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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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Pe3iome

LUenun. AktneHas umdposmnsaums poCCUNCKON 9KOHOMUKN Bbi3blBaeT aedpuumt UT-kagpos 1, B NEPBYIO o4epenb,
neduunT pa3paboTynkoB NPOrpamMmMHoro obecnedyeHuns. ns pocCUNCKOro YyHMBEPCUTETCKOro 06pa3oBaHns akTy-
aNbHOM IBNSIeTCS 3a/a4a MacCoBOM NPOdeCcCnoHanbHOM NOAroTOBKN TakuxX crneunanmucToB. Lienb paboTbl — NOBbI-
LIeHMe KayecTBa MacCoBOW NpodeCcCroHanbHOM NOANrOTOBKM NPOrpaMMUCTOB NYTEM CO34aHUS, BHEAPEHUS U pas-
BUTUS PYHKLIMOHANTbHOCTU KOMMbIOTEPHOM cucTembl «Lingposoit accucteHT npenoaasatens» (LLAM). 3ta cuctema
No3BONISIET NMpPenogaBaTesio B YCIIOBUSX MACCOBOro 0Oy4eHUs CKOHLEHTPUPOBATLCA Ha DYHKUMSX, TPeOyoLmx
TBOPYECKOr0 NoAxo4a — COCTaBNEHUN Y 0OCYXXOEHUM HETPUBMASIbHBIX 33424 MO NPOrpaMMUPOBAHUIO.

MeTopabl. icnonb3oBaHbl Negarormyeckme MetToabl nepcoHndurkaumm yaedbHoro npotecca. Obwmin Nnoaxon, OCHO-
BaH Ha yO0BNETBOPEHNM OrpaHNYEeHNAM AJ19 CO30aHMS FreHepaTopoB 3a4a4 No NPOorpaMMmpoBaHmio. MNMpu reHepaummn
33424 NPYMEHEHbI METOAbl NOPOXAEHUS ClyYanHbIX MPOrpaMm 1 AaHHbIX HA OCHOBE BEPOATHOCTHbLIX KOHTEKCTHO-
3aBMCHMbIX FPaMMaTUK, @ TakkKe MEeTOAbl TPaHCSALMM C UCMNOJIb30BaHWEM AepeBa abCTpakTHOro cuHTakcuca. Ans
JeKknapaTuBHOro NpeacTaBfeHns reHepartopa 3aga4q NnpuMeHeHbl MeToabl GYHKLUMOHANbHOrO NPOrpaMMmnMpOBaHng,
No3BONsOLME CO3aaTh NPEAMETHO-0PUEHTUPOBAHHbIN A3bIK C MOMOLLIbIO KOMOMHATOPOB. [1151 NPOBEPKU PELLEHNIA
1CMOJIb30BaHbl METOAbl aBTOMATUYECKOIrO TECTUPOBAHMS.

PesynbTaTtbl. PaspaboTaHa cTpykTypa cuctemMsl LAMN. PaccmoTpeHa aBTomaTmnyeckas reHepaums 3agad no npo-
rpaMMNPOBaHWIO, BbIAENEHbI KNTACChl MPAKTUYECKMX 3a4a4, OTpaxaloLmMe COBPEMEHHYIO creumdunky paspabdoTku
nporpaMmmMHoOro obecneyeHusi, NpruBeaeHbl NpUMepbl Ux reHepaumn. MNMprnBegeHa cxema reHeparopa 3aaad no npo-
rpammunpoBaHuio. OnmncaHa npouenypa aBToMaTMyecKon NPOBEPKM peLleHnsl 3a4a4, OCYLL,ECTBASEMAs C MOMOLLLbIO
Habopa MporpaMMHbIX TECTOB, CPOPMUPOBAHHOIO reHepaTopom 3agad. [puBeneHa npouenypa KOMMIEKCHOM
OLIEHKN peLleHns obyyatoLLLerocs, BkoYaoLwas NpoBepky KOPPEKTHOCTU pelysibTaTta 1 NPOBEpPKY Ha nnarnat pe-
LIEeHM B Criyqae 3a4ad, CO34aHHbIX NpenogaBaTesieM BPY4YHYIO; COOTBETCTBME CTaHA4APTY CTUAS HanucaHus npo-
rpamMmbl, METPUKAM OLEHKM CITOXHOCTM NPOrpamMmsbl 1 T.4,. PACCMOTpeHbl BeAeHMe CTaTUCTUKM YCNeBaeMocTn 00y-
YaroLmMxcs N nHTepdenc B3aMMoaencTans o0yyatoLmnxcsa 1 NnpenoaaBaTenei.

BbiBogbl. OnbiT BHeapeHus LLAIM B y4eOHbIN npougecc kypca «MporpaMmmupoBaHme Ha a3bike Python» noaTteepaun
BO3MOXHOCTb 0b6ecrneyeHnss nepcoHndmrkaumm yyebHoro npouecca ans odyyalowmxcs B BUAE MHOVNBUAYATbHbLIX
o6pa3zoBaTesibHbIX TPAEKTOPUIA.

