripes. 
The resonance peak near the frequency f0 ≈ 2.74 kHz with 
a quality factor Q ≈ 150 at a level of 0.7 corresponds, 
as shown below, to the excitation of the lowest bending 
vibration modes of the structure. It can be seen that the 
amplitude of the peak u0 decreases by several times, while 
the frequency f0 increases slightly with greater distance 
between the Ni stripes. The value of the ME coefficient 
for a periodic structure with T = 20 μm at the resonance 
frequency was αE ≈ 1.0 V/(Oe∙cm), i.e., was of the same 
order as in structures with a continuous Ni layer [11].

Figure 5  demonstrates the transformation of the 
dependence u0(H) upon rotation of the direction of the 
field H in the plane of the structure for a structure with 
T = 100 μm. As the angle φ between the field H and the 
axis of the Ni stripes increases from zero to 90°, the value 
of Hm can be seen to increase from ~70 to ~230 Oe, while 
the maximum voltage amplitude umax(Hm) decreases 
monotonically from ~8 to ~ 2 mV.
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Fig. 4. Dependence of the ME voltage u on the frequency f 
of the exciting field for periodic Ni–PZT heterostructures 

with a distance between Ni stripes of 20 and 100 µm 
at a field H = 90 Oe directed along the Ni stripes

The angular dependences of the ME voltage u 
for the structure with T = 100 μm shown in Fig. 6 are 
constructed using data similar to those shown in Fig. 5. 
The curve demonstrates a strong anisotropy of the 
linear ME effect in the structure. Here the ME voltage 
can be seen to reach a maximum when the structure is 
magnetized along the Ni stripes (at φ = 0°) and drop by 
a factor of ~4  when magnetized across the stripes (at 
φ = 90°).

8

6

4

2

0

1

2

3
4

0	 Hm	 200	 400	 600
H, Oe

u 0,
 m

V

Fig. 5. Dependence of the voltage u0 on the field H  
for a periodic Ni–PZT structure with T = 100 μm  

for different orientations of the field H:  
1: φ = 0°, 2: φ = 30°, 3: φ = 60°, 4: φ = 90°

0°
30°

60°

90°

120°

150°
180°

210°

240°

300°

330°
8

4

0

4

8

u 0,
 m

V

Fig. 6. Dependence of the voltage u0 
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Points—experiment, solid line—calculation

In order to clarify the nature of the resonance 
peak shown in Fig. 4, the spatial structure of the 
Ni–PZT vibrational mode of the disk was visualized 
using the Chladni method. For this purpose, a thin 
layer of TiO2 powder with a particle size of ~2–3 μm 
was poured onto the surface of a Ni–PZT disk excited 
at a resonance frequency f0  ≈  2.74  kHz. The powder 
collected near the line of zero vertical displacement has 
the shape of a distorted circle as seen in Fig. 7a. The 
distribution of deformations of the disk flexural mode 
was also calculated using the COMSOL Multiphysics2 
software (COMSOL Group, Sweden). Figure 7b shows 
that the main oscillation mode has one nodal circle. The 
calculated frequency of this mode, fcal = 2.24 kHz, agrees 
satisfactorily with the measured frequency of 2.74 kHz. 
The difference between the calculated and measured 
frequencies and the difference between the shape of the 
nodal diameter and the circle can be associated with the 
influence of the disk mounting location.

2   The software for modeling constructions, devices, and 
processes in engineering, production, and scientific applications.
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DISCUSSION OF RESULTS

To explain the characteristics of ME effects in 
stripes and periodic Ni–PZT heterostructures, we use 
the theory of the low-frequency linear ME effect in 
planar FM–PE structures [15]. The magnitude of the 
ME voltage generated by the structure at the resonance 
frequency is described by the simplified formula

	 u H AQ
d

h( ) ,
( )

≈ 31
1λ

ε
� (1)

where A is a constant coefficient depending only on the 
dimensions and mechanical parameters of the layers; Q 
is the quality factor of acoustic resonance; d31 and ε are 
the piezoelectric modulus and permittivity of the PE 
layer; λ λ( ) ( ) /1 H H H= ∂ ∂  is the piezomagnetic 
coefficient; λ(H) is the field dependence of the 
magnetostriction of the FM layer; h is the amplitude of 
the exciting magnetic field. At the resonance frequency, 
the voltage amplitude increases by a factor of Q. It was 
observed in the experiment. The shape of the dependence 
u0(H) for the linear ME effect (see Fig. 3 and Fig. 5) is 
explained by the field dependence of the piezomagnetic 
coefficient λ(1)(H). The voltage reaches a maximum at 
the optimal field Hm corresponding to the maximum λ(1), 
and then drops due to a decrease in the piezomagnetic 
coefficient as the FM layer is saturated. The amplitude 
of the generated voltage u0  increases linearly with the 
field h. 

The anisotropy of the characteristics of the linear 
ME effect in the described structures arises due to 
demagnetization effects. Let us first consider the effect 
of demagnetization on the ME effect in one Ni stripe. It 

is known that in an FM sample of an ellipsoidal shape, 
the magnetic field inside the ferromagnetic Hin is related 
to the external field H by the relation [16]

	 Hin = H – NM(Hin), � (2)

where N is the demagnetizing factor along the main 
axis of the ellipsoid; M is the magnetization of the 
ferromagnet.

For Ni, the relation M = χHin ≈ µHin is valid since 
the magnetic permeability µ = χ + 1 and the magnetic 
susceptibility χ are much greater than unity.

Then from (2) we obtain the relation

	 H H
Nin ≈

+1 µ
, � (3)

that is, due to demagnetization, the field Hin inside the 
ferromagnet decreases by a factor of 1 + Nμ.

For a rectangular Ni stripe of ~20-mm long, 100-µm 
wide, and 10-µm thick, the calculation [17] gives 
demagnetizing factors N1 ≈ 0.000002 and N2 ≈ 0.67 when 
the field H is oriented in the plane along and across the 
stripe axis, respectively. Let us decompose the field H 
into two components H1 = Hcosφ, parallel to the stripe 
axis, and H2 = Hsinφ, perpendicular to the stripe axis. 
Relation (3) is applicable for each component separately.

The total field inside the stripe H H Hin in1 in2= +2 2 .  
In this case, when the FM stripe is tangentially 
magnetized at an angle φ to its axis, the field inside the 
stripe can be found as

	 H H H
N Nin ( , ) cos

( )
sin

( )
.ϕ ϕ

µ
ϕ
µ

=
+

+
+

2
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2
21 1

 � (4)
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Fig. 7. (a) Chladni figure for the Ni–PZT oscillation mode of the disk at the resonance frequency;  
(b) Ni–PZT disk flexural mode deformation distribution calculated in COMSOL Multiphysics
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Differentiating (4) with respect to the magnetic field, 
we find the dependence of the piezomagnetic coefficient 
λ(1)(H, φ) on the magnitude of the field H and the angle 
φ specifying the orientation of the field with respect to 
the axis of the Ni stripes of the structure. It should also 
be taken into account that the value of the excitation 
field hin inside the FM layer is similarly affected by 
demagnetization. Calculations have shown that with an 
increase in the angle φ, the optimal bias magnetic field 
Hm increases, while the magnitude of the ME voltage 
generated in this case u0(Hm) decreases; this is in 
agreement with the measurement data shown in Fig. 5. 
The angular dependence of the ME voltage amplitude 
u0(φ) calculated by the described method using 
expressions (1) and (4), the values of the parameters 
corresponding to the experiment, as well as the fitting 
coefficient A1 = 4.8 ∙ 1015 V2/m, are shown by the solid 
line in Fig. 6. It can be seen that the proposed theory 
describes the results of the experiment well. Thus, by 
comparing the experimental data with the results of 
calculations taking into account the demagnetization 
in a single Ni stripe we conclude that the anisotropy 
of the linear ME effect can be qualitatively described 
in a periodic Ni–PZT heterostructure. Moreover, 
the magnitude of the anisotropy of the ME effect in 
structures with a grating-like Ni layer also depends on 
the distance between adjacent stripes. It was shown 
in [18–20] that the dipole–dipole interaction between 
neighboring FM stripes leads to a weakening of the 
demagnetization followed by an increase in the internal 
field in a ferromagnetic material.

To illustrate this point, a finite element simulation 
was carried out in the COMSOL Multiphysics software. 
The calculations were performed for a grating with 
dimensions in a plane of 16 × 16 mm, consisting of Ni 
stripes with a width W = 100 μm, a length L = 16 mm, 
and a thickness am = 10 μm. The distance between the 

stripes was changed from T = 0.5 µm to T = 100 µm. The 
magnitude of the external magnetic field and the relative 
magnetic permeability Ni were taken to be H = 90 Oe 
and µ = 350, respectively. The internal magnetic field Hin 
was calculated in the middle of the central Ni stripe of 
the grating. Figure 8 shows the calculated dependence of 
the field Hin on the distance T between the stripes when 
the grating is magnetized perpendicular to the stripe axis 
(curve 1).

At large distances T >> am, when each Ni stripe can 
be considered as isolated from the others, the field inside 
the central stripe is Hin  ≈  H/(1  + µN2)  ≈  0.4  Oe, i.e., 
the external field is weakened due to demagnetization. 
Figure 8 shows that the dipole–dipole interaction begins 
to manifest itself at T ~ am  =  10  μm. As T decreases 
to zero (i.e., upon transition to a continuous Ni layer), 
the internal field becomes equal to Hin ≈ H/(1 + µN3) ≈  
≈ 79 Oe, where N3 ≈ 0.0004 is the demagnetizing factor 
for a continuous Ni layer with in-plane dimensions of 
16 × 16 mm and a thickness of 10 µm [17]. When the 
structure is magnetized along the Ni stripes (curve 2 
in Fig. 8), the internal field decreases insignificantly, 
from Hin ≈ H/(1 + µN1) ≈ 89.6 Oe (isolated Ni stripe) 
to Hin  ≈  H/(1  + µN3)  ≈  79  Oe (solid Ni layer). Since 
the amplitude of the ME voltage depends on the internal 
field in the FM layer, a decrease in the distance between 
the Ni stripes leads to a decrease in the anisotropy of the 
linear ME effect. Thus, by changing the distance between 
the FM stripes in the grating, it is possible to control 
the magnitude of the internal field in the stripes, and, 
consequently, the anisotropy of the ME effect in periodic 
heterostructures. The described anisotropic ME effect in 
periodic heterostructures containing an FM layer in the 
form of a grating can be used to create magnetometers 
sensitive to the magnetic field orientation [21, 22].

CONCLUSIONS

It has been shown that the frequency of the resonant 
ME effect and the ME conversion coefficient in stripes 
based on Ni–PZT heterostructures are determined by the 
dimensions of the stripe in the plane. As the stripe length 
decreases from 23  to ~1  mm, the resonance frequency 
increases to ~1.4  MHz, while the ME conversion 
coefficient drops from αE  ≈  8.8  V/(Oe∙cm) to almost 
zero. In periodic heterostructures taking the form of a 
grating of Ni stripes on the surface of a PZT substrate, 
the frequency of the resonant ME effect is determined 
by the dimensions of the substrate in the plane, while 
the ME conversion coefficient depends on the width of 
the Ni stripes and the distance between the stripes. The 
ME coefficient for periodic heterostructures with a Ni 
stripe width of ~100 µm and a distance between them of 
20–100 µm is ~1 V/(Oe∙cm). Thus, in order to explain the 
anisotropy of the ME effect, it is necessary to change the 
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theory to take into account the effects of demagnetization 
when the orientation of the constant bias field relative to 
the stripe axis. The anisotropy of the ME effect in periodic 
heterostructures can be used to create sensors for constant 
magnetic fields that are sensitive to field orientation.
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Polarization analysis of THz radiation  
using a wire grid polarizer and ZnTe crystal

Farkhad A. Zainullin @, Dinar I. Khusyainov, Marina V. Kozintseva,  
Arseniy M. Buryakov

MIREA – Russian Technological University, Moscow, 119454 Russia
@ Corresponding author, e-mail: madflyzero@gmail.com

Abstract
Objectives. Terahertz time domain spectroscopy (THz-TDS) is currently a promising research method in 
pharmacology and medicine due to the high sensitivity of terahertz radiation to the chemical composition and 
molecular structure of organic compounds. However, due to the chirality of many biomolecules, their analysis is 
performed by THz irradiation with circular dichroism. In particular, circular dichroism of THz radiation allows the study 
of “soft” vibrational movements of biomolecules with different chiralities. Therefore, when studying such biological 
materials, accurate control of THz radiation parameters is essential. The paper describes a method for characterizing 
THz radiation polarization on the example of a black phosphorus source material. 
Methods. The analysis of polarization parameters of THz radiation experimentally obtained by THz-TDS and using 
terahertz polarizers was performed by mathematical modeling of the interaction between THz radiation and a ZnTe 
crystal as a detector.
Results. Two schemes of terahertz spectroscopy with the ZnTe crystal as the detector were discussed in detail. The 
polarization parameters were determined using one or two wire-grid THz polarizers. An expression for approximating 
the dependences of the peak-to-peak amplitude of THz radiation on the rotation angle of the wire-grid THz polarizer 
for these cases was derived. The impact of the terahertz electric field intensity value on the shape of polarization 
dependences was considered. The rotation angle of the polarization ellipse of THz radiation emitted by the surface 
of a bulk-layered black phosphorus crystal illuminated by femtosecond laser pulses was determined.
Conclusions. The amplitude of the THz radiation electric field intensity begins to impact the shape of polarization 
dependences when its value becomes comparable to or exceeds 40 kV/cm.

Keywords: time-resolved terahertz spectroscopy, ellipticity, polarization, electrooptic crystal, electrooptic sampling
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НАУЧНАЯ СТАТЬЯ

Анализ поляризации ТГц-излучения с помощью 
решетчатого поляризатора и кристалла ZnTe

Ф.А. Зайнуллин @, Д.И. Хусяинов, М.В. Козинцева, А.М. Буряков

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: madflyzero@gmail.com

Резюме
Цели. Химический состав и молекулярная структура органических соединений обладают высокой чувстви-
тельностью к терагерцовому излучению. Поэтому терагерцовая спектроскопия во временно́й области в на-
стоящее время является перспективным методом исследования в области фармакологии и медицины. Од-
нако из-за того, что многие биомолекулы обладают хиральностью, их анализ проводится путем облучения 
ТГц-излучением с круговым дихроизмом. В частности, круговой дихроизм ТГц-излучения позволяет иссле-
довать «мягкие» колебательные движения биомолекул с различной закрученностью. Точный контроль пара-
метров этого излучения очень важен при исследовании биологических материалов. Цель работы – описать 
метод, позволяющий охарактеризовать поляризацию ТГц-излучения на примере использования черного 
фосфора в качестве источника. 
Методы. Анализ параметров поляризации ТГц-излучения, экспериментально полученных методом спектро-
скопии временно́го разрешения, а также с использованием терагерцовых поляризаторов, проводился путем 
математического моделирования взаимодействия ТГц-излучения и кристалла ZnTe в качестве детектора.
Результаты. В работе подробно рассмотрены две схемы терагерцовой спектроскопии с кристаллом ZnTe 
в качестве детектора. Определение параметров поляризации выполнено с использованием одного или двух 
решетчатых ТГц-поляризаторов. Выведено выражение для аппроксимации зависимостей размаха ампли-
туды ТГц-излучения от угла поворота решетчатого ТГц-поляризатора для этих случаев. Рассмотрено вли-
яние величины напряженности электрического поля терагерцового излучения на форму поляризационных 
зависимостей. Определен угол поворота эллипса поляризации ТГц-излучения, испускаемого поверхностью 
объемного слоистого кристалла черного фосфора при воздействии на него фемтосекундных лазерных им-
пульсов. 
Выводы. Амплитуда напряженности электрического поля ТГц-излучения начинает влиять на форму поляри-
зационных зависимостей, когда ее величина становится сравнимой или превышает 40 кВ/см.