KnioueBble cnoea: MacCcoBoe 00y4eHre NporpaMMmnpoBaHunio, LMgPOBO aCCUCTEHT Npernoaasarens, reHepaums
3agaHuii, UHOVBUAOYanbHaa TPaeKTopusa 0B6y4eHns, MOTUBaLMS 00YyYaloLLMXCH
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npospatmocn: cbvmaucoaoﬁ AeaTesibHOCTU: ABTOpr He NMerT CI)I/IHaHCOBOI‘/JI 3anHTEpPeCoOBaHHOCTW B nNpeacTaB/ieH-

HbIX MaTepunanax nnm MmetTogax.

ABTOPbI 3a9BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

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-things' [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

I Rynok truda v Rossii (The labor market in Russia). Tadviser:
Gosudarstvo. Biznes. Tekhnologii (in Russ.). https://clck.ru/
ZDSAU. 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
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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:

e 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.);

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

e online system for reception and verification of tasks;

e automatic adaptation of the complexity of tasks and
theoretical materials to the level of a student;

e automatic task generation;

e 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 1'2-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 Piazza®, 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:
e generation of individual tasks;
e check of tasks with informative answer for a
student;
e recording student academic achievement statistics;
e interface of interaction between learning process
participants.

Generation
of tasks

A

Teacher Student
Web interface [« > activity
database
; ; ; ; A
Students Check
of tasks

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;

e support of the main topics of the course and language
constructs;
e interest and practical utility of tasks;

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

11


https://piazza.com/

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

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

e clarity and univocality of the text of a task statement
and its resemblance to a human-composed text;
e identical complexity of all the generated variants of

a task at fixed settings of the task generator;

e absence of obvious cliché solutions to different
variants of a task;
e possibility of automatic check of solution.

A DTA contains a large number of task generators
G =g, ..., &,}, each generating variants of tasks of its
own type. The inputs of the task generator function g(h, s)
consist in the hash value 4 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:

e creation of a new program;
e analysis of the existing program;
e 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]:

e translation of a certain representation into a program
code;
e 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 EPAGP)AG(p)

Here, the specification predicate ¢, determines
the conditions of choosing p, while the predicate ¢,
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 {(x;, ¥), ..., (x,, ¥,)}, where x; is the vector of
input values and y; 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
proposedtouse aspecial 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:

fic—oc

This wuses a computation model in which
combinators receive context ¢ and return a new version
of it. The context ¢ = {(a;, v)), ..., (a,, v,)} comprises
a set consisting of n pairs of the attribute—value form.

The context always contains the following attributes:
computation result a,, and Boolean error value a ..
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 (alf).
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 a 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 kx". The main rule forms an
AST representation of a polynomial to the third degree.
The combinator /et 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.
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coeff = alt(randint(-1e€0, 1ee), e, prob=[0.3, ©.7])
term = A k, n: mul(k, power('x"', n))

1
2
3
4
5 main = find(seq(
6
7
8
9

let(a=coeff), let(b=coeff), 86x3 + 20x?% + —27
let(c=coeff), let(d=coeff), —85x
add( —98x
term(ref('a'), 3), 86x% + —47x% + 51x
10 term(ref('b'), 2), 40x + 44
11 term(ref('c'), 1), 93x
12 term(ref('d'), ©), —63x + —66
13 )s —62x3 + —17x
14 check(A c: c.a =@ or c.b !=08 or c.c I=9) ~97x2
94x?

15 ))
(a) (b)
Fig. 3. Random polynomial generator:
(a) realization in eDSL and (b) examples of the results of generation in the LaTeX format

The search for the correct result is made by the Figure 4 presents a more extended example of the
combinator find. Thus, a simple declarative constraint  realization of generation of random functions in C++
programming system is realized. This approach is much  for array handling. Here, a task in the spirit of finite-
less productive than, e.g., SMT solvers and specialized  impulse-response filters is imitated.
solvers for constraint programming tasks. Nevertheless, In the generated random functions, the data types
the considered declarative language allows constraints  and the variable names are consistent. A cycle can be
of arbitrary complexity to be used. Moreover, the realized using both for and while, whose realization is
generation rate typically is not the most important  similar to that of for. The realization of the combinator
characteristic of creating learning tasks. Finally, SMT  expr is not shown because it presents nothing new in
solvers and other third-party tools can be used together =~ comparison with the previous example of polynomial
with the considered combinatorial language. generation.

1 args = shuffle_list(

2 decl_ptr(ref('ty'), ref('bufl')), decl_ptr(ref('ty'), ref('buf2')),
3 decl('int', ref('size'))

4)

5 for_array = A *body: for_loop(

6 eq(decl('int', ref('idx')), ref('mtap')), lt(ref('idx'), ref('size')),
7 postop('++', ref('idx"')), block(*body)

8)

9 memset = call('memset’,

10 Ist(ref('buf2'), 0, mul(call('sizeof', ref('ty')), ref('size')))

11 )

12 loop_body = stmt(eq(load(ref('buf2'), ref('idx"')), expr))

13 main = seq(

14 let(ty=one_of('int float double')),

15 let(name=one_of('data buf arr x y')),

16 let(bufl=to(A c: c.name + '1')), let(buf2=to(A c: c.name + '2'))
17 let(size=to(A c: c.bufl + '_size')),

18 let(idx=one_of('i j k n")),

19 let(taps=to(A c: sorted(sample(range(1l, 5), randint(1, 3))))),
20 let(mtap=to(A c: max(c.taps))),