Ключевые слова: терагерцовая спектроскопия временно́го разрешения, эллиптичность, поляризация, 
электрооптический кристалл, электрооптическое стробирование

INTRODUCTION

In recent years, the development of time-
resolved THz spectroscopy technology has ensured 
an accurate and simple approach to analyzing 
material characteristics. Due to the non-ionizing 
interaction and strong penetrability of THz radiation, 
additional information on chemical composition 

or electron–phonon interaction in a sample may be 
obtained [1–3]. In contrast to infrared (IR) and Raman 
spectroscopy, THz spectroscopy is very sensitive to 
the molecular structure and intermolecular interactions 
in crystals, which is particularly valuable for medical 
research in pharmacology [4]. In addition, THz radiation 
excites longer wavelength vibrations, such as phonons 
in a semiconductor crystal or molecular vibrations in 
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organic matter, as compared to classical methods of 
mid-IR spectroscopy and X-ray diffraction. Therefore, 
it may ensure high reliability in identifying compounds 
that are difficult to distinguish by other methods [5]. The 
THz time-domain spectroscopy (THz-TDS) technique 
is used to analyze materials using THz radiation. This 
technique is applied to analyzing weak intermolecular 
interactions, such as lattice vibrations  [6], hydrogen 
bonding [7], Van der Waals interaction [8], as well 
as collective vibrational modes determined by the 
molecular configuration, conformation, and general 
vibration of organic molecules [9]. In particular, THz 
pulses with elliptically polarized waves are of interest, 
both in terms of fundamental physics and technological 
applications. For example, many biomolecules have 
a chiral structure with rotational/vibrational modes 
in the terahertz energy range, whose interaction 
with elliptically polarized THz beams depends on 
the polarization of THz radiation and chirality of 
biomolecules. This allows, in particular, the study of 
“soft” vibrational modes of organic molecules having a 
different twist [10–12]. Therefore, in order to describe 
the interaction of THz pulse with the substance, the 
polarization parameters of THz radiation including 
ellipticity and rotation direction of the field vector 
should be obtained [13–15]. The electro-optical 
sampling technique involving the use of nonlinear 
optical ZnTe crystal (Russia) as a THz radiation 
detector in two detection versions based on phase- and 
amplitude modulation measurements is one of the most 
common THz-TDS method modifications [16]. 

Being one of the most promising components of THz 
devices in the layered semiconductor category, black 
phosphorus—BP (2dsemiconductors, USA)1 crystallite 
was selected as the THz radiation source under study. 
This is primarily due to the fact that BP represents a 
“golden mean” between graphene (no bandgap) and 
semiconducting transition metal dichalcogenides 
(TMDs), such as molybdenum disulfide (MoS2), which 
has a relatively large bandgap of about 2  eV [15]. 
Moreover, nanoscale films with band gap in the range 
from 1.5 eV to 0.53 eV may be obtained by varying the 
number of layers, from one to several [17]. The high 
carrier mobility of this material (much higher than in 
TMDs) is also dependent on the number of layers in 
the range from 299 to 3730 cm2/V∙c for electrons and 
from 337 to 10000 cm2/V∙c for holes [18, 19]. This 
allows THz radiation to be efficiently absorbed even 
though the photon energy is below the bandgap energy. 
It is also possible to tune (change) the bandgap width 
by applying a static electric field [17]. This dynamic 
bandgap tuning can be used not only to expand the 
operating wavelength range of BP based devices but 

1 https://www.2dsemiconductors.com. Accessed December 22, 
2019.

also to pave the way for studying electrically tunable 
topological insulators and semimetals. In this case, the 
BP crystal allows elliptically polarized THz radiation 
to be obtained when exposed to linearly polarized 
femtosecond laser radiation [13]. 

In the present paper, two versions of polarization 
analysis of THz radiation are considered in detail. 
Analyzing in THz-TDS implies two wire-grid polarizers 
(WGP) used in the first version and one polarizer used 
in the second one.

METHODS

A variation of the THz-TDS technique allows THz 
radiation to be detected by electro-optical sampling. 
Polarization of the laser probe beam is modulated by 
the THz beam in the electro-optic ZnTe crystal. Using 
amplitude modulation [16], an optical polarizer crossed 
with the beam polarization direction is placed on the 
probe beam path after the ZnTe crystal and before the 
photodiode (ThorLabs, USA).2 Under the action of the 
THz pulse, the beam polarization changes allowing a 
signal proportional to the amplitude of the THz radiation 
to be recorded on the diode. The detection method will 
be described further in more detail.

The electric displacement vector for a homogeneous 
medium is considered to describe the electro-optic 
effects in nonlinear optical crystals, as follows:

	 D = ε0εE,� (1)

where ε0 is the electric constant; ε is the dielectric 
permittivity being a direction-independent scalar 
quantity; and E is the electric intensity vector. In the 
crystal, permittivity may depend on the direction of the 
electric field relative to the crystallographic axes. In 
this case, dielectric permittivity is the symmetric tensor  
while the field D is generally not parallel to the electric 
field. Major axes may be transformed into the orthogonal 
coordinate system wherein E and D are related through a 
diagonal matrix, as follows:
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Should diagonal elements εi be not all the same, as 
occurs in CaCO3 [20], the crystal exhibits birefringence.

The energy density of the electric field is 

ωe = ⋅1
2
E D.  Using matrix (2), it may be shown that 

surfaces with constant energy density are ellipsoids in 
field D, written as follows:

2  https://www.thorlabs.com. Accessed December 22, 2019.

https://www.2dsemiconductors.com
https://www.thorlabs.com


77

Russian Technological Journal. 2022;10(3):74–84

Farkhad A. Zainullin, 
et al.

Polarization analysis of THz radiation  
using a wire grid polarizer and ZnTe crystal

	 ε ω ε
ε ε ε0

1 1
2

1

2
2

2

3
2

3
e = ⋅ ⋅ = + +−D Dˆ .

D D D
� (3)

Introducing non-dimensional vector u along 

direction D according to formula u
D=
2 0ε ωe

,  the 

following refractive index ellipsoid equation may be 
derived:

	  
u
n

u
n

u
n

1
2

1
2

2
2

2
2

3
2

3
2 1+ + = , � (4)

where ni i= ε  for a non-magnetic material. The 
impermeability tensor may be defined as follows:

	 ˆ ˆ .η = −ε 1 � (5)

Using formula (5), equation (3) may be converted to 
the following ellipsoid equation:

	 ⋅ ⋅ˆu η u = .1 � (6)

Zinc telluride, which has a cubic crystal lattice, 
is optically isotropic in the absence of the applied 
electric field. This implies the possibility of replacing 
the permeability tensor by scalar ε−1 multiplied by 
unit matrix  I. In the presence of the electric field, the 
impermeability tensor may be written as follows:

	 ˆ ( ) .η E I r E= ⋅ + ⋅−ε 1 � (7)

The second term (7) is described by the Pockels 
effect, where r is the tensor of electro-optic coefficients. 
The electro-optic Kerr effect being quadratic in the 
electric field may be neglected here, since it is negligible 
in ZnTe crystal as compared to the linear effect. Thus, 
having substituted (7) into equation (6), the ellipsoid 
equation can be written as follows:

	

⋅ ⋅ˆu η E u

u u

=

= ⋅ +










=−

==
∑∑

( )

.
, ,, , ,

ε δ1

1 2 31 2 3
1ij ijk k

ki j
i jr E � (8)

Since tensor η̂ is symmetric, rijk  =  rjik. It is 
conventional to replace the first two indices i, j of 
tensor r by a single index, as follows:

r11k → r1k,

r22k → r2k,

r33k → r3k,

r23k = r32k → r4k,

r13k = r31k → r5k,

r12k = r21k → r6k.

Zinc telluride crystallizes in the zincblende structure 
(zincblende comprises two face-centered cubic lattices 
shifted relative to each other by a quarter of the space 
diagonal) [21]. In the absence of the applied electric field, 
the refractive indices are equal, i.e., n1 = n2 = n3 = n0. 
In addition, r contains only one independent non-zero 
element r41 = r52 = r63. Thus, ellipsoid equation (8) may 
be written in the following way:

	

1

2 1
0
2 1

2
2
2

3
2

41 1 2 3 2 3 1 3 1 2

n
u u u

r E u u E u u E u u

+ +( ) +

+ + +( ) = . � (9)

The ZnTe crystals used for detecting THz 
radiation have a crystallographic cut (1 1 0), as shown 
in Fig.  1. Since the THz pulse and the laser pulse 
fall perpendicular to this plane along the direction 
[−1 −1 0], their electric vectors lie in plane (1 1 0). The 
two-dimensional coordinate system (X, Y) is introduced 
in this plane in such a way that X-direction coincides 
with direction [−1 1 0] and Y-direction coincides with 
direction [0 0 1]. 

Fig. 1. Plane (1 1 0) (left) and coordinate system (X, Y)  
in this plane (right). The femtosecond laser probe pulse 

and the THz pump pulse are directed along vector U3 
being the normal to plane (1 1 0)

Major axes should be transformed to obtain the 
refractive indices in the XY plane when applying the 
electric field.

Let the electric vector ETHz of THz pulse makes 
angle φ with the X-axis (axis [−1 1 0] of ZnTe crystal). 
Its components in the basis system of the cubic crystal 
lattice may be represented as follows:

	 ETHz =

−















ETHz

cos /

cos /
sin

.

ϕ

ϕ
ϕ

2

2 � (10)
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In this case, equation (9) is written in the following 
way:

u η E uTHz⋅ ( ) ⋅ =ˆ ,1

where η̂(ETHz) is the impermeability tensor depending 
on field ETHz, written in the following way:

ˆ ( )

sin cos /

sin co

η ETHz =








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 +

+ −
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0 1 0
0 0 1

0 2
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0
2
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ϕ ϕ
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ϕ ϕ

2

2 2 0−
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




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



 (11)

Then, the eigenvalues for tensor η̂(ETHz) may be 
found from formula (11) in the following way:
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In this case, the normalized eigenvectors may be 
written as follows:
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(13)

The directions of major axes coincide with those 
of the eigenvectors. The refractive indices may be 
determined by the following formula: 

ni
i

= 1
λ
.

Considering r E
n41
0
2
1

THz   the expressions for 

refractive indices corresponding to major axes may be 
written as follows:
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It is clear (Fig. 1, direction U3) from equation (13) 
that the third major axis is perpendicular to the crystal 
plane (1 1 0). This direction coincides with the 
direction of the THz pump pulse and probe beam pulse 
propagation. Vector U1 lies in plane (1 1 0) forming 
angle ψ with the X-axis [−1 1 0], which can be 
calculated using the scalar product of vector U1 and 
the unit vector along the X-axis. Using the relation 
cos( ) cos2 2 2ψ ψ −1,=  the following expression 
relating angle ψ and angle φ of THz polarization may 
be written: 

	 cos( ) sin

cos
.2

1 3 2
ψ ϕ

ϕ
=

+
�  (15)

For φ  =  π/2, major axis U1 is X-directed while 
axis U2 is Y-directed. Therefore, when the electric 
field is applied to the ZnTe crystal (THz radiation), a 
refractive index ellipsoid having an ellipse in the XY 
section is formed (Fig. 2). The directions of the ellipse 
major axes correspond to the directions of vectors 
U1 and U2. The refractive indices are n1 and n2, and 
correspond to the first two major axes. The larger 
index (ns) corresponds to the slower speed of light 
while the smaller one (nf) corresponds to the faster 
speed. The refractive indices are generally denoted by 
ns = n1 and nf = n2. 

Fig. 2. Refractive index ellipsoid  
projected onto plane (1 1 0) of ZnTe crystal
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The electric intensity vector ETHz makes angle φ 
with the X-axis  =  [−1 1 0] of ZnTe crystal, while the 
angle between the semi-major axis of the ellipse and the 
X-axis is ψ(φ). The THz pulse as well as the laser beam 
falls along the normal to plane (1 1 0) determined by 

unit vector U3 =
−
−















1
2

1
1
0
.  

Since the laser beam falls on ZnTe crystal along the 
direction [−1 −1 0] (eigenvector U3), its electric vector 
Eopt lies in plane (1 1 0). In the crystal of thickness d, 
two Eopt components along major axes U1 and U2 have 
a relative phase shift written as follows:

	 Γ( ) cos ,ϕ ω ϕ= +d n r E
2

1 30
3
41

2
c THz �  (16)

where ω is the angular frequency of laser radiation, φ 
is the angle between ETHz and the X-axis, d is the ZnTe 
crystal thickness, and с is the speed of light.

The signal recorded by the photodiode may be 
described using the Jones matrix describing the linearly 
polarized laser beam passing through the birefringent 
crystal with an optical polarizer [22]. The S-polarized 
laser radiation may be described by the vector as follows:

	 Eopt =






Eopt
0
1
, � (17)

where Eopt is the electric intensity of the laser probe 
beam. The polarization plane rotation by the angle ψ 
may be described by the matrix in the following way:

	 R( )
cos sin
sin cos

,ψ
ψ ψ
ψ ψ

=
−


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
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where ψ = ϕ

ϕ

1
2 1 3 2
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
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





 is the rotation angle 

of the beam polarization ellipse in ZnTe under the THz 
pulse action.