23 function(

22 one_of('calculate process compute perform'),

23 'void', args, block(stmt(memset),

24 alt(for_array(loop_body), while_array(loop_body))

25 )

26 )

27 )

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.

void process(int x_size, double *y, double *x) {
memset(y, @, sizeof(double) * x_size);
for (int i = 4; i < x_size; i++) {
y[i] = 8 * x[i] + 2 * x[i - 1] + -4 * x[i -
¥
}

void perform(float *arrl, int arrl_size, float *arr2) {

3] + -5 * x[i - 4];

memset(arr2, @, sizeof(float) * arrl_size);
int k = 2;
while (k < arrl_size) {
arr2[k] = 5 * arrl[k] + 8 * arrl[k - 2];
k++;
¥
}
void compute(int y1_size, float *y2, float *yl1) {
memset(y2, 0, sizeof(float) * yl size);
for (int k = 3; k < y1_size; k++) {
y2[k] = -6 * y1[k] + -7 * yl[k - 3];
}
}

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:

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

e check for compliance with the program writing style
standard;

e analysis of the metrics for assessing the program
complexity;

e 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 ina 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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Python programming
training course

. Notification Feedback Web interface
GitHub . .
repositor (Telegram with students for writing down
P y channel) (MantisBT) solutions
Lecture materials Seminar materials Procedural task Au?c_)ma_tlc
DandyBot game ) verification
(Jupyter notebooks) (Jupyter notebooks) generation of solutions

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:

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

e 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:

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

e introduce the students to the subject domain of the
tasks considered in the exercise.

In seminar classes, tasks of several types are used:

e procedure-generated tasks;

e tasks from Jupyter notebooks;

e tasks related to DandyBot game;
e 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:

+78694947943103-08-2003 | No
+79774177489127-03-2002 | Yes
+77571568485105-12-2001 | Yes
+73113372701121-07-2003 | No

Conversion result:

8694947943 | 9774177489 | 7571568485 | 3113372701
false true true false
03-08-03 02-03-27 01-12-05 03-07-21

2. Initial table:

+76058136232111-04-2001 | No
+72178434337102-10-2000 | No
+76826857881125-11-2003 | Yes

Conversion result:

6058136232 | 2178434337 | 6826857881
false false true
01-04-11 00-10-02 03-11-25

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 x 42, 0 x 58, 0 x 59,
0 x 9a followed by the structure A. 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 array B, size 4

intl6

int16

intl6

Structure C

Size (uint32) and address (uint32) of the double array|
uint32

Structure D

Structure A:

OO 1| O\ h| £ W ] —

uint32
double
Size (uint32) and address (uint32) of the char array

Structure B:

QI B

Int16 array, size 5
uint64

intl6

int8

Structure C:

W D] -

-

intl6

int8

int8

uint64

Size (uint32) and address (uint32) of the uint16 array

Structure D:

| | W] —

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 Variant

Solution:

import struct

def f31(x):
res = {}
res['A1'] = struct.unpack('f, x[3:7:])[0]
res['A2'] = struct.unpack('q’, x[7:15:])[0]
res['A3'] = {}
addr = x[15] + x[16] * 16 + x[17] * 16 * 16 + x[18] * 16 * 16 * 16
res['A3']['B1'] = struct.unpack('q’, x[addr : addr + 8])[0]
res['A3']['B2'] = struct.unpack('H', x[addr + 8 : addr+ 10])[0]
res['A3']['B3'] = struct.unpack('b’, x[addr + 10 : addr + 11])[0]
res['A4'] = struct.unpack('h’, x{19:21:])[0]
res['A5] = {}
res['/A5']['C1'] ="
size = x[21] + x[22] * 16 + x[23] * 16 * 16 + x[24] * 16 * 16 * 16
addr = x[25] + x[26] * 16 + x[27] * 16 * 16 + x[28] * 16 * 16 * 16
for i in range(addr, addr + size):
res['A5'['C1] += chr(xi])
res[AS]['C2]=[#="
size = x[29] + x[30] * 16
addr = x[31] + x[32] * 16
for i in range(size):
res['A5|['C2'.append({})
res['A5']['C2'][i]['D1'] = struct.unpack('H', x[addr + 4 *i:addr + 2 + 4 *i:])[0]
res['A5']['C2'][i]['D2"] = struct.unpack('H', x[addr + 2 + 4 *i:addr + 4 + 4 *i:])

Table of results
Error log

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

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. 11. Statistics of solutions of procedure-generated tasks that were sent by the students
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Fig. 12. Alevel 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.

Authors’ contributions:

E.G. Andrianova: The urgency of automating
the process of massive programming training was
substantiated. The personification methods for the
massive programming training process were investigated
and adapted. Types of practical tasks reflecting the
contemporary specifics of software development were
highlighted.

L.A. Demidova: A procedure for a comprehensive
assessment of the student’s solution was proposed. This
procedure included checking the correctness of the result
and checking for plagiarism of solutions in the case of tasks
created by the teacher manually, as well as compliance
of the program style with the standard and metrics for
assessing the program complexity, etc. The maintenance
of statistics of students’ progress and the interface of
interaction between students and teachers are described.

P.N. Sovetov: Algorithms satisfying the constraints
for creating generators of programming tasks were
developed, the Digital Teaching Assistant computer
system architecture was built, and the implementation of
this system was completed. A procedure for automatic
verification of task solutions was developed and described.
This procedure is realized using software tests generated
by the task generator.

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) conceptis 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 controltasks was considered. In particular, such parameters asinstruction setaddressness, 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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HAYHYHAA CTATbA

IlepcnekTUBBI IPUMEHEHHMs COPT-MPOLECCOPOB
B CHCTEMAaX Ha KPUCTAJLJIe HA 0a3e MPOrpaMMHUpyeMbIX
JIOTHYECKUX MHTErPAJIbHBIX CXeM

W.E. Tapacos @, A1.C. MotexuH, O.B. NnaTtoHoBa

MUPSA — Poccuiickuni TexHonormdeckni yumepcutet, Mocksa, 119454 Poccus

@ AsTOp AN nepenvicku, e-mail: tarasov_i@mirea.ru

Pe3iome

Llenu. Pa3BuTre aneMeHTHON 6a3bl MPOrpamMMnUpPyeMbIX JTOMMHECKNX MHTerpanbHbix cxem (MJINC) kayecTBEHHO
MEHSIET TPebOBaHNA K MapLLPYTY NPOEKTUPOBAHUS 3NIEKTPOHHBLIX CPEACTB BCNEACTBME POCTA JIOTMYECKON eMKO-
CTM 9TUX MUKPOCXEM N TEHAEHLMMN K MOBbILLEHUIO CTEMNEHN NHTErpaLmm nogcuctem. NpenmyLLecTBeHHbIM Hanpas-
NIEHNEM NPUMEHEHUs JaHHOW nnaTdopMbl ABNSETCH KOHUENnumsa cuctembl Ha kpuctanne (CHK), HanpaBneHHas
Ha COBMELLEHME B OOHOM KpUCTasie NoacmucTeM npmema, o6paboTkm n obMeHa JaHHbIMK, @ Takke peannsaumio
YNPaBASioLMX, ANArHOCTUYECKNX U APYTrMX BCMOMOraTesbHbIX noacucTeM. Llenb paboTel — pa3paboTka MeToaukum
npYMeHeHns codT-NpPoLLECCOPOB, T.€. MPOLECCOPOB, CO3aaBaeMbix Ha 6ase KOHOUIypUpPYyEMbIX JIOFMYECKUX pe-
CYpPCOB, Ans peanusauum GyHKUMA ynpasneHus B coctaBe CHK Ha 6ase MJTNC.

MeToabl. /Icnonb3oBaHbl METOAbI NPOEKTUPOBAHUSA LUDPOBLIX CUCTEM.

PesynbTtaTbl. 1019 COPT-NPOLECCOPOB PACCMOTPEH YHUDULMPOBAHHbIV MapLUPYT NPOEKTUPOBaHWSA, OCHOBaHHbIN Ha
BbIOOPE apXUTEKTYPHBIX MapPaMeTPOB, KAHECTBEHHO COOTBETCTBYIOLLMX 334a4aM ynpasneHus. B yacTHocTu, Takue na-
pameTpsbl, Kak afpeCcHOCTb CUCTEMbl KOMAHZ, KONMYECTBO TakTOB KOHBEMepa, KoHpurypaums apndmeTnko-normye-
CKOro yCTPOMCTBA, ABASAIOTCS PEryMpyeMbIMU Ha aTarne NpoeKkTUPOBaHNS, YTO NO3BONSET NPOBOANTL ONTUMU3ALMIO
codT-npoLeccopa B ANCKPETHOM NPOCTPAHCTBE NapamMeTpoB. PAacCMOTpeH Takxke Noaxon, K 6bICTPOMY NPOTOTUMNPO-
BaHUIO accembnepa Ha OCHOBE CTEKOBOI0O A3blka MPOrpaMMUPOBaHNS C PEryISPHON rpamMMaTuKoN. [epCnekTnBHbIM
HanpasfieHNeM NPUMEHEHUS COPT-NMPOLECCOPOB ABMSETCH ynpasfieHne annapaTHbiMU KOMIOHEHTaMU LndpPOoBOM
06paboTku curHanos B coctaBe CHK. B ctaTbe paccmoTpeH npumep peanudaummn CHK Ha 6a3e MJINC Xilinx Virtex-7,
B COCTaBe KOTOPOro NMPMMEHEHbI HECKOJIbKO NMPOLIECCOPHbIX 9AepP, Pas3pabdoTaHHbIX MO NPeASIOKEHHOM METOAMKE.
BbiBOAbI. PaCCMOTPEHHbIE MOAXOAbl K MPOEKTUPOBAHMIO CODT-MPOLECCOPOB MO3BONSAIOT NPOBOAUTL ObICTpOE
NPOTOTMNNPOBaHME YNPaBSIOLLLErO NPOLECCOPHOro sapa ansa padotsl B coctaBe CHK Ha 6a3e MJINC.

KnroueBble cnosa: npoueccop, MJIMC, cuctema Ha kpuctanne, umdppoas obpadoTka CUrHanoB, KOMMUAATOP

e Moctynuna: 10.01.2022 ¢ flopa6oTaHa: 21.03.2022 ¢ MpuHATa k ony6nukoBaHuio: 22.04.2022

Ana untuposaHus: Tapacos W.E., MotexuH O.C., MNnatoHoBa O.B. MNepcnektnBbl NpyMeHeHns copT-npoLLEeCCOpPOB
B CuUCTEMax Ha kpuctamie Ha 6as3e nporpaMMUPYeEMBbIX NOMMYECKMX WHTErpanbHbix cxem. Russ. Technol. J.
2022;10(8):24-33. https://doi.org/10.32362/2500-316X-2022-10-3-24-33

Mpo3payHoCcTb GMHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepunanax nin Mmetogax.