The birefringence matrix for ZnTe crystal may be 
written as follows:

	 Z(φ) =
−



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exp( ( ) )
exp( ( ) )

.
i

i
Γ

Γ
ϕ

ϕ
2 0

0 2
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The ZnTe impact on the probe beam may be written 
in the following form:

E R Z Ropt ( ) ( ) ( ) .−






ψ ϕ ψ
0
1

Having passed ZnTe and the optical polarizer, the 
electric intensity of the probe beam may be described by 
the following formula:

E E R Z R= −






( ) ( ) ( ) ( ) .1 0
0
1opt ψ ϕ ψ

The signal picked up by the photodiode is equal to 
the following expression: 

	 S K Ex ( ) sin ( ) sin ( ) ,ϕ = ⋅ ( ) 



opt

2 2 22
2

ψ ϕ ϕΓ
� (20)

where K is the photodiode optoelectronic conversion. 
Expressing sin2(2ψ(φ))  =  1  –  cos2(2ψ(φ)) and 

substituting expressions (15) and (16) in (20), the 
resulting expression for approximation may be written 
as follows:
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RESULTS AND DISCUSSION

In the study, the traditional THz-TDS experimental 
setup shown in Fig. 3 is used to determine polarization 
of THz radiation. A femtosecond titanium-sapphire 
laser with regenerative amplifier generating optical 
pulses, having a repetition frequency of 3 kHz, duration 
of 35 fs and central wavelength of 800 nm, is used as 
the laser source (Avesta Project, Russia).3 The output 
optical beam is divided into a pump beam and a probe 
beam. The pump beam is focused on the BP crystallite 
surface at the angle of 45°, while the density of optical 
radiation on the sample surface is about 1 mJ/cm2. The 
generated THz radiation is collimated by the parabolic 
mirror. Passing through two wire grid polarizers—
WGPs (Specac Ltd, Great Britain),4 the THz radiation 
is focused on the nonlinear optical ZnTe crystal detector 
by a parabolic mirror. The probe beam passes through 
the delay line to be focused onto ZnTe crystal in 
combination with the THz beam. The passing optical 
probe beam is recorded by photodiode. The electro-
optic method based on amplitude modulation is used to 
record THz radiation [16]. The experiment is performed 
at room temperature.

3 http://avesta.ru/. Accessed December 22, 2019 (in Russ.).
4  https://www.specac.com. Accessed December 22, 2019.

http://avesta.ru/
https://www.specac.com
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Laser 
source

Probe beam Delay line

Photodiode

Pump 
beam

THz source 
(BP crystallite)

 
Fig. 3. THz-TDS experimental scheme.  

GTP is the Glan–Taylor polarizer 

The part of the experimental setup responsible for 
determining the polarization angle of THz radiation is 
shown in detail in Fig. 4. The angle between the WGP-2 
analyzer axis coinciding with vector ETHz, and the 
X-axis is fixed and equal to φ3. The WGP-1 polarizer is 
rotating. The angle between its axis coinciding with 
vector ′ETHz  and the X-axis is φ2. 

Fig. 4. Experimental setup geometry  
when using two polarizers

The polarization ellipse of THz radiation lies in a 
plane parallel to the XY plane. Here, EaTHz and EbTHz 
are semi-axes of this ellipse; φ1 is the angle between 
semi-minor axis and the Y axis; φ2 and φ3 are the angles 
between the X axis and the axes of the WGP-1 and 
WGP-2 polarizers, respectively.

According to the Malus law, the amplitude of THz 
radiation may be written in formula (16) in this case as 
follows:

	 E ETHz THz= ′ +cos( ),ϕ ϕ2 3 �  (22)

where ′ = + + +E ETHz aTHz cos ( ) sin ( )2
1 2

2 2
1 2ϕ ϕ ε ϕ ϕ  

is the THz pulse passed through the first polarizer 

WGP-1; ε =
E
E
bTHz

aTHz
 is the ellipticity of the pulse under 

study. Normalizing dependence (21) to the optical beam 
power taking formula (22) into account and recording 
the values of angles φ1 and φ3, the dependence for the 
normalized signal f(φ2) recorded by photodiode may be 
written as follows:
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Fig. 5. Dependence plots for the recorded signal 
normalized to the optical radiation power  

of the probe beam

The dependence plots f(φ2) derived from 
expression (23) at different values for THz polarization 
angles φ1 are shown in Fig. 5. The remaining parameters 
of THz radiation and WGP-2 polarizer position are 
EaTHz = 3.5 · 106 V/m; ε = 0.1; and φ1 = 0°. Calculating 
at φ1 = 0° and φ1 = 90°, a Dumbbell plot and a four-leaf 
clover shaped plot are derived, respectively; calculations 
at other angles, e.g., at φ1 = 60° result in the dependence 
being shaped transitionally between them. Since 
dependence f(φ2) is unique for each angle value, the 
experimental dependence can be easily approximated by 
expression (23), obtaining the actual parameters of THz 
radiation (polarization angle, ellipticity).

The smallness condition for the argument of  

sine 
Γ( )ϕ
2

 is satisfied at 
ωd n r E
4

0 350
3
41c aTHz ≤ .  or at 

EaTHz ≤ 2 · 106 V/m. Since sin
( )2
2

Γ ϕ



  in this case, the 

polarization dependencies comply with the Malus law 
when the polarized electromagnetic wave passes through 
two polarizers. Despite this limitation, the shape of 
dependences (Fig. 4) does not change up to values 
EaTHz  ≈  4  ·  106  V/m. When detecting THz wave at 
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EaTHz > 4  · 106 V/m, a distortion of the dependencies 
shown in Fig. 5 is observed. This is due to the phase 
difference between the ordinary and extraordinary 
optical beams becoming comparable or exceeding π/2.

Fig. 6. Dependence plots for the recorded  
signal of THz pulse passed through two WG polarizers 

and normalized to the optical radiation power  
of the probe beam 

The dependence plots f(φ2) (23) for EaTHz  =  
=  6  ·  106 V/m at different polarization angles of THz 
radiation φ1 and for values ε = 0.1, φ3 = 0 are shown in 
Fig.  6. The shapes of dependencies begin to change 
significantly with increased amplitude of THz radiation. 
Thus, when EaTHz  =  6  ·  106 V/m, dependence f(φ2) is 
butterfly shaped at φ1 = 0° and four-leaf clover shaped at 
φ1 = 90° as in the case described above but with maximum 
values of the function being already comparable with those 
at the dependence at φ1 = 0°; at other φ1 values, there would 
be a transitional shape between “butterfly” and “clover.”

We shall consider the experimental setup for 
analyzing THz radiation with one THz polarizer. 
Since the ZnTe crystal is sensitive to the THz pulse 
polarization, it could be simultaneously used as the 
polarization analyzer (Fig. 7).

Fig. 7. Experimental setup geometry  
when using one polarizer

The polarization ellipse of THz radiation lies in the 
plane parallel to the XY plane. Here, EaTHz and EbTHz are 
semi-axes of the ellipse; φ1 is the angle between semi-
minor axis and the Y-axis; φ2 is the angle between the 
X-axis and the polarizer axis.

In this case, the amplitude of the THz pulse passing 
through the WGP polarizer may be written in equation 
(16) in the following form:

E ETHz aTHz= +( ) + +( )cos sin .2
1 2

2 2
1 2ϕ ϕ ε ϕ ϕ � (24)

Normalizing dependence (21) to the optical beam 
power, considering expression (24) and having the value 
for angle φ1 recorded, dependencies g(φ2) at different 
polarization angles for the THz radiation under study 
similar in shape to previously derived dependencies (23) 
may be derived (Fig. 8) as follows:
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Fig. 8. Dependence plots for the recorded signal  
of THz pulse passed through WG polarizer and normalized 

to the optical radiation power of the probe beam

Dependence plots g(φ2) (25) at EaTHz = 3.5 · 106 V/m, 
different polarization angles of THz radiation φ1 and 
ε = 0.1 are shown in Fig. 8. The plots coincide in shape with 
dependence plots (23) shown in Fig. 5, which indicates 
the possibility to analyze the polarization of THz radiation 
using one WGP. Should the electric intensity value EaTHz 
exceed 4  · 106 V/m, the change in dependences (25) is 
observed, as in the case described above.

The BP crystallite used as the THz radiation source 
in the study has a radiation ellipticity of ε = 0.77 at the 
fixed angle of 90° between the field vector of the exciting 
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laser pump beam and the sample “zigzag” direction [13]. 
For analyzing the polarization, a scheme with two wire-
grid polarizers is chosen (Fig. 4). The angle φ3 for 
WGP-2 is fixed and equal to 0°. The resulting values for 
the recorded THz peak-to-peak amplitude at different 
WGP-1 polarizer axis angles φ3 are shown in Fig.  9 
along with the approximation of experimental data by 
expression (23). Using the approximation, the angle 
between semi-major axis of the THz polarization ellipse 
and the X-axis has been found to be 40°.

CONCLUSIONS

In the paper, a model describing the dependence 
of the peak-to-peak amplitude of THz radiation on the 
rotation angle of the WGP is considered and modified. 

Pe
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Fig. 9. Dependence plot of the THz peak-to-peak 
amplitude on the rotation angle of the WGP-1 polarizer

The simulation results show that the dependences 
of the THz peak-to-peak amplitude on the polarizer 
rotation angle are similar in shape whether using two 
WGPs or one of them in the experimental setup. The 
possibility of using one polarizer in the analysis due to 
the ZnTe crystal sensitivity to the polarization of THz 
radiation is demonstrated. Since, having passed the 
ZnTe crystal under the THz pulse, the phase difference 
between the ordinary and extraordinary optical 
probe beams becomes comparable or exceeds π/2, 
dependences begin to differ only with a THz wave field 
intensity exceeding 40 kV/cm. The applicability of 
approximation is shown along with the angle φ1 = 40° 
between the semi-major axis of the THz polarization 
ellipse, while the X-axis is determined by the example 
of analyzing polarization of THz radiation emitted by 
the surface of BP crystallite under the femtosecond 
pump beam action.
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Abstract
Objectives. The development of composite structures in which a strongly anisotropic magnetoelectric (ME) effect 
is observed is relevant for the creation of sensors that are sensitive to the direction of the magnetic field. Such an 
ME effect can arise due to the anisotropy of both the magnetic and the piezoelectric layers. In this work, a new 
anisotropic material named as a magnetostrictive fiber composite (MFC), comprising a set of nickel wires placed 
closely parallel to each other in one layer and immersed in a polymer matrix, is manufactured and studied. The 
study aimed to investigate the linear ME effect in a structure comprising of a new magnetic material, MFC, and lead 
zirconate titanate (PZT-19).
Methods. The magnetostriction for the MFC structure was measured using the strain-gauge method; the ME effect 
was determined by low-frequency magnetic field modulation.
Results. Structures with nickel wire diameters of 100, 150, and 200 μm were fabricated. The MFC magnetostriction 
field dependences were determined along with the frequency-, field-, and amplitude dependences of the ME voltage 
in the case of linear ME effect. Measurements were carried out at various values of the angle between the direction 
of the magnetic field and the wires. All samples demonstrated strong anisotropy with respect to the direction of the 
magnetic field. When the magnetic field orientation changes from parallel to perpendicular with respect to the nickel 
wire axes, the ME voltage decreases from its maximum value to zero.
Conclusions. The largest ME coefficient 1.71 V/(Oe ∙ cm) was obtained for a structure made of MFC with a wire 
diameter of 150 μm. With increasing wire diameter, the resonance frequency increases from 3.5  to 6.5 kHz. The 
magnetostriction of the MFC is comparable in magnitude to that of a nickel plate having the same thickness.

Keywords: magnetoelectric effect, magnetostriction, fiber composites, piezoelectric effect, anisotropy
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INTRODUCTION

Magnetoelectric (ME) effects in layered composite 
structures containing ferromagnetic (FM) and 
piezoelectric (PE) layers realize mutual conversion of 
magnetic and electric fields. This in turn forms a basis 
for the creation of alternating and constant magnetic 
fields sensors, energy harvesting devices, controlled 
electronic devices (inductors and transformers), 

antennas, new types of magnetic memory, etc. [1–3]. In 
such composite structures, ME effects arise as a result of 
a combination of the magnetostriction of the FM layer 
and the piezoelectric effect in the PE layer [4]. When 
an ME structure is placed in an external magnetic field, 
the FM layer is deformed due to magnetostriction. Such 
deformations through the mechanical connection between 
the layers are transmitted to the piezoelectric layers, 
generating an electric field e due to the piezoelectric 

НАУЧНАЯ СТАТЬЯ

Анизотропный магнитоэлектрический эффект 
в структуре цирконат–титанат свинца / 
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Резюме
Цели. Разработка композитных структур, в которых наблюдается сильно анизотропный магнитоэлектриче-
ский (МЭ) эффект, актуальна для создания датчиков, чувствительных к направлению магнитного поля. Такой 
МЭ эффект может быть обусловлен анизотропией как магнитного, так и пьезоэлектрического слоя. Авторами 
изготовлен новый анизотропный материал – магнитострикционный волоконный композит (МВК), представ-
ляющий собой набор никелевых проволок, расположенных вплотную параллельно друг к другу в один слой 
и погруженных в полимерную матрицу. Цель работы – исследование линейного МЭ эффекта в композитных 
структурах со слоями из МВК и керамики цирконата титаната свинца (ЦТС-19).
Методы. Магнитострикция МВК была измерена тензометрическим методом, МЭ эффект – методом низко-
частотной модуляции магнитного поля.
Результаты. Были изготовлены структуры с диаметрами никелевых проволок 100, 150 и 200 мкм. Измерены 
полевые зависимости магнитострикции МВК, а также частотные, полевые и амплитудные зависимости МЭ 
напряжения для случая линейного МЭ эффекта при различной величине угла между направлением магнит-
ного поля и проволоками. Показано, что все образцы обладают сильной анизотропией относительно направ-
ления магнитного поля. МЭ напряжение уменьшается от максимального значения до нуля при изменении 
направления магнитного поля с параллельного до перпендикулярного относительно волокон никеля.
Выводы. Наибольшим по величине МЭ коэффициентом, составляющим 1.71  В/(Э  ∙  см), обладает струк-
тура, изготовленная на основе МВК с диаметром проволоки 150 мкм. Частота резонанса растет от 3.5 кГц  
до 6.5  кГц с увеличением диаметра проволок. Величина магнитострикции МВК сопоставима по величине 
с магнитострикцией пластины никеля такой же толщины.

Ключевые слова: магнитоэлектрический эффект, магнитострикция, волоконные композиты, пьезоэффект, 
анизотропия

• Поступила: 03.12.2021 • Доработана: 15.02.2022 • Принята к опубликованию: 20.04.2022

Для цитирования: Савельев Д.В., Фетисов Л.Ю., Мусатов В.И., Джапаридзе М.В. Анизотропный магнитоэлек-
трический эффект в структуре цирконат–титанат свинца / магнитострикционный волоконный композит. Russ. 
Technol. J. 2022;10(3):85−92. https://doi.org/10.32362/2500-316X-2022-10-3-85-92

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-
ных материалах или методах.

Авторы заявляют об отсутствии конфликта интересов.

mailto:fetisovl@yandex.ru
https://doi.org/10.32362/2500-316X-2022-10-3-85-92


87

Russian Technological Journal. 2022;10(3):85–92

Dmitriy V. Saveliev, 
et al.

Anisotropic magnetoelectric effect in lead zirconate titanate  
and magnetostrictive fiber composite structures

effect. In order to describe the efficiency of the ME 
effect, the corresponding coefficient αE = e/h = u/(b ∙ h) 
was introduced, where b is the piezoelectric thickness;  
u is the electric voltage generated between the electrodes 
of the PE layer arising under the action of an alternating 
magnetic field h.

Particular attention was paid to the study of ME 
effects in isotropic layered composite structures, in 
which the magnitude of the effect does not depend on 
the direction of applied magnetic field H across the 
planar dimension of such structures. However, in some 
cases, for example, for magnetic field sensors that are 
sensitive to the direction of the magnetic field, the 
creation of anisotropic ME composites represents a 
topical problem, which can be solved either by means 
of FM layers with anisotropic magnetostriction or by 
means of the anisotropic piezoelectric effect occurring 
in PE layers. The anisotropic ME effect was observed 
in structures where a single crystal of cobalt ferrite 
CoFe2O4 [5] was used as a magnetic layer, while single 
crystals of lead magnioniobate titanate (PMN–PT) 
[6], lithium niobate LiNbO3, or gallium phosphate 
GaPO4 were used to form PE layers [7]. The anisotropy 
of magnetostriction can be artificially created during the 
fabrication of the structure. An anisotropic ME effect 
was also observed in heterostructures made from layers 
of piezoelectric ceramics of lead zirconate titanate (PZT, 
Pb[ZrxTi1–x]O3, 0 ≤ x ≤ 1) and FM ceramics CoFe2O4. 
Uniaxial magnetic anisotropy was created in the FM 
layer of such structures by applying external pressure to 
the layer during fabrication [8].

The anisotropy of the ME effect was also observed 
in structures that used piezo-fiber composites (PFC) 
manufactured by Smart Materials Corporation (Sarasota, 
Florida, USA) [9, 10]. PFCs comprise a set of rods 
made of piezoelectric ceramics arranged parallel to each 
other in a plane and placed in a polymer matrix. This 
material has become widespread due to the large size 
of the piezoelectric modulus, flexibility, and relatively 
low cost.

Recently, a new type of highly anisotropic magnetic 
material—magnetostrictive fiber composites (MFC)—has 

been proposed. This material comprises a set of wires 
made of a magnetic material (amorphous microwires or 
nickel) arranged parallel to each other at various distances 
and placed in a polymer matrix [11, 12]. The strongly 
anisotropic ME effect obtained by using this material 
as an FM layer in layered composites is due to the 
demagnetizing factor with respect to the direction of the 
external magnetic field (along the wires or across them).

In the present work, the authors fabricated several 
MFC samples based on nickel wires of different diameters 
and studied their magnetostrictive characteristics. The 
strongly anisotropic ME effect observed in MFC–PZT 
structures was analyzed in order to obtain the frequency-, 
field-, and angular dependences.

MATERIALS AND METHODS

Studies of the ME effect were carried out in two-
layer composite structures containing layers of various 
MFCs and PZT piezoceramics. The MFC comprises a set 
of nickel wires closely arranged parallel to each other in a 
single layer and placed in a polymer matrix. Three MFC 
samples were made with wires of different diameters: 
100  µm (sample 1), 150  µm (sample 2), and 200  µm 
(sample 3). BF-2  self-polymerizing adhesive based on 
formaldehyde resin was used as a matrix. The dimensions 
of the structures in the plane were 9.2  × 8.9  mm2, 
9.7  × 9.4  mm2, and 8.4  × 8.3  mm2, respectively. The 
MFC thicknesses were equal to the diameter of the 
wires. The appearance of the MFC is shown in Fig. 1a. 
The magnetostriction of all MFCs was ~34 ∙ 10−6. When 
describing the results of measurements, subscripts 1, 2, 
and 3 are used in this work to denote MFCs having wire 
diameters of 100 µm, 150 µm, and 200 µm, respectively.

Commercially available PbZr0.52Ti0.48O3  discs 
(Audiowell Electronics (Guangzhou) Co. Ltd., China) 
having a diameter of 16 mm and thickness of 200 µm 
were used as the PE layer. Silver electrodes were 
deposited on opposite sides of the disk and the disk was 
polarized in the transverse direction. Figure 1 presents 
photographs of the fabricated MFC and PZT–MFC 
structures. The layers of MFC and PZT were bonded 

Electrodes

Polymer matrix

H
φ

MFC

PZT plate

(а) (b) (c)

Fig. 1. Samples of MFCs (a), PZT–MFC with a diameter of 150 µm (b), and a schematic view of PZT–MFC structure (c)
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using cyanoacrylate adhesive, while the structures were 
suspended in a magnetic field at two points located on 
opposite sides of the PZT disk using a special holder, 
allowing them to be rotated with respect to the direction 
of the magnetic field. According to the accepted 
classification of composites, the structures studied in the 
work belong to ME composites having a connectivity of 
“1–2” [13].

The ME effect in the structures was studied according 
to the method of low-frequency modulation of a magnetic 
field using the setup described in [12]. The structure 
was placed between the poles of an electromagnet 
in a constant magnetic field H in the range of ±1 kOe 
directed in the plane of the structure. The electromagnet 
was connected to a TDK Lambda GENH600-1.3 power 
supply (Japan). An exciting alternating magnetic 
field hcos(2πft) with an amplitude of up to h = 0.8 Oe 
was created using Helmholtz coils connected to an 
Agilent 33210A arbitrary waveform generator (Agilent 
Technologies, Santa Clara, California, USA). The field h 
was parallel to the field H. The ME voltage u(f) generated 
between the electrodes of the piezoceramic disk was 
measured using an AKIP 2401 voltmeter (China) with 
an input resistance of 10 MΩ at different values of f, h, 
φ, and H, as well as various orientations of H relative to 
the axis of the MFC wires. The dependences of the MFC 
magnetostriction on the magnetic field at different angles 
between the direction of the field and the direction of the 
fibers were measured by the tensometric method using 
the original setup described in [14].

RESULTS AND DISCUSSION

At first, the field and angular dependences of the 
MFC magnetostriction were studied. Figure 2  shows 
the field dependences of the MFC magnetostriction 
with different fiber diameters for cases when the 
magnetic field is directed along the wires. Within the 
measured range, it can be seen that samples 2  and 3 

reached saturation magnetostriction of ~(−34  ∙ 10−6), 
while sample 1 has a value of ~(−23 ∙ 10−6). Since the 
magnitude of the magnetostriction of sample 1 does not 
achieve saturation, it will be referred to as maximum in 
the text below. The saturation magnetic field decreases 
from more than 1 kOe to ~0.4 kOe as the fiber diameter 
increases from 100 μm to 200 μm. It can be seen that the 
magnitude of the magnetostriction of the MFC based on 
wires with a diameter of 150 μm increases faster than 
for a sample with a wire diameter of 200 μm. Here, the 
magnitude of the magnetostriction is apparently affected 
by both the demagnetizing factor and mechanical 
stresses from the matrix.

Figure 3  shows the measured dependences of the 
maximum magnetostriction on the angle between the 
direction of the magnetic field H and the nickel wires 
in fields up to 1  kOe. For all MFC samples, a strong 
anisotropy with respect to the direction of the magnetic 
field was observed. The maximum magnetostriction 
decreases almost to zero as the angle between the direction 
of the magnetic field and the wires increases to 90°. The 
dependence is symmetrical with respect to zero.
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Fig. 3. Dependence of the MFC magnetostriction  
on the angle between the direction of the magnetic field 

and the direction of the wires for all samples

Next, measurements of the ME effect in the 
MFC–PZT structures were carried out. Figure 4 shows 
the frequency dependences of the ME voltage u(f) 
obtained for all three structures. The measurements 
were carried out at h ~ 0.75 Oe and optimal values of 
the magnetic field strength Hm (Hm is the field in which 
the ME voltage value is maximum for each sample). The 
structures were magnetized along nickel wires.

The dependences show peaks at the frequencies of 
the bending resonance of the structures. For sample 1, the 
peak height was u1 = 10.1 mV at a frequency f1 ≈ 7.2 kHz; 
for sample 2, u2 = 25.9 mV at a frequency f2 ≈ 7.9 kHz; 
for sample 3, u3 = 21.5 mV at a frequency f3 ≈ 8.4 kHz. It 
can be seen that the resonant frequency of the structures 
increases with an increase in the diameter of the MFC 
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wires. The peak values are observed to increase linearly 
with an increase in the excitation field amplitude h. The 
quality factors of the resonances were Q1 ≈ 72, Q2 ≈ 33, 
Q3 ≈ 32. For each peak, the values of the ME coefficient 
were calculated using the formula α  =  u/(t ∙ h). Here 
u  is the amplitude of the voltage generated by the ME 
structure; t  is the thickness of the PZT layer; h  is the 
amplitude of the alternating magnetic field. The calculated 
ME coefficients at resonant frequencies were α1  =  
=  0.61 V/(Oe  ∙  cm), α2  =  1.71 V/(Oe  ∙  cm), and α3  =  
= 1.53 V/(Oe ∙ cm). While the obtained coefficients are 
comparable with the coefficients obtained in the PZT-nickel 
structures [15], they are significantly lower than the ME 
coefficients αE ~ 102 V/(Oe  ∙  cm) for the Metglas-AlN 
film structures [16]. The resonance parameters obtained 
from the data in Fig. 3 are given in Table.

Table. Parameters of resonant ME effect in MFC–PZT 
structures

Parameter 100 µm 150 µm 200 µm

ME voltage u, mV 10.1 25.9 21.5

ME coefficient α, V/(Oe ∙ cm) 0.6 1.7 1.5

Resonance frequency f, kHz 7.2 7.9 8.4

Quality factor Q 72 33 32

Figure 5  shows the dependences of the ME voltage 
on the magnetic field H directed along the wires. The 
measurements were carried out at the corresponding 
resonant frequencies characteristic of each sample in an 
alternating magnetic field with an amplitude h = 0.75 Oe. 
For all samples, the dependences can be seen to have 
a typical form: the voltage initially increases with an 
increase in the field H, reaches a maximum in the field 
Hm corresponding to the maximum of the piezomagnetic 
coefficient (q = dλ/dH|H), and then drops to almost zero 
when the magnetostriction is saturated. In the initial section, 

the field values Hm, which varied for each sample, were 
Hm1 ≈ 70 Oe, Hm2 ≈ 50 Oe, and Hm3 ≈ 70 Oe, respectively. 
All curves exhibited hysteresis. The maximum voltage 
amplitudes corresponded to the values shown in Fig. 4. 
The coercive fields Hc for samples 1–3 were Hc1 = 45 Oe, 
Hc2 = 25 Oe, and Hc3 = 35 Oe, respectively.
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Fig. 5. Dependence of the ME voltage on the magnetic 
field H at the resonance frequency

At the next stage, we studied the dependences of 
the ME effect on the angle φ between the direction of 
the magnetic field and the axis of the wires (“angular 
dependences”), which was varied in the range from 0° 
to 360°. The measurements showed that, as this angle 
increases, the value of the maximum ME voltage decreases 
to practically reach zero at φ = 90°; this corresponds to 
the angular dependences of the magnetostriction shown 
in Fig. 3. The increase in the magnetic field Hm value 
at which the ME voltage reaches its maximum value, 
which is observed for each sample, is explained by the 
influence of the demagnetizing factor. Based on the 
obtained results, angular diagrams of the ME voltage 
in the field Hm at the resonance frequency are plotted 
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for all the studied samples (Fig. 6). It can be seen that 
the forms of dependences qualitatively coincide for all 
samples. The maximum voltage value was observed at 
the angle φ = 0°. With an increase in its value to 90° ME, 
the voltage decreased almost to zero. Thus, all samples 
demonstrate a strong anisotropy of the ME effect with 
respect to the direction of the magnetic field.

Figure 7 shows the dependences of the ME voltage 
on the amplitude of the alternating magnetic field, 
measured at the resonance frequency of the structures 
for the parallel orientation of the field Hm. Here, 
the dependences are linear over the entire range of 
amplitudes of alternating magnetic fields. The sensitivity 
of the structures to the magnetic field u/h was u1/h1 ≈ 
≈ 12.4 mV/Oe for structure 1; u2/h2 ≈ 35.0 mV/Oe for 
structure 2; u3/h3 ≈ 29.9 mV/Oe for structure 3.
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Fig. 7. Dependences of the ME voltage  
on the amplitude of the alternating magnetic field  
for samples based on MFC of various diameters

The frequencies of bending vibrations of a disk-
shaped structure can be estimated using the following 
formula [17]:

	 f k a
R

Y= ⋅ns 2 122π ρ
, � (1)

where kns is a constant, n is the number of nodal 
diameters, s is the number of nodal circles, a is the disk 
thickness, R is the disk radius, Y is Young’s modulus,  
ρ is the density. Using the known values of the material 
parameters: Ym  =  210  GPa, ρm  =  8.9  ∙ 103  kg/m3, 
Yp = 59.5 GPa, ρm = 7.4 ∙ 103 kg/m3, and the dimensions 
of the structure, we obtain the frequencies f1 ≈ 7 kHz,  
f2 ≈ 8.2 kHz, and f3 ≈ 8.3 kHz. The frequencies determined 
in this way are in good agreement with the measured 
ones. Calculations showed that the resonant frequency 
increases with an increase in the diameter of the nickel 
wires, which also agrees with the measurements.

The amplitude of the ME voltage generated by the 
two-layer FM–PE structure in the linear mode is given 
by the formula [18, 19]:

	 u AQ
d

qh= 31
ε

,  � (2)

where A is the coefficient depending on the dimensions, 
mechanical and dielectric parameters of the layers of the 
structure, Q is the acoustic quality factor, d31  is the 
piezomodulus of the PE layer, q H H= = ∂ ∂λ λ( ) /1  is 
the piezomagnetic coefficient, λ(H) is the dependence of 
the magnetostriction of the FM layer on the magnetic 
field, and ε is the permittivity of the PE layer. It follows 
from formula (2) that the shape of the dependence of the 
ME voltage u(H) on the constant magnetic field is largely 
determined by the field dependence λ(1)(H). Therefore, 
the shape of the angular dependence of the ME voltage 
coincides with the shape of the angular dependence of 
the MFC magnetostriction.