ABTOpbI 3as9BAAOT 06 OTCYTCTBUMN KOHMANKTA MHTEPECOB.

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
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of 2000s [2]. Later on, the PowerPC (Xilinx Virtex-II
Pro, Virtex-4, Virtex-5)! and Advanced RISC Machine
(ARM) (Xilinx Zyng-7000, Xilinx Zynq UltraScale+,
Xilinx Versal?, Intel Cyclone V?3) hardware processor
cores were added to FPGAs. By separating the ARM
processor subsystem into an independently operating
part of the chip, the Xilinx Zyng-7000 family became
a fully programmable system-on-a-chip (SoC)* 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.’

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

! 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. AMOI11
(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 u 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:

e providing an efficient topological implementation;
e 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
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Fig. 1. Interaction between processor and hardware acceleration subsystem in SoC class device

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.

Thesselection of soft processor architecture is strongly
dependent on the hardware architecture. For example,
ARMSO, MIPS’, and RISC-V?® 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.
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The generalized instruction format

represented as follows:

may be

<Dest> = <Operand1> op <Operand2>

where Dest is the destination device (register) for placing
the operation result; Operand] 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 | Operand?2 | Two-address
| CmdType | Operand1 | Operand?2 | 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

LReg—b

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

2-cycle architecture:
fetch—execute

fetch—decode—execute—memory-write

Cmd 3-cycle architecture:
fetch—decode—execute
L Opl p—
Reg
Op2
Cmd 5-cycle architecture (version):
L Op1
Reg ALU
Op2
Cmd

Fig. 3. Basic versions of the processor microarchitecture. ALU is the arithmetic logic unit
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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 (/, O, D, and S) is considered, where /
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, / > 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 ALUI1, 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 <§>);

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.

Reg

Fig. 4. Examples of the ALU architecture implementation
based on unified representation
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Data
stack

ALU \

Cmd

Data

Fig. 5. Stacked processor microarchitecture

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

' XS7 DRB-9FA
UnBlanc

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.

pr -
- L]

1-0060

Fig. 6. External appearance of the developed 16-channel spectrum analyzer
based on FPGA with multiprocessor control subsystem
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Along with their positive impact on the system
performance, the characteristics of stacked processor
cores have been noted in the process of spectrum
analyzer development and pilot operation. In particular,
the selection of processor cores for auxiliary and
communication tasks has allowed the complex
programming requirement to be significantly simplified
by focusing auxiliary cores on main computational
processes without allocating resources of the main
computational node for processing rarely occurring
events. Combined with the large size used by FPGA
(more than 500 000 logic cells), this confirms the
feasibility of extensive use of soft processors for
computational load distribution in complex computer
systems.
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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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Peslome

Llenu. Vicnonb3oBaHne CUHXPOTPOHHOIO U3JTy4EHMS MO3BOISET pelaTh GyHAaMeHTalbHbIe METPONOrMYecKme 3a-
[a4n BOCNPOU3BEAEHNS 1 Nepefayn eauHUL, CNekTpopaamoMeTpum, pa3pabaTbiBatb METOAb! U CPEACTBA METPO-
JIOrMY4ecKoro o6ecnevyeHnsi COBPEMEHHbIX TEXHOJNIOMMNIA, Takmx kak HaHodoTonutorpadus B 3NEKTPOHHOW Mpo-
MBILLNEHHOCTWN. Pa3BuTre TBEPAOTENbHbIX MICTOYHUKOB Y MPUEMHUKOB N3y4eHNss GOPMUPYET HOBbIE aKTyaslbHble
33241 nccneoBaHns METPOOrMYECKMX XapakTEPUCTUK CBETOANOA0B, MHOTO3/IEMEHTHbIX MaTPUYHbIX MPUEMHN-
koB, M3C-kamep 1 TENECKOMNOB, YCNELIHOE PELLUEHNE KOTOPbIX 3aBUCUT OT UCMONb30BaHUSA CBOWCTB 9Ta/lOHHOIO
WNCTOYHMKA CUHXPOTPOHHOIO 13nydYeHus. Lienbio paboTbl SBAsieTCa pa3BnTne MeTo40B CNekTpopaanoMeTpumn anas
METPOOrMYECKMX KaHaNoB 3/1EKTPOHHOIO HaKoMUTENbHOrO KoJbLa NPy KOHTPOJIE XapakTepUCTUK KOMMOHEHTOB
B 3/IEKTPOHHOM MPOMBILLIEHHOCTU, MPU UCCNEA0BAHMAX N KanMbpoBKax paaMoMeTpoB, GOTOMETPOB, nany4yate-
nen B BUAMMOW, ybTpadnoneToBoin n nidpakpacHon ob6nacTsax cnekrpa.