Figure 8 shows the dependences of the piezomagnetic 
modulus q calculated by the method of numerical 
differentiation for three MFC samples, which have been 
plotted according to the data of Fig. 2. The maxima of 
the piezomagnetic moduli were q1  ≈ 0.06  Oe−1, q2  ≈ 
≈ 0.21 Oe−1, and q3 ≈ 0.17 Oe−1 in fields of 60–80 Oe, 
which resulted in the maximum value of the ME voltage 
u being observed for this sample (see Fig. 4)
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Fig. 8. Dependence of the piezomagnetic module of the 
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The anisotropy of the MFC magnetostriction is 
due to the demagnetizing factor. It is known that the 
field inside a ferromagnetic sample Hin is generally 
inhomogeneous and is related to the external field H as

	 Hin ≈ H – N ∙ M(Hin),�  (4)

where N is the demagnetizing factor depending on the 
shape of the sample and the direction of the field; M is the 
average magnetization of the sample, which depends on 
the field inside the FM layer Hin [20]. For a long nickel 
rod, when it is magnetized along the axis, the value is 
N ≈ 0, and when it is magnetized across the axis, N ≈ 0.5, 
i.e., when the nickel rod is magnetized along the axis, the 
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field Hin is practically equal to H, and when the nickel 
rod is magnetized across the axis, the field Hin is much 
smaller than H. Since the value of magnetostriction λ is 
determined precisely by the internal field Hin, a much 
larger field should be applied in order to achieve the 
maximum coefficient λ(1)(H) when it is magnetized 
across the axis of the nickel rod. In the general case, it 
is also necessary to take into account the dipole-dipole 
interaction between the wires inside the matrix, which 
depends on the distance between them.

We note that structures of this kind have a great 
advantage over traditional magnetic materials, since the 
characteristics of their ME effects can be controlled by 
changing the distance between the MFC wires, as well 
as their diameter and the materials used in the wires and 
matrix. These issues require further research.

CONCLUSIONS

Thus, a linear ME effect in MFC–PZT two-layer 
composite structures was determined and analyzed. 
The MFC samples comprised a set of nickel wires of 
different diameters arranged parallel to each other in a 
single layer in a polymer matrix. The frequency and field 
characteristics of structures with wires 100–200  µm 
in diameter were measured at the flexural resonance 
frequency. It was shown that the resonance frequency 

increases from 7.2 kHz to 8.4 kHz with increasing wire 
diameter. The highest ME coefficient of 1.7 V/(Oe ∙ cm) 
obtained for a sample with a nickel wire diameter of 
150 μm is comparable with the ME coefficient obtained 
for a structure of comparable thickness with an FM 
layer of polycrystalline nickel. The magnitude of the 
ME effect strongly depends on the orientation of the 
constant magnetic field H due to the anisotropy of the 
MFC magnetostriction.
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Abstract 
Objectives. Scale formation and corrosion are serious problems for heat and power equipment. These processes, 
when intense, can completely block the operation of the system, accelerating corrosion and leading to clogging, 
local overheating, and burnouts and ruptures of boilers and pipes, which in turn can lead to major environmental 
problems. Therefore, protecting surfaces from scale formation and corrosion is an important task. Promising 
methods for preventing the development of undesirable consequences include changing the composition of polymer 
coatings, e.g., by introducing microencapsulated corrosion inhibitors, as well as surface modification approaches, 
such as hydrophobization of the polymer coating surface. The purpose of the present work is to analyze methods 
for reducing scale formation and the rate of corrosion processes, as well as to study the efficiency of modification of 
paints and coatings by introducing microencapsulated corrosion inhibitors.
Methods. The study was based on the use of accelerated corrosion tests.
Results. Existing methods for reducing scale formation and corrosion rate on the surfaces of heat and power 
equipment were analyzed. The efficiency of modifying protective polymer materials by introducing microcapsules 
containing an active phosphonate additive was compared with approaches involving the surface modification of such 
protective materials.
Conclusions. It was determined that the modification of paints and coatings by introducing microencapsulated 
active additives can significantly reduce the rates of both scale formation and corrosion. By implementing state-
of-the-art methods for modifying polymer coatings, a new generation of agents for efficiently preventing scale 
formation and corrosion processes can be developed for maintaining the high performance of heat-exchange 
equipment.

Keywords: scale formation, corrosion, inhibition, polymer coatings
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НАУЧНАЯ СТАТЬЯ

Современные подходы  
к снижению накипеобразования  
в теплообменном оборудовании

В.А. Головин 1, 
С.А. Тюрина 2, @, 
В.А. Щелков 1
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@ Автор для переписки, e-mail: mgupi.tyurina@mail.ru 

Резюме
Цели. Процессы накипеобразования и коррозии являются серьезной проблемой для оборудования тепло
энергетического комплекса. Их активное развитие может полностью заблокировать работу системы, уско-
рить коррозию и привести к закупориванию, местным перегревам, прогарам и разрывам котлов и труб. Это, 
в свою очередь, может привести к катастрофическим последствиям и масштабным экологическим пробле-
мам. Важной задачей является защита поверхностей от накипеобразования и коррозии. Перспективными 
методами предотвращения развития нежелательных последствий являются модификация состава полимер-
ных покрытий за счет введения микрокапсулированных ингибиторов коррозии, а также поверхностная мо-
дификация, а именно, гидрофобизация поверхности полимерного покрытия. Целью работы являлся анализ 
методов снижения накипеобразования и скорости коррозионных процессов, а также исследование эффек-
тивности модификации лакокрасочных покрытий (ЛКП) посредством введения в их состав микрокапсулиро-
ванных ингибиторов коррозии.
Методы. В работе использовались методы ускоренных коррозионных испытаний.
Результаты. Проанализированы существующие методы снижения накипеобразования и скорости корро-
зии на поверхностях теплоэнергетического оборудования. Исследована эффективность модифицирования 
защитных полимерных материалов за счет введения в их состав микрокапсул, содержащих активную фосфо-
натную добавку, а также их поверхностное модифицирование.
Выводы. Установлено, что модифицирование ЛКП за счет применения микрокапсулированных активных 
добавок позволяет существенно снизить скорость как накипеобразования, так и развития коррозионных 
процессов. Внедрение современных методов модифицирования полимерных покрытий позволяет получать 
составы нового поколения, эффективным образом препятствующие накипеобразованию, развитию корро-
зионных процессов, и дает возможность сохранять высокую производительность теплообменного оборудо-
вания.

Ключевые слова: накипеобразование, коррозия, ингибирование, полимерные покрытия
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INTRODUCTION

The formation of scale and corrosion on the internal 
sides of heat-transfer walls presents serious problems for 
heat and power equipment. A typical situation consists 
in the formation of a layer of scale, which comprises 
by corrosion products of metals used in water-cooling 
systems (circulating water pipelines, water chambers, 
and heat-exchanger tubes) along with limescale from 
water (both in the form of suspensions and dissolved 
salts). At an early stage, such buildups result in an 
increase in fuel consumption and a decrease in the 
reliability, efficiency, and operability of heat-exchange 
equipment and pipelines. At a more advanced stage, 
scale build-up can completely block the operation 
of the system, which accelerates corrosion processes 
leading to clogging, local overheating, and burnouts 
and ruptures of boilers and pipes. Ultimately, this can 
result in catastrophic consequences including major 
environmental problems [1, 2].

PRIMARY METHODS FOR REDUCING SCALE 
FORMATION AND CORROSION RATE

In a heat-exchange apparatus, e.g., the main steam 
condenser of the turbine of a nuclear power plant (NPP), 
the number of tubes can be very large, reach 100 000 
or more. Therefore, the repair and reconstruction of 
such apparatuses present complex technical problems. 
In general, 2–5% of heat-exchanger tubes in such steam 
condensers have become unserviceable due to corrosion 
and erosion damage. Evaluation of the corrosion state 
of equipment at several thermal power plants (TPPs) 
and NPPs showed [3] that 30% of tubes are highly 
likely to form corrosion holes in the near future. 
Although these tubes can be plugged off, this will lead 
to an unacceptable decrease in the efficiency of the heat-
exchanger equipment.

A successful solution of the problem of scale 
formation will ensure the cleanliness of the surfaces 
of water systems, helping to save fuel and energy 
resources, as well as preventing possible catastrophic 
consequences [4].

At present, the heat-exchange equipment of power 
systems is made mostly of copper–nickel alloys (MNZh 5-1, 
GOST 492-20061), brass L68 (GOST 15527-20042), 
stainless steel, and titanium alloys.

A significant variation in the conditions according 
to which corrosion processes develop in heat-exchange 

1  GOST 492-2006. Interstate Standard. Nickel, nickel 
and copper-nickel alloys treated by pressure. Grades. Moscow: 
Standartinform; 2011 (in Russ.).

2  GOST 15527-2004. Interstate Standard. Pressure 
treated copper zinc alloys (brasses). Grades. Moscow: IPK Izd. 
Standartov; 2004 (in Russ.).

apparatuses of power plants is mainly due to the 
composition and temperature of the cooling water used. 
While NPPs typically either use natural freshwater 
from cooling ponds and rivers or seawater, the recycled 
water supply generally used for cooling TPPs is stored 
in cooling towers, allowing the use of special additives, 
e.g., for controlling the build-up of scale. Meanwhile 
the salt content of cooling water can differ considerably 
depending on the season and the cooling pond makeup 
conditions; in cooling water of enclosed water bodies, it 
can reach 100–3000 mg/L.

Based on the experience of repairing and inspection 
of heat-exchanger tubes of condensers of power plants, 
it can be concluded that the development of local 
corrosion is the main cause of leakage. However, local 
corrosion damage does not account for more than 70% 
of the total number of defects. Although the operating 
conditions and materials of heat exchangers differ, the 
following forms of corrosion damage are typical:

•	 destruction of tubes and tube sheets in the rolling 
zone by flow-accelerated corrosion and galvanic 
corrosion;

•	 development of unit corrosion pits or clusters of pits 
throughout the length of the internal surface of tubes 
(on the side of the cooling liquid). Pits can differ 
very widely in size and depth, all the way down to 
holes. This type of corrosion damage of tubes made 
of copper-nickel alloys, brasses, and stainless steels 
was detected both in both freshwater and seawater 
contexts [5].
Among the main types of corrosion damage of heat-

exchanger tubes are the following:
•	 corrosion pits growing further into cracks due to the 

stress corrosion cracking mechanism;
•	 clusters of small-size pits (pitting) occurring 

primarily in the lower part of heat-exchanger tubes;
•	 intercrystalline, transcrystalline, and mixed-type 

cracking;
•	 corrosion over large-areas of insignificant depth.

In general, corrosion cracking of the metal of heat-
exchanger tubes is caused by corrosive impurities in the 
form of chlorides and sulfates contained in the boiler 
water of steam generators [6].

The evaporation of some of the water circulating 
in the system from cooling towers and the surface 
of open ponds and water treatment facilities results 
in an increase in the concentration of salts and scale-
forming compounds in the water. Significant quantities 
of corrosive compounds, mechanical suspensions, and 
microorganisms can accumulate in repeatedly reused 
water. All of this causes an intense scale build-up leading 
to local overheating, leading to corrosion of condensing 
and cooling equipment, impairing heat transfer, and 
weakening the mechanical strength of the metal of coil 
tubes and housings of apparatuses.
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Scale formation in demineralized water generator is 
inhibited by a number of methods, in particular:

•	 acidification of water and using scale control 
additives;

•	 addition of granular additives (seeds);
•	 contact stabilization;
•	 using special designs of evaporators with moving 

and self-cleaning heat-transfer surfaces;
•	 magnetic, ultrasonic, and radiation treatment of feed 

water.
The choice of one or another method for cleaning 

internal surfaces, which can be divided into chemical, 
mechanical, and physical approaches, is also largely 
determined by the type of scale.

Chemical methods of scale removal by possible 
simultaneous inhibition in different technological 
streams are typically performed by mixing a chemical 
treatment agent with a technological stream to ensure the 
treatment of hard-to-reach surfaces. However, chemical 
treatment methods that include the use of complex-
forming agents and corrosion inhibitors are increasingly 
widely used due to a number of significant advantages.

The means by which complex-forming agents 
partially or fully convert insoluble scale into well-
soluble salts or other compounds has been described 
in detail  [7–9]. There are also methods based on the 
conversion of scale into substances that are insoluble in 
water but soluble in other chemical reagents [10–12].

A mixture of sodium tripolyphosphate and a 
nitrogen-containing compound (ethanolamine borate) 
has been recommended [13] as a water-soluble 
inhibitor; this can increase the efficiency of corrosion 
protection, decrease the salt deposition rate, and protect 
heat-exchange equipment made of ferrous metals 
from stress corrosion damage. It was determined that 
a combination of ethanolamine borate (EAB) and 
sodium tripolyphosphate (STPP) in a certain ratio 
(10.0–20.0 wt % EAB : 80.0–90.0 wt % STPP) gives 
rise to a synergistic increase in the washing, protective 
and water-displacement properties of the inhibitor.

The appropriate treatment methods, conditions, and 
reagents can be selected based on the results of chemical 
analysis of scale [14, 15]. One of the main methods 
for controlling the surface properties of materials is 
hydrophobization [16–19].

Water repellent coatings are highly important in 
many applications, including corrosion protection, 
self-cleaning, fouling protection, separation of oil from 
water, anti-icing, energy conversion, drug release, drag 
reduction in flowing liquids, and antibacterial adhesion, 
as well asproduction of antifouling paints for boats, 
windshields, architectural coatings, etc. [20, 21].

Along with hydrophobic coatings proper, a special 
group of superhydrophobic coatings can be identified. 
Bionic superhydrophobic coatings of surface attract 

attention owing to their characteristics and possibilities 
of application. In nature, superhydrophobic properties 
are present in the surfaces of some plants and animals, 
namely, lotus and rice leaves, shark skin, gecko foot, 
butterfly wing, penguin feather, and others [22, 23].

An efficient approach to reducing metal corrosion or 
improving metal waterproofing uses superhydrophobic 
materials to lower surface tension. However, the retention 
of an air layer as a barrier between the superhydrophobic 
metal support and the liquid limits the area of contact 
between the liquids and the surface, significantly 
decreasing the transfer of heat [24, 25]. Hydrophobic 
surfaces can be obtained by either creating a specific 
hierarchical surface roughness, or applying materials 
with low surface energy to a support. These approaches 
can be used both separately, and together [26, 27]. 
Superhydrophobic coatings produced using physical 
adsorption have short service life because of weak 
physical interaction [28]. High energies of interaction 
with a material are characteristic of coatings obtained 
using chemical adsorption of hydrophobic agents.

The curvature of a surface is one of the control 
factors. It has been determined that the contact angle on 
cylindrical and spherical surfaces is larger than that on a 
flat surface, whereas the contact angle on concave surfaces 
(nanopores, spherical cavities) is smaller than that on a 
flat surface of the same chemical composition [29].

At the Massachusetts Institute of Technology, 
Cambridge, MA, USA, a method was developed to coat 
the surfaces of a condensing apparatus with a monatomic 
graphene layer. By testing in a water vapor medium at 
100°C, this coating was shown to ensure the transition 
from film to drop condensation and increase the heat 
transfer by a factor of 4 in comparison with metallic 
surfaces, where the condensate formed a water layer.

The short service life of most artificial 
superhydrophobic surfaces prohibits their widespread 
use in industry. Moreover, such surfaces tend to lose 
superhydrophobicity on exposure to an aggressive 
medium or under a mechanical action. In order to expand 
the range of application of superhydrophobic surfaces, 
solving these problems is highly important.

In order to maximize the service life of anti-scale 
coatings, the following complex properties should 
be ensured: thermodynamically stable heterogeneous 
conditions of surface wetting, chemical stability, high 
adhesion to support, and abrasion resistance.

Despite the above disadvantages and difficulties 
of obtaining superhydrophobic surfaces, the developed 
methods and superhydrophobic additives can be very 
useful for protecting heat-exchange equipment from 
scale formation and corrosion.

An efficient and widely used method for protecting 
and restoring tubes used in heat-exchange equipment 
is to apply a polymer protective coating (lining) to 
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the internal surface. This is due both to the successful 
development of polymer materials with a high thermal 
conductivity and to the development of the painting 
technology, which allows the application of an ultrathin 
lining to the undamaged surface of a tube in one pass 
while simultaneously placing reliable polymer plugs for 
fill both corrosion pits, and corrosion holes [30].

Metallic heat-transfer surfaces are converted to 
metal–polymer ones by applying a polymer composite 
lining to the internal surface of a metal tube. The 
efficiency of this conversion is determined by:

•	 a significant increase in the service life of the system 
of lined tubes owing to high chemical and abrasion 
resistance of polymer linings;

•	 blocks of corrosion sites, which can be scale 
formation nuclei;

•	 a substantially lower adhesion of scale to the 
polymer surface than to the metal of the tube. This 
is due to the smoother lining surface (especially in 
comparison with the surface of a tube with corrosion 
pits) and lower polarity of the inert polymer surface 
(in comparison with surface of the oxidized metal) 
and therefore the absence of conditions for chemical 
binding of scale;

•	 the possibility of controlled modification of 
the surface layer to impart additional anti-scale 
properties to the surface.
The following requirements are imposed on polymer 

materials for coating the heat-transfer surfaces of turbine 
condensers:

•	 the working temperature during normal operation 
should be 0 to +40°C with an option of a short-term 
increase to +240°C;

•	 the coating thickness should be no more than 50–60 μm 
according to the requirement of the minimum effect 
on heat transfer at a thermal conductivity of the 
material of the coating in a range of 1–2 W/(m · K);

•	 the linear thermal expansion coefficient should be 
close to that of the metal;

•	  the pull-off adhesion strength of the material to steel 
should be 50–60 MPa and remain unchanged during 
operation;

•	 the material should be resistant to abrasive wear at 
an abrasive concentration of 3–5% in a water flow;

•	 the coating should be smooth and gloss without 
drips and runs;

•	 the material should be readily manufacturable and 
inexpensive.
Many commercially-available polymer materials 

have some of the necessary characteristics. However, 
some have a limited operating temperature, while others 
have a high viscosity, resulting in the impossibility of 
applying a thin layer of polymer material to a metal 
substrate. If a coating is too thick, this inevitably leads to 
an increase in the thermal resistance. Polymer materials 

also differ significantly in terms of thermal and chemical 
stability, as well as their adhesion to various metals.

Despite all the difficulties, a wide range of polymer 
materials is currently used to protect the surfaces of heat-
exchange equipment. Most materials require some form 
of modification, which can include hydrophobization of 
the surface to increase thermal conductivity and adhesion 
strength, improvement of thermal and chemical stability, 
abrasion resistance, etc.

At the Laboratory of Corrosion Protection of Metals 
and Alloys in Highly Aggressive Media at the Frumkin 
Institute of Physical Chemistry and Electrochemistry, 
Russian Academy of Sciences, Moscow, Russia, scale 
formation was successfully inhibited by introducing 
modifying (anti-scale) additives both as microcapsules 
to the bulk of a polymer corrosion protection coating, as 
well as to its surface.

Each of the microcapsules has the shape of a ball 
with a core made of a phosphonate modifying additive 
and a shell made of an epoxy polymer material. As a 
medium enters the microcapsules, the modifying additive 
is washed out. These microcapsules have been shown to 
significantly increase both the corrosion resistance and 
the duration of the anti-scale action of the modifying 
additives [31–34].

Testing showed that the adhesion of a scale layer 
to the modified polymer coatings remains very low. 
This leads to spontaneous peeling and cracking of scale 
following insignificant external actions or changes in 
technological parameters (Fig. 1).

Fig. 1. Photograph of a sample after scale formation 
testing. The upper part of the sample is protected  

by a polymer coating

Industrial tests have demonstrated that the coatings 
of this type minimize scale formation on tube sheets 
and the inlet portions of heat-exchanger tubes of steam 
condensers of TPPs and NPPs in long-term operation.

Importantly, the modified coatings have a high 
abrasion resistance (the sand concentration in the pulp is 
5%; the flow velocity is 3 m/s), which allows the coatings 
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to be used in condenser tube cleaning systems. The wear 
rate was less than 0.5 μm in 1000 h. This ensures a service 
life of a 50-μm-thick coating of more than 10 years.

At the Balakovo NPP in Saratov oblast, Russia, 
coatings prevented scale and deposition formation in 
heat-exchanger tubes for 4 years. The coatings have no 
external damage, peels, or cracks. The color and luster of 
the surface of the coating were preserved; the anti-scale 
properties of the coating permitted transition to the batch 
operation of the condenser tube cleaning system [35].

Successful results were obtained in applying 
modified coatings to a network water heater at the 

Khabarovsk TPP. Before applying coatings, on tube 
sheets and the internal surface of tubes of the horizontal 
network water heater, a layer of deposited products of 
corrosion of the feeding water line intensely formed. 
After applying a polymer coating to the tube sheets and 
the internal surface of bundles of heat-exchanger tubes, 
the protected heat-transfer surfaces remained in the 
initial state without visible scale following 7 months of 
operation at temperatures up to 140°C (Fig. 2).

CONCLUSIONS

Modern methods of modification of polymer coatings 
by using active microencapsulated phosphonate additives 
produce agents of new generation that efficiently prevent 
scale formation and corrosion processes with retaining 
high performance of heat-exchange equipment. Along 
with a high functionality of protective coatings, one 
should note the availability of raw material and the 
economic efficiency of implementation of the presented 
approach for reducing scale formation in heat-exchange 
equipment. The minimum no-failure service life of the 
developed polymer protective coatings is estimated at 
10 years.
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Fig. 2. Appearance of a protective coating on a part  
of the tube sheet and on a bundle of painted tubes  

of the horizontal network water heater  
at the Khabarovsk TPP after 7 months of operation
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Abstract
Objectives. When used in lighting installations with tubular low-pressure ultraviolet (UV) lamps, electronic ballasts 
should meet the following basic requirements: low cost, reliable ignition at low temperatures, as well as combining high 
energy efficiency with reliable lamp operation. As compared with electromagnetic ballasts, electronic ballasts allow 
the luminous efficiency and power factor of discharge lamps to be increased, reducing the consumption of scarce 
materials along with the weight of devices. In order to improve their energy efficiency, complete UV lamps are based 
on low-pressure discharge lamps with pulsed electronic ballasts supplying power at the frequency of 22–50  kHz. 
Various circuit designs include such basic units as mains filter, rectifier, power factor corrector, smoothing filter, high-
frequency converter, ballast, and ignition device. The present study aimed to develop an electronic semiconductor 
circuit for switching on and powering a discharge lamp of increased energy efficiency using a pulsed electronic ballast.
Methods. Classical methods of mathematical research were applied for determining the flux of the 254-nm mercury 
resonance line using a structural electronic ballast diagram along with a mathematical description and adaptive model.
Results. Equations for determining the parameters of pulses formed by an envelope having the form of input voltage 
and current supplied at industrial frequency were formulated for different instants of time. A mathematical description 
is given for determining pulse duration and lamp current depending on the values of nominal and operating voltage, 
as well as nominal current. Diagrams for instantaneous voltage values at the high-frequency switch input and 
generated pulsed current are presented. The parameters of the ‘UV lamp–electronic ballast’ set were calculated 
using an adaptive model for determining the flux of the 254-nm mercury resonance line according to the condition 
of lamp power constancy.
Conclusions. Relative values for radiant efficiency of the 254-nm mercury line for UV lamps under study were 
determined. Theoretical research of electronic ballasts led to the development of a semiconductor switching and 
power supply circuit for the discharge lamp based on high-frequency rectangular pulses. The parameters of the 
element base were calculated along with selected basic initial characteristics of the blocking generator.
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blocking generator

• Submitted: 20.10.2021 • Revised: 24.02.2022 • Accepted: 18.04.2022

For citation: Kovalenko O.Yu., Mikaeva S.A., Zhuravleva Yu.A. Research and development of pulse electronic control devices 
with UV lamps. Russ. Technol. J. 2022;10(3):103−110. https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Financial disclosure: The authors have no a financial or property interest in any material or method mentioned.

The authors declare no conflicts of interest.

http://O.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-103-110
mailto:mikaeva_s@mirea.ru
http://O.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-103-110


104

Russian Technological Journal. 2022;10(3):103–110

Olga Yu. Kovalenko,  
Svetlana A. Mikaeva, Yulia A. Zhuravleva

Research and development  
of pulse electronic control devices with UV lamps

• Поступила: 20.10.2021 • Доработана: 24.02.2022 • Принята к опубликованию: 18.04.2022

Для цитирования: Коваленко О.Ю., Микаева С.А., Журавлёва Ю.А. Исследование и разработка импульсных 
электронных пускорегулирующих аппаратов в комплекте с ультрафиолетовыми лампами. Russ. Technol. J. 
2022;10(3):103−110. https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-
ных материалах или методах.

Авторы заявляют об отсутствии конфликта интересов.

НАУЧНАЯ СТАТЬЯ
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электронных пускорегулирующих аппаратов 
в комплекте с ультрафиолетовыми лампами
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Резюме
Цели. В облучательных приборах, работающих в светотехнических установках с трубчатыми ультрафиоле-
товыми (УФ) лампами низкого давления, к электронным пускорегулирующим аппаратам (ЭПРА) предъяв-
ляются следующие требования: невысокая стоимость, обеспечение надежного зажигания разрядных ламп 
низкого давления в условиях пониженных температур и надежная работа ламп при повышенной энерге-
тической эффективности. По сравнению с электромагнитными пускорегулирующими аппаратами, ЭПРА 
обеспечивают повышение светоотдачи разрядных ламп и коэффициента мощности, снижение расхода 
дефицитных материалов, уменьшение массы. Для повышения энергетической эффективности УФ ламп 
в комплекте с ними целесообразно использовать импульсные ЭПРА, обеспечивающие питание на частоте 
22–50 кГц. Различные схемные решения ЭПРА включают в себя такие основные узлы как сетевой фильтр, 
выпрямитель, корректор коэффициента мощности, сглаживающий фильтр, высокочастотный (ВЧ) преоб-
разователь, балласт и зажигающее устройство. Целью работы является разработка электронной полупро-
водниковой схемы включения и питания разрядной лампы повышенной энергетической эффективности  
с импульсным ЭПРА.
Методы. Использованы классические методы математического исследования с применением структурной 
схемой ЭПРА, его математическим описанием и адаптивной модели для определения потока резонансной 
линии ртути с длиной волны 254 нм.
Результаты. Для разных моментов времени представлены уравнения определения параметров импульсов, 
образованных огибающей в форме входного напряжения и тока промышленной частоты. Дано математи-
ческое описание для определения длительности импульсов и тока лампы в зависимости от значений но-
минального и рабочего напряжения и номинального тока. Представлены диаграмма мгновенных значений 
напряжения на входе ВЧ ключа и диаграмма формируемого импульсного тока. В работе проведен расчет 
параметров комплекта «УФ лампа – импульсный ЭПРА» при условии постоянства мощности лампы и исполь-
зовании адаптивной модели для определения потока резонансной линии ртути длиной волны 254 нм.
Выводы. В результате расчетов были определены относительные значения лучистой отдачи резонансной 
линии ртути исследуемых УФ ламп. Теоретические исследования ЭПРА позволили разработать электронную 
полупроводниковую схему включения и питания разрядной лампы прямоугольными импульсами высокой 
частоты. В ходе работы для предложенного схемного решения импульсного ЭПРА проведен расчет параме-
тров элементной базы с выбранными основными исходными характеристиками блокинг-генератора.

Ключевые слова: электронный пускорегулирующий аппарат, мощность, математическое описание, фильтр, 
преобразователь, импульс, резонансная линия ртути, блокинг-генератор

https://doi.org/10.32362/2500-316X-2022-10-3-103-110
mailto:mikaeva_s@mirea.ru


105

Russian Technological Journal. 2022;10(3):103–110

Olga Yu. Kovalenko,  
Svetlana A. Mikaeva, Yulia A. Zhuravleva

Research and development  
of pulse electronic control devices with UV lamps

INTRODUCTION

Recent advances in electrotechnical development 
involve the effective low-pressure ultraviolet (UV) 
lamps using electronic ballasts (EBs) [1, 2], which 
are used in disinfection systems and the control of 
unwanted odors in the air. Studies of UV radiation 
and the effectiveness of low-pressure UV lamps 
are presented in1,  2,  3 [3–5]. When used in radiation 
sources for lighting installations based on tubular low-
pressure UV lamps, EBs should meet the following 
basic requirements: low cost, reliable ignition of low-
pressure discharge lamps at low temperatures, and 
ensuring the high energy efficiency of lamps without 
sacrificing reliability.

Compared with electromagnetic ballasts, EBs 
allow the luminous efficiency and power factor of 
discharge lamps to be increased, reducing the weight 
of units by 2–4  times along with the consumption of 
scarce materials. Currently available high-frequency 
(HF) EBs support additional functions, such as pre-
heating of lamp electrodes, the ability to regulate 
radiation flux, etc.

In the present paper, a circuit design for EB with the 
lamp powered by HF rectangular pulses was proposed. 
The review of the published literature has revealed 
HF pulse power modes to be more effective than the 
sinusoidal ones [6, 7].

To improve the energy efficiency of UV lamps 
related to low-pressure discharge lamps, they should 
be completed with pulsed EB supplying power at the 
frequency of 22–50  kHz. Various EB circuit designs 
may include such basic units as a line filter, rectifier, 
power factor corrector, smoothing filter, HF converter, 
ballast, and ignition device [8–12].

RESEARCH AND MATHEMATICAL  
DESCRIPTION OF PULSED EB

The structural diagram shown in Fig. 1  has been 
used for implementing the pulsed EB practically.

1  Heathcote J. State of UV LED curing applications. 
UV+EB Technology. 2019;1. URL: https://uvebtech.com/
articles/2019/state-of-uv-led-curing-applications/. Accessed 
October 1, 2021.

2  Lawal O., et al. Proposed method for measurement of 
output of monochromatic (254 nm) low pressure UV lamps. 
IUVA News. 2008;10(1):14–17. URL: https://uvsolutionsmag.
com/stories/pdf/archives/100103LawalEtAl_Article.pdf. 
Accessed October 1, 2021.