MeToabl. MeToap! nepenayn eguHUL, CNEKTPOPaAMOMETPUN Ha 3NIEKTPOHHOM HaKOMUTENIbHOM KOJibLie OCHOBaHbI
Ha Mcnonb3oBaHun knaccuyeckon Teopum 0. LLIBUHrepa, onvceiBaloLen 9N1eKTPOMarHUTHOE U3NyYeHE PENsTU-
BMCTCKOrO 3N1EKTPOHA, A pacyeTa CNeKTPanbHbIX QHEPreTUYECKMX XapakTePUCTUK CUHXPOTPOHHOIO MU3JTy4YeHus
C Y4ETOM NONSIPU3ALMOHHbIX KOMMOHEHTOB.

Pe3ynbTatbl. PacCMOTpEHbI BO3MOXHOCTU Pa3BUTMS METOLOB Nepenayv eauHNL, CNeKTpopaanoMeTpum C UCMNOSb-
30BaHNEM CUHXPOTPOHHOMO U3YYEHUS 1 CO3AAHMS UCTIbITaTENbHOM YCTAaHOBKN. OTa yCTaHOBKA BKJlO4aeT B ce0s KOM-
napaTop Ha OCHOBE MOHOXpoMaTopa, Teneckona ¢ NM3C-maTtpuuein, cnekTpopaanomMeTpa, paamomMeTpa, GoToMeTpa,
rOHWOMETPA N MHTErpuUpYloLLEer cdepbl, NO3BONSIOLLMX NMPOBOAUTL M3MEPEHMS MOMHOro Habopa CnekTpopaamo-
METPUYECKMX N POTOMETPUYECKMX XapaKTEPUCTUK MCTOHHMKOB 1 MPUEMHMKOB N3NTy4EHUS — OT Hanbonee anddepeH-
LManbHOro pacnpeneneHns CrnekTpasbHOM NIOTHOCTU 3HEPreTUYECKOM SPKOCTH MO U3nyyaroLen obnactn 4o UHTe-
rpasibHOro NOToKa N3Jy4eHUs1 C MPOCIEXMBAEMOCTbIO K 3TaJIOHHOMY MCTOYHUKY CUHXPOTPOHHOIO N3MyYEHUS.
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BbiBoabl. OnpeneneHne MeTposiormiecknx XxapakTepucTMK CBETOANOAHbIX U3NlydaTesieil, MHOrO3JIEMEHTHbIX Ma-
TPUYHbIX NPpUeMHUKoB, MN3C-kamep 1 TeNeckonoB C UCMOJIb30BAHNEM CUHXPOTPOHHOIO U3Ny4eHus NpeacTaBnseT-
csl Hambonee NepcrneKkTUBHbIM HarnpaB/IEHMEM C YHETOM MaJsibiX Pa3MepoB U3JydatoLlen 061acTv CUHXPOTPOHHOIO
n3nyyeHusi, FlayccoBa pacnpeneneHns aHepreTmyeckoin ApkKocTu Mo UanyyaioLler 0651acTn 9/IEKTPOHHOIO CrycTka
CUHXPOTPOHA, LLUMPOKOro AMHAMUYECKOro anana3oHa NnepecTponky cnekTpa 3a CYeT U3BMEHEHMS SHEPrun 1 Ynucna

YCKOPEHHbIX 9JIEKTPOHOB.

KnioueBble cnoBa: cnekTpopagamoMeTpus, CUHXPOTPOHHOE U3JTy4EHME, SHEepreTnyeckas SpKocTb, Cuaa usnyye-

HUg, cBeToamoa, GOTOMETP, paanuomMeTp

e Moctynuna: 15.02.2022 ¢ Aopa6oTaHa: 28.02.2022 ¢ MpuHaTa k ony6nukoBaHuto: 18.04.2022

Ana uutupoBaHusa: Curos A.C., NonosaHoBa H.B., MuHaeBa O.A., AHesckuin C.W., LLamuH P.B., OctaHmnHa O.U.
PelueHune akTyanbHbIX 3a4a4 CNEKTPOPaANOMETPUN C UCMOSIb30BAHNEM CUHXPOTPOHHOIO U3nyyeHus. Russ. Technol. J.
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HbIX MaTepunanax nin Mmetogax.

ABTOpbI 3251BN151I0T 06 OTCYTCTBUM KOHMJIMKTA MHTEPECOB.

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 Federation!
and the Decree of the Government of the Russian
Federation? pay great attention to the development of
optical radiation spectroradiometry using synchrotron
radiation.

The first work on spectroradiometry carried out
at the DESY? 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

I 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).

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 1072 to 1073 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
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CCD* 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 8.888-2015°,
GOST R 54814-2018%, 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 igy(A), 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) of 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:

isg (M) = J IQR (v, M)l (g, M) ST (V) ANAQdy +
Yo

+ [ I (v, )Tt (v, S ArAGdy, (1)
VYo

where W is the angle of deviation from the plane of the
electron orbit; ¥, is the aperture angle of deviation from the

plane of the electron orbit; A is the wavelength; 1 ! r (W, 1),

1 SLR (y,\) are the spectral power densities of synchrotron
radiation polarized in the orbit and perpendicular planes,

respectively; TH(W,X) and tt (W, ) are the transmission
coefficients of the comparator spectral device for radiation
polarized in the orbital plane and perpendicular planes,

respectively; S I ), S 1 (A) are the spectral sensitivities of
the comparator detector for radiation polarized in the orbit
and perpendicular planes, respectively; A\ is the spectral
resolution of the comparator; Ag 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:

igg (M) =

= SAMoAT| [ Iy (v Mdy + [ Iy (w.Mdy |- )
Yo Yo

For an LED, the equation describing the comparator
signal i, ;(Q, A) in a fixed solid angle Q, which
is proportional to the spectral power density of the
unpolarized radiation /; (€2, A) [11], has the form:

I pp(Q, 1) = SQOAMATQL, 1 (Q, 1), 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-II® 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.
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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].