3  Lee P. Advancements in UV LED curing technology 
and solutions for print. UV+EB Technology. 2015;1. URL: 
https://uvebtech.com/articles/2015/advancements-in-uv-led- 
curing-technology-and-solutions-for-print/. Accessed October 1, 
2021.

Ballast
Umv(t)

50 ГЦ

U1(t) U2(t) U3(t) Ulamp(t)
Filter HF switch FLRectifier

Fig. 1. Structural diagram of the pulsed EB. Umv(t) is 
mains voltage (voltage at the pulsed EB input), Ulamp(t) is 

a lamp operating voltage, and FL is a fluorescent lamp

Along with the instantaneous voltage values given 
in Fig. 2, the structural diagram shows that the amplitude 
of HF pulses may be limited by the mains voltage curve 
U1(t) transformed by the rectifier. At the HF switch 
input, a smoothing filter is located. The voltage begins 
to drop exponentially U3(t) at the point in the diagram 
(Fig. 2) at which the sinusoidal voltage U2(t) becomes 
lower than the filter capacitor voltage. Here, the dashed 
line indicates the smoothing filter input voltage while 
the solid line shows its output voltage.

U
U3(t) U2(t)

t1 tTT
2

Fig. 2. Diagram for instantaneous values  
of the voltage at the HF switch input

Two equations describing the parameters of the 
pulses formed by the envelope in the form of the input 
voltage Uinput(t) and the industrial frequency current can 
be written for different instants of time. The HF switch 
output voltage has an amplitude corresponding to the 
amplitude of voltage U3(t), while the duration of pulses 
tpulse(t) (or pause tpause(t)) depends on their amplitude. 
The value tpulse(t) is determined according to the lamp 
operating voltage Ulamp(t) and empirical constant 
coefficients a, b.

The dependence of the lamp current on voltage is 
determined by its current voltage characteristic at known 
values of nominal voltage Unom(t) and current Inom(t), as 
well as the operating voltage Ulamp(t).

The mathematical description may be represented 
by a system of equations, as follows:
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Here, Um is mains voltage amplitude, V; C is the 
smoothing filter capacity, F; R is an active component 
of the lamp resistance, Ohm; i(t) is the current at the 
HF switch input, A; the angular frequency ω at signal 
frequency f  =  50  Hz is equal to ω  =  2πf  =  314  s−1; 
ρ is the constant factor equal to 0.20–0.26; a and b 
are constant factors equal to 0.0025  s  ∙  V and 30  V, 
respectively.

The parameters of the ‘UV lamp–EB’ set on 
condition of the lamp power constancy were calculated 
for the UV lamps under study by equations (1) and 
using an adaptive model for determining the flux of the 
254-nm mercury resonance line presented in the work of 
Kovalenko 4.

The main calculation results are shown in Table.

Table. Relative values for radiant efficiency  
of the 254-nm line for UV lamps complete with pulsed EB 
(ratio of radiant efficiency in pulsed (Hpulse) and stationary 
(Hst) modes). Pav is an average power of the lamp 
complete with pulsed EB

Pav, W f, kHz tpulse, µs Duty cycle С, µF Нpulse/Нst

30.1 23.1 25 2.35 30 0.687

30.0 23.7 25 2.42 50 0.822

30.0 41.0 6 1.32 50 0.927

29.9 43.8 10 1.77 50 0.975

40.0 23.6 25 2.41 50 0.746

39.9 43.6 10 1.77 50 0.880

The relative values for radiant efficiency of the 
254-nm mercury line for the considered UV lamps 
(LE 30  and LER 40) complete with pulsed EB (ratio 
of radiant efficiency in pulsed and stationary modes) 
were determined on the basis of the calculation results. 
The lamp operating mode with a constant-voltage 
power supply was taken for stationary mode. However, 
despite its efficiency, stationary mode cannot be used for 
discharge lamps due to the cataphoresis phenomenon 
resulting in the decreased radiation flux of the lamp for 
a short period of time.

Table shows that the modes at a frequency of 
41–44 kHz at a duty cycle of 1.77 may be considered 
the  most effective ones for UV lamps complete with 
pulsed EB under study.

CIRCUIT DESIGN FOR PULSED EB

An electronic semiconductor switching and power 
supply circuit for the discharge lamp with selected 

4  Kovalenko О.Yu. Lighting installations for increasing the 
productivity of farm animals. Dr. Sci. Thesis (Eng.). Saransk: 
Ogarev MSU; 2009 (in Russ.).

original elements developed on the basis of theoretical 
EB research provides high stability of the radiant flux 
at unstable input voltages as a result of using feedback 
to determine the dependence of current pulse frequency 
tpulse(t) on the input voltage (Fig. 3).

The switching and power supply circuit for the 
discharge lamp shown in Fig. 3  is self-excited. The 
HF switch operating frequencies are above 25  kHz. 
A midfrequency transistor may be used as the power 
semiconductor element. Upon voltage being applied to 
the input, a voltage jump may occur at the collector of VT 
transistor; this is transmitted through the C5 capacitor to 
the primary winding of Tr transformer with a ferrite core 
having a hysteresis loop of rectangular shape.

When calculating the element parameters for the 
selected version of the pulsed EB, the lamp power values 
and HF power supply modes were selected.

Computational formulas and results of calculating 
main parameters for the circuit (Fig. 3) are presented 
taking the parameters of pulses—amplitudes of current 
and voltage, their duration, and frequency—into account.

The following basic initial parameters for calculating 
the blocking generator (HF switch) could be taken as an 
example:

EC = 150 V, tpulse = 6–10 µs, f = 40–50 kHz, Rs = 239 Ohm,

Iav = 0.43 A, T0 = 20–25 °C, Rd = 20 Ohm, Rb = 100 Ohm.

Here, EC is an electromotive force in the transistor 
output circuit, Rs is the signal source resistance or 
output resistance of the previous stage, Iav is an average 
value of the lamp pulse current, T0 is the transistor case 
temperature in operating mode, Rd is the damping circuit 
resistance, and Rb is the base volume resistance.

A KT809A transistor was selected considering such 
parameters as the collector power dissipation, collector 
voltage, and pulse duration.

The inductance L of the primary winding may be 
calculated from the following ratio:

	 L
E U t

I I E r
=

−( )
− −( )
C CR

CA IC C

pulse

in0 8.
.  �  (2)

Here, UCR is the collector residual voltage of 
saturated transistor (UCR  =  3 V); ICA is the allowable 
collector current of transistor (ICA  =  5  A); IIC is the 
initial current in collector circuit; and rin is the input 
resistance of the transistor in the circuit with common 
radiator (rin = 34 Ohm).

The maximum collector voltage may be determined 
by the following formula:
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t

L
RCm C

pulse
e= +









1 , � (3)



107

Russian Technological Journal. 2022;10(3):103–110

Olga Yu. Kovalenko,  
Svetlana A. Mikaeva, Yulia A. Zhuravleva

Research and development  
of pulse electronic control devices with UV lamps

Fig. 3. Switching and power supply circuit for a discharge lamp with rated voltage 220 V

where Re is the equivalent resistance of collector circuit 
written as follows:

	 R
R R r
R R re
s d d

s d d
=

+( )
+ +

. � (4)

Here, Rd is assumed to be equal to 20 Ohm; rd is the 
forward resistance of diode (rd = 5 Ohm).

When the temperature rises ( ),T T0
1> e  the value of 

thermal current generated by the collector residual 
voltage of a saturated transistor may be determined, as 
follows:

	 I I T T T
CT CT

e e
e

= ( ) −( )
1

0 08 0
1. . � (5)

Here, T1
e  is the environment temperature. The 

current ICT (transition thermal current) may 
approximately double with the temperature increased by 
10°C. Assuming the base potential (constant voltage 
source) Eb  =  EC, capacitance C5  at resistance 
Rb = 100 Ohm may be determined in the following way:

	 C

pulse
b b

5

1

=

−








 +( )

τ

θ
τ

τ

acc

acc r R
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Here, τacc is the accumulation time constant (for 
KT809A transistor, τacc  =  28.9  µs); τpulse is the pulse 
duration, µs; rb is the transistor base input resistance; 
and θ is the coefficient defined by the following formula:

	 θ
τ τ

τ τ
=

−( )tpulse in acc

in acc
. � (7)

Here, τin is the capacity charging time constant 
characterized by the pulse leading edge time; 
τin = 40 µs.

The capacitor C6 required for compensating the 
inductive resistance of the transformer secondary 
winding and resistance R1, Rd is selected on the 
basis of calculations. The load resistance is taken 
as Rs  =  349  Ohm. Diodes should be selected to 
account for the value of current through the load 
equal to the average value of the lamp pulse current 
Iav = 0.43 A.

The pulsation ratio K of the rectifying voltage is 
taken as equal to 0.3.

The smoothing filter capacity may be determined by 
the following formula:

	 C
arths

4 1 1 68 42= −
ωR K

. .  � (8)

The alternating current circuit capacitance at constant 
empirical coefficient m, depending on the rectifier 
type (for a double half-period rectifier, m  =  0.34), is 
determined by the following formula:
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 Thus, the following element base is defined on the 
basis of calculation results with selected main parameters 
for the blocking generator:

•	 Capacitors: C1, 5  μF × 250  V (KBG-MP); C4, 
50.0 μF × 350 V (K-50-7), C5, 470 μF; C6, 5 μF;

•	 Resistors: R1  =  10  Ohm; R2  =  20  Ohm; 
R3 = 200 Ohm; R4 = 2 Ohm; R5 = 5.1 Ohm;

•	 Diodes: VD1–VD4, D 229 L; VD5, D 226 B;
•	 Transistor: VT, KT 809 A.

CONCLUSIONS

In the study, the relative values for radiant efficiency 
of the 254-nm mercury line have been calculated for the 

considered UV lamps complete with pulsed EB (ratio 
of radiant efficiency in pulsed and stationary modes). 
The most efficient modes were defined along with the 
circuit design for the pulsed EB allowing the HF switch 
operation to be controlled. The high stability of the 
radiant flux was ensured using feedback to control the 
duration of current and voltage pulses.
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Abstract
Objectives. The paper discusses usability as the concept underlying many contemporary design trends and 
accompanying technological development in various industrial, graphic and digital contexts. A formulation of the 
concept of usability in digital design contexts is advanced based on the evolution of industrial design.
Methods. Using the historical research method, usability is shown to be characterized by unification of form as 
applied to the relationship between a person and a design object. This conclusion has been applied to digital design 
using the analogy method. Basic principles of usability assessment in design are outlined, along with impacts on 
further development. Requirements for a designed product in terms of usability analysis should be fulfilled taking into 
account the principles of universality that constitute a basis for a universal design system.
Results. When developing UI/UX design objects, the usability of a digital product is considered in terms of 
universality based on rational visual image principles of industrial design and taking contemporary requirements in 
graphic, digital, and website design into account. Examples of industrial and digital design developments carried out 
by students using the concept of universal design are presented.
Conclusions. The usability of a design object can be shaped by using universal principles applying in both industrial 
and UI/UX design.

Keywords: usability, shaping, industrial design, digital design, universal design

https://doi.org/10.32362/2500-316X-2022-10-3-111-120
http://I.Yu
https://doi.org/10.32362/2500-316X-2022-10-3-111-120
mailto:dryukova@mirea.ru


112

Russian Technological Journal. 2022;10(3):111–120

Irina Yu. Mamedova, 
Anna E. Dryukova, Natalia E. Milchakova

The concept of usability  
in terms of universal design

• Поступила: 11.03.2022 • Доработана: 29.03.2022 • Принята к опубликованию: 25.04.2022

Для цитирования: Мамедова И.Ю., Дрюкова А.Э., Мильчакова Н.Е. Концепция юзабилити с позиции универсаль
ного дизайна. Russ. Technol. J. 2022;10(3):111−120. https://doi.org/10.32362/2500-316X-2022-10-3-111-120

Прозрачность финансовой деятельности: Авторы не имеют финансовой заинтересованности в представлен-
ных материалах или методах.

Авторы заявляют об отсутствии конфликта интересов.

НАУЧНАЯ СТАТЬЯ

Концепция юзабилити  
с позиции универсального дизайна

И.Ю. Мамедова, 
А.Э. Дрюкова @, 
Н.Е. Мильчакова

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: dryukova@mirea.ru

Резюме
Цели. В статье представлено понятие юзабилити как основополагающей концепции многих направлений 
современного дизайна: промышленного, графического, цифрового и т.д. с учетом развития технологий.  
Целью статьи является формулирование концепции юзабилити в цифровом дизайне на основании эволюции 
юзабилити в промышленном дизайне.
Методы. Использование исторического метода исследования показало, что юзабилити применительно 
к взаимосвязи между человеком и объектом дизайна характеризуется унификацией формы. С помощью ме-
тода аналогии этот вывод был применен и по отношению к цифровому дизайну. В статье приведены основ-
ные принципы оценки юзабилити в дизайне, а также характер ее влияния на дальнейшее развитие дизайна. 
Требования к проектируемому продукту с точки зрения анализа юзабилити рекомендовано выполнять с уче-
том принципов универсальности, являющихся основой системы универсального дизайна. 
Результаты. Принимая во внимание принципы проектирования в промышленном дизайне и современные 
требования в области графического, цифрового и веб-дизайна, авторами предложено формировать юза-
билити цифрового продукта с точки зрения универсальности и искать наиболее рациональные визуальные 
образы при проектировании объектов UI/UХ дизайна. В статье приведены примеры разработок промышлен-
ного и цифрового дизайна, выполненных студентами с применением концепции универсального дизайна.
Выводы. Использование принципов универсальности как в промышленном, так и в UI/UХ дизайне, позволя-
ет сформировать юзабилити проектируемого объекта дизайна.

Ключевые слова: юзабилити, формообразование, промышленный дизайн, цифровой дизайн, универсаль-
ный дизайн

INTRODUCTION

A contemporary designer is confronted by a 
multilevel complex system of closely intertwined 
requirements, conditions, and frameworks, often 
involving contradiction and ambiguity. Today, one of 
the most important aspects of a designer’s work involves 
developing products that have the property of usability. 
Usability is a property of a product’s design that 
allows consumers to use it under specified conditions 
for achieving their goals with sufficient effectiveness, 

efficiency, and satisfaction. Since it allows an evaluation 
of the quality of the product design, the usability 
characteristic is of key importance. In industrial design 
contexts, usability is defined by the form of the designed 
object.

HISTORICAL BACKGROUND

Modern human beings perform many habitual 
actions, many of which have become second nature. As 
such, the nature of the household objects surrounding us 
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tends not to be reflected on. Whether we are considering 
a toothbrush, coffee cup, shoes, or comb, each of these 
objects has its own design history, which may not always 
be simple or uncontroversial (e.g., an ordinary table 
fork). The form of each everyday object perceived as a 
certain given has been shaped over time in accordance 
with various laws of evolution. Notwithstanding their 
multilevel nature and diversity, a certain regularity may 
be traced in the general principle of shaping material 
objects.