I pp (1) = 0.0273N (i gp / isg JAQ(e?c / QR3) x

x (g 1048 [ K35(0, /1 20)dy, )
Yo

where N is the number of electrons in the orbit; v is
the relativistic factor; e is the electron charge; R is the
radius of the electron orbit; ¢ is the speed of light; K,
is MacDonald function; A, = (4/3)nRy 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 Q = AV, the sizes of aperture
diaphragms and the distance to the radiating point of
the orbit are determined.

At wavelengths much greater than the critical A
(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 ¥ 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 8.332-2013°. In accordance
with the recommendations of the International
Commission on Illumination (CIE 127:2007'7), 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.

1 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.

o
1784 \

\ \

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 / 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

TR

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/Al; 15Ga, g,AS quantum
wells (QWSs) 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/Al,Ga,_,As QWSs 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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HAYYHAA CTATbA

BbicokoTeMneparypHbie KBAHTOBO-KACKATHbIE JIa3epbl
TepParepiuoBoro JUANna3oHa: ONTUMU3ALMS JU3AWHOB
1 JKCIIEPUMEHTAJIbHbIE Pe3yJIbTaThI

A.B. Ywakos 1,
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1 Benopycckuii rocynapcTseHHbili yHusepceuteT, MuHck, 220030 Pecnybnvka benapyck
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Poccuickon akagemumn Hayk, Mocksa, 117105 Poccusi
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@ AsTOp AN nepenvicku, e-mail: khabibullin@isveh. ru

Pe3iome

Lenu. KBaHTOBO-KackagHble nasepbl TeparepuoBoro amanasdona (Thy, KKJT) asnsioTca KOMNakTHbIMWU TBEPAO-
TesbHbIMY NPUOOPAMU C NHXEKLIMOHHOW HAKayKoWr, KOTOPblE MO3BONSAIOT reHEPUPOBATh U3NTyYEHNE B AMANa30He
ot 1.2 0o 5.4 Tr'u. B nonoce pa6oumnx yactoTt TIy KKJT HaxoaaTcs NMHUK NOrNoweHns aNns psaa BewecTs, akTyasb-
HbIX A1 MeOUKO-OMONOrNMYECKNX N SKOSTOMMYECKMX MPUNOoXeHU. Ona wmpokoro npumeHenms Ty, KKJT B gaHHbIX
NPUIOXEHUAX HEOOX0AMMO yBENMYMBATL Paboyylo TeMnepaTypy 1a3epoB, YTO NO3BONT YMEHbLLUUTbL PasMepbl U
ctoumocTb TIy KKJ1, a Takke ynpoCcTuT ncnosb3oBaHme gaHHbIX TI U -UCTOYHUKOB.

MeTopbl. B pabote gnsa pacuyerta anekTpoHHoro tpaHcrnopta B TIy KKJ1 ncnonb3oBanack cuctema GanaHc-
HbIX YPABHEHWUI HA OCHOBE 6a3nca BOJIHOBbIX QYHKLUMIA C YMEHbLUEHHBbIMW OUMObHBIMA MOMEHTAMU TYHHENbHO-
CBSA3aHHbIX COCTOSAHUNA.

Pe3ynbTtaTbl. B pe3ynbTate pac4eTtoB NpeasioXeH OPUrnHasbHbI 30HHbLIA AU3aiH C NepuoLOM Ha OCHOBE Tpex
GaAs/Al, 15Ga, g,AS KBaHTOBBIX fIM (KA) 1 MakcMymom ycunerust okoso 3.3 Tr'u. Ha ocHose pa3paboTaHHOro au-
3ariHa Obln akcnepumMeHTanbHO uarotosneHd Ty, KKJ1, 4yTo BKkAOYano pocT Nna3epHoi CTPYKTYPbl METOOOM Moe-
KYJISIPHO-JIy4€BOW 3MNUTAKCUN, MOCTPOCTOBOM MPOLLECCUHT A19 GOPMMPOBAHUS MOJIOCKOBbLIX 1a3ePOB C ABOMHbLIM
MeTaIM4eCKM BOSIHOBOAOM U COOPKY Na3epoB Ha TennooTeoae. MarotoeneHHbie TIy, KKJT npoaeMoHcTpuposanm
reHepauuio BNaoTb A0 TemnepaTypbl 125 K, 4To cornacyetcs ¢ NpoBeAeHHbIMI pacyeTaMun. Takxe B paboTe npose-
[leHO 1ccreloBaHne 30HHbIX AM3aiHoB Ha ocHoBe AByx GaAs/Al,Ga,_ As KS ¢ pasnimyHbIM COAepXaHeM aiioMm-
HUs B 6apbepHbIx cnogax (x = 0.20, 0.25 1 0.30).