Many processes shaping human lives are cyclical 
in nature. In design contexts, the principle of shaping 
obeys the same laws as other processes occurring within 
the society. When analyzing the formal evolution of 
certain objects, relationships between historical eras—
Gothic, Renaissance, Baroque, Classicism, and etc.—
may be revealed. Along with features of scientific 
and technological progress in a given era, the nature 
of production is largely determined by the economic 
situation. Such historical changes result in the emergence 
of new art styles that influence the form of everyday 
objects.

Despite the technological paradigm, various 
craftwork skills still relevant today have been honed over 
the period of many centuries. During this time, significant 
attention has been focused on improving the forms of 
the most popular household items. Nevertheless, few 
attempts have been made to comprehend, scientifically 
justify, and describe the laws and principles according 
to which objects are shaped. Since craftwork does not 
generally involve explicit design, the centuries-old 
process of shaping of products has occurred more or 
less spontaneously. Behind each craft masterpiece lies 
the experience of generations preceding the master, 
involving lots of trial and error, unexpected findings, 
as well as inevitable failures. Thus, a more or less 
randomly obtained form combining convenience, 
functionality, and aesthetics “catches-on” in daily life, 
while inappropriate analogues gradually disappear in a 
process of evolution resulting in the unification of the 
form of the household object.

For primitive man, who lacked a variety of materials, 
the emergence of each new one has been a significant 
event; thus, the epochs of that time have the following 
distinctive names: “Stone Age,” “Iron Age,” and “Bronze 
Age.” With a piece of clay accidentally falling into the 
fire, the previously mastered wood and stone have been 
supplemented with ceramics; seeing sparkling droplets 
emerging from a piece of ore in a fire, man discovered 
metal. Each time, the emergence of new materials 
and their processing technologies established a new 
development vector for artists, craftsmen, and architects. 
New materials and technologies gave rise to previously 
unseen objects and forms along with a rethinking of 
previous forms. Eventually, these processes again 

resulted in the unification of form within a new style, 
quite often involving a return to previous developments 
in the new round of progress (Fig. 1). However, the form 
is always strongly related to the production process.

(а)                                                   (b)

Fig. 1. Evolution of the mug form from antiquity (a)  
to the present day (b)

Among the many world-changing events associated 
with the historical period known as the Renaissance is 
the emergence of design as a discrete activity. While 
the difference between an idea and its realization may 
now be quite obvious, this approach represented a real 
innovation for the time; with the understanding that 
form exists separately from its material embodiment, 
craftwork started to lose its preeminent role in 
production. Scientists, artists, and architects—the 
precursors of modern engineers—invented various 
mechanisms, conducted experiments and calculations, 
as well as keeping records to build on the achievements 
of medieval science. Nevertheless, since form was not 
yet comprehended as an independent phenomenon, these 
changes in consciousness did not influence the shaping 
of traditional household items. 

Although the first attempts to systematize principles 
of shaping were made during the period commonly 
referred to as the Industrial Revolution, this phenomenon 
in human history is also cyclical and obeys the same 
laws as all previous changes in the way of thinking.

The start of the Industrial Revolution has been 
associated with the invention of the steam engine 
during the late 18th century. This period has been 
described in textbooks on history, sociology, 
economics, and design as one of the key moments 
shaping the trajectory of modern society towards a 
global reorganization of the world. With the stealthy 
displacement of craftwork by the industrial paradigm, 
traditional forms typical were lost along with the 
elegance of lines, functionality, and convenience. In 
their attempts to conceal obvious shortcomings of new 
products in terms of their form, manufacturers resorted 
to so-called ornamentation, which involved decorating 
products to obscure the clumsiness of exterior forms 
and conjunctions with embossed overlays and coffers. 
This process coincided with the crucial shift towards 
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designing the form at a separate pre-primary stage 
rather than during the process of manufacture. Thus, 
it was necessary to develop a scientific understanding 
of the principles of shaping and identify its regularities 
based on a systematic approach. Here manufacturing 
was informed by design principles that had developed 
in architecture. The formation of the industrial design 
discipline is associated with such names as Gottfried 
Semper (German architect, 1803–1879) and Henry 
Cole (English artist and social activist, 1808–1882). 
By the end of the 19th century, design was already 
established as a discipline in its own right.

The transition to the 20th century may be 
characterized by a shift in industrial production to a new 
level. Household objects produced according to this 
paradigm have already become inexpensive, convenient 
and widely accessible to the public. The replacement 
of steam and water engines by electric equivalents, the 
invention of conveyor belts, as well as the development 
of transport, telegraph, telephone and radio gave rise to 
the Second Industrial Revolution.

The principle of shaping in design, encapsulated 
by the famous formulation “form follows function” 
by the architect Louis Sullivan in 1896, established 
the main direction for shaping in the 20th century. In 
industrial production, this brilliantly simple approach 
to shaping led to the establishment of industrial design 
schools based on Sullivan principle of functionalism 
(e.g., Bauhaus, Vkhutemas). Thus, the search for forms 
that maximize the function of products became the 
main strategy associated with the Second Industrial 
Revolution. Items produced during this period can be 
characterized a certain delicate elegance in terms of their 
functional simplicity and style. Therefore, the design 
concept of usability was defined by the relationship 
between form and function. 

The end of World War II is associated with the 
third round of the industrial revolution. This period 
is marked by the more rapid pace of scientific and 
technological development with multifunctional 
electric devices moving from highly specialized areas 
of industrial production into the everyday lives of 
ordinary people. Private automobiles became widely 
available, electronics was actively developed and new 
materials based on polymers became widely used 
in production. The variety of forms produced in the 
1960s–1980s is amazing. 

During this time, the role of design in production 
significantly increased along with several trends in 
design associated with a rejection of functionalism as 
the ground for usability and based a post-modernistic 
rejection of the established principles of shaping. New 
trends in art-design were encapsulated in the slogans 
“form follows style,” “form does not follow function,” 
and “function is form,” giving rise to a profusion of 

forms and products. Much of these have lost their 
relevance falling out of fashion with time. Again, 
there has been a trend towards the unification of form 
based already on the quality of the design concept 
rather than on the development and improvement over 
centuries.

Today, the unification of forms produced by the 
Second and the Third Industrial Revolutions may 
be witnessed. Here, we may cite the example of 
the automobile. Since the dawn of the automobile 
industry during the Second Industrial Revolution, 
the automobile form was dictated by its design and 
function, while the variety of these forms is limited 
by production capacity. With the development of 
material processing and assembly technologies, as 
well as improvements in aerodynamic and ergonomic 
testing during the third industrial revolution, the 
variety of forms employed in automotive engineering 
has increased significantly. Manufacturers have 
used all available means in an effort to impress the 
customer and increase sales; as a consequence, cars of 
various shapes, sizes, colors and versions have been 
rolling off the automaker assembly lines. An analysis 
of styles in car design for the second half of the 20th 
century should be the subject of a separate study. By 
the beginning of the 21st century, the design of the 
overwhelming majority of cars produced worldwide 
had been sufficiently unified enough to differ from 
each other by separate design details only: headlights, 
radiators and trunk shaping lines (Fig. 2). The overall 
shape has been reduced to the unified image dictated 
by the balance between aerodynamics, economic 
characteristics and ergonomics rather than by function. 
Thus, it is in a balance of characteristics that usability 
parameters are ultimately provided.

The late 20th century may be characterized by an 
emerging crisis in design. Having already come under 
attack during the second half of the 20th century, 
Sullivan’s principle of form following function has 
become increasingly irrelevant in the production 
of objects functioning beyond the objective world. 
Today, humanity is in the midst of the Fourth Industrial 
Revolution placing an even heavier burden of 
responsibility on designers. This revolution is associated 
with formation of new expectations of quality of life, 
as well as with digitalization, development of artificial 
intelligence, and the replacement of conventional 
production technologies with the mass customization 
paradigm. Since there is insufficient time for unifying 
form in a natural manner, designers are obliged to 
shape the usability of objects guided by preferences 
that are yet to be manifested. For example, while the 
unification of automobile design took half a century, 
the unification of cell phones or computer mouse 
design occurred within 20 years (Fig. 3).
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(а)                                                    (b)

Fig. 3. Shape evolution of the computer mouse: 
(a) sample devices from the 1990s;  

(b) modern computer mice

In this event, shaping in the context of usability 
requires a new approach to be considered not only in 
terms of function, but also the trend towards future 
unification due to the demand and quality of design. 
The development of modern usability in design may 
be characterized most thoroughly by the “form follows 
ergonomics” principle. Modern digital products are 
often no longer intended to be directly manipulated. 
For example, the function of modern headphones is 
not essentially different from the function of those 
in the past; however, their operation principle and the 

human-computer interaction technology have changed 
dramatically. Their shape may vary now within a very 
wide range, from familiar to bionic ones [1–6].

RESEARCH RESULTS

In industrial design, the concept of usability is 
intimately associated with form evolution and product 
shaping. However, universality principles should 
be considered when designing and constructing 
industrial facilities. In contrast to industrial products, 
the development of digital technology has resulted in 
the creation of digital products depending to a greater 
extent on usability. Shaping in digital design implies 
a search for harmonious color combinations, defining 
the style of elements (including defining the form of 
these elements) to create a harmonious composition. 
However, the most important criterion in digital design 
is usability (ease of use). Therefore, developers carry out 
thorough pre-project research before starting developing 
a website or mobile application design. Usability in user 
interface (UI) design is related to user experience (UX) 

(а)

(c)

(b)

(d)

Fig. 2. Evolution of the car shape: 
(a) 1958 Chevrolet Bel Air; (b) 1969 Ford Mustang Shelby GT500; (c) Toyota Auris 2008; (d) FORD Fiesta 2009
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design research, implying the development of user 
interface designs that combined user convenience with 
a harmonious interface appearance.

Digitalization in the contemporary world 
accompanies the transformation of socio-technical 
structures previously provided by non-digital products 
and relations into structures mediated by digital products 
and relations with embedded new digital capabilities. 
While the development of digitalization and digital 
technologies has influenced the creation of new so-called 
“non-digital” products, since this involves the creation 
and development of digital products, the contemporary 
designer is required to master digital competencies and 
skills in order to create them.

Digital skills involve mastering a set of capabilities 
for digital devices, communication applications, and 
networks for accessing and managing information. Thus, 
digital skills and competencies should be mastered in the 
following areas: programming and web development, 
application development, digital design, project 
management, digital marketing, and data analytics.

The main advantages of creating digital products are 
the following:

1.	  Low overhead costs. Digital designing certainly 
involves the cost of purchasing computer hardware 
and licensed professional software. However, in 
contrast to the industrial production, the creation 
of each unit of a digital product (digital identity, 
landing page, etc.) does not imply purchasing raw 
materials for their creation.

2.	  High profitability. Since there are no recurring costs 
for materials when developing a digital product, 
profit can be made without use of consumables. 
Nevertheless, costs must be allocated to payments 
for labor, electricity, etc.

3.	  Automated development process. When developing 
various digital products, many processes may be 
automated to accelerate the process of completion.

4.	  Flexible digital product transport. Advanced cloud 
and associated technologies allow the storage and 
transportation of digital products to consumers 
without involving their physical transportation.
Thus, ergonomics, ease of use, and usability come 

to the fore in creating successful and competitive 
digital products. In digital design, the product—e.g., 
developing the design of website or its mobile version—
undergoes a rather long process of UI/UX design 
testing. Although this process has common roots with 
evolutionary shaping in industrial design, web designers 
try to obtain maximum user feedback on each element 
of the digital product performance. Then, an analysis of 
user experience is carried out along with troubleshooting 
of the website or mobile application.

Before starting the layout, the user route for 
“wandering” within the developed graphical user 
interface should be plotted to provide a framework for 
the work (Fig. 4). After the route has been discussed, 
the development of architecture along with layout is 
performed (Fig. 5). The interface visualization is an 
important outcome of the work (Fig. 6) [7–9].

Fig. 4. Developing the user route for the exhibition website
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Fig. 5. Designing the website layout

In today’s world, principles of universality are 
referred to in industrial design and architecture. 
Universality of design allows designers to navigate 
rapidly changing trends. This trend, which originally 
involves the development of projects taking ergonomics 
requirements into account, is based on inclusivity 
principles and intended for a wide range of users. 
Universal design shapes the object-spatial environment 
accessible to people with different abilities and 
physical traits [10–14]. Products designed according to 
versality principles should be adapted to a wide range 

of individual preferences and capabilities, as well as 
being easy to use and intuitive. Object design transmits 
information to the user as well as minimizing risks and 
the adverse consequences of accidental or unintended 
actions. Universal design ensures that objects may be 
used efficiently, comfortably and with minimal fatigue. 
The focus on ergonomics specifies sizes for objects and 
environments to ensure their usability regardless of 
the user’s body size, condition, or mobility. Due to the 
original universality of such objects, their shape does not 
require unification.

Fig. 6. Visualizing website design
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Fig. 7. The concept of a bionic helmet phone for people with disabilities

Digital product usability also requires universality 
principles to be considered since people with disabilities 
actively use digital technologies. Therefore, for example, 
whether developing a desktop or mobile version of 
a website, a version for blind or visually impaired 
individuals should be developed.

The possibilities of universal design are the research 
area being developed by the Department of Computer 
Design at the Institute for Advanced Technologies 
and Industrial Programming, MIREA  – Russian 
Technological University [13–15].

Since the design of objects and environments based 
on universal principles is an essential aspect of training 
students at the department, students of the Department 
of Computer Design are actively involved in researching 
universal design possibilities. 

 The design of a helmet phone comprising a hearing 
device with air and bone conduction capabilities may 
be mentioned as an example of the developments of the 
department considering the universal design principles 
in both industrial and digital spheres (Fig. 7). This device 
facilitates the enhanced perception of sounds for people 
with hearing loss. The distinctive feature of the device 
consists in its design based entirely on professiographic 
methods for the ergonomic study of the human body. 
Studies have shown that vibration emitters intended 
for perceiving sounds through bones are located in the 
cheekbone area having maximum bone conduction. In 
order to keep the device on the user’s head, a system of 
fastening arcs has been developed [15].

A scientific and practical conference “Universal 
Design  – Equal Opportunities  – Comfortable 
Environment,” which examines various trends in modern 
design in terms of inclusiveness and universality, has 
been hosted at the University since 2016.

CONCLUSIONS

The evolution of usability is cyclical in nature. 
Each stage of scientific and technological progress 
produces a lot of new objects and forms, most of 
them losing relevance over time to be perceived as 
archaic and obsolete. Those passing the test of time 
are reduced to a single form and typically used for 
decades. Principles of versatility considering primarily 
ergonomics, safety, and usability help to avoid errors 
in product design. The evolution of digital design 
and web technologies define the developed product 
usability (ease of use). This promotes the transition 
from complex forms to simpler ones in design and 
shaping of digital products for a wide range of users 
and people with disabilities.
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