BbiBOAbI. PaccunTtaHHble TeMNepaTypHble 3aBUCMMOCTU MMKOBOMO yeuneHnns onga apyx-Kd anzanHos ¢ x > 0.2 noa-
TBEPXOADT BOSMOXHOCTb co3aanus Ty KKJ1, paboTtawowmx npu temnepatypax cebille 200 K. Takum ob6pasom,
B paboTe npeasioxeHbl AByX-KHA 30HHbIE AN3aliHbl, KOTOPbIE MPEBOCXOAAT MO MakCUManbHOW paboyer Temnepary-
pe CyLWEeCTBYIOLLME PEKOPAHbIE BbICOKOTEMNEPATYPHbIEe An3anHbl TIy KKJT.

KniouyeBble cnoBa: KBaHTOBO-KackagHblli Nasep, TeparepuoBblii AuManas3oH, KBaHTOBAsd fMa, MOJIEKYNSpHO-
Nly4eBas anuTakcus

e Moctynuna: 17.11.2021 » Aopa6oTaHa: 28.02.2022 ¢ MpuHaTa k ony6nukoeaHuio: 15.04.2022

Ana uytunpoBaHua: YwakoB [.B., ApoHeHko A.A., MnHckmin U.A., XabubynnnH P.A. BbicokoTemnepaTypHble KBaHTOBO-
KackafHble nasepbl TeparepuoBoro ananasoHa: onTMuMnusauns AM3anHoB N 3KCNepuMEHTaNbHble pesysnbTaThl. RUSS.
Technol. J. 2022;10(3):45-55. https://doi.org/10.32362/2500-316X-2022-10-3-45-55

MpospayHOoCTb GUHAHCOBOI AEeATEesIbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOW 3aMHTEPECOBAHHOCTM B MPEACTaB/IeH-
HbIX MaTepuanax niaM MeToaax.

ABTOpPbI 3a51BASAOT 06 OTCYTCTBMM KOHGMIMKTA MHTEPECOB.
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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°C). By the
end of 2020, data had been published demonstrating a
THz QCL having a maximum operating temperature
of 250 K (about —23°C) [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 Al Ga, As = 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/Alj :Ga;, ¢,As QWs. The results of the band
design optimization of THz QCLs having a period based
on two GaAs/Al Ga,  As 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/Al, ,5Ga, g,As 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/Alj :Ga;q,As 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 fora THz QCL
with a double metal waveguide [16].

In the course of the optimization, an original
GaAs/Al, 4Ga)¢,As 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 - 10'% cm™2. In the model,
the height of Alj .Ga,¢,As potential barriers in the
conduction band was assumed to be AE_ = 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 £, with a matrix element of dipole transitions
Z,; = 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/Alj 13Ga, ¢,As band design was grown by MBE
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Fig. 1. Energy profile of the bottom of the conduction
band E; energy levels (numbered) and basis wave
functions after the localization procedure (tight coupling
model) for two successive active modules at voltage
V, =51 mV and temperature 77 K

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,
As, 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 pm, 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 (/—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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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.

7
——8K
] 6
——60K 1
245 gok 5
90K 1
20 100K -
> 16 110K da 5
) 120K (*50) <
12_—125K(10 43 <
8t ! 42
at i\ 11
0 a P ; LY 0
0 1 2 3 4 5 6

I, A
Fig. 2. -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/Al Ga,_ As QUANTUM
WELLS WITH x = 0.20, 0.25, AND 0.30

To further 1improve 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/Al Ga,  As 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 Schrodinger 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 AE < 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/Al Ga,  As 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/A | ,5Ga; ;5As QWs
proposed in [10], along with the experimental maximum
operating temperature 7" = 210.5 K.

Table. Parameters of optimized band designs
of an active module THZ QCL based on two quantum
wells GaAs/Al,Ga;_As

Barrier . .
heigh Sequences of barriers in a period:
Design X AEg Potential barrier / quantum well,
g nm
meV
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| 2125 2.0/17.2/3.4/7.9
C 0.30| 244.5 1.7/17.0/3.1/7.9

A
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Fig. 3. Band diagram for design C
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Fig. 4. Temperature dependences
of the maximum gain G for the GaAs/Al,Ga,_,As structure
with different Al content in the barriers
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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 Al Ga, | As 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 - 10! cm ™2,
as in [3].

The main factors affecting the gain in QCLs are the
effective electron mass m_, population inversion n, of
laser levels, and matrix elements of dipole transitions
Zs, [23-25]. Thus, the gain of the QCL active module
can be represented as the product of these parameters
G ~ m073/ 2 N3y Z322. This means that effective
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amplificationina QCLrequires asmall 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 Al Ga,  As) due to the
non-parabolic effect. For all designs under study, m,
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 (x;, = 0.20), B (x, = 0.25) and
C (x;, = 0.30), we can expect a maximum operating
temperature of 238 K.
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Fig. 5. Temperature dependences of the effective electron mass m, (a), Ang, are population inversions, n, is the
total electron concentration in a period (b), and matrix elements of dipole transitions Z, (c) for the optimized design
A (x, =0.20), B (x,, = 0.25), and C (x,, = 0.30)
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CONCLUSIONS

A THz QCL based on an original band design
having a period based on three GaAs/Al; Ga;gq,As
quantum wells has been experimentally demonstrated at
a maximum operating temperature of more than 125 K.
Band designs based on two GaAs/Al Ga,_ As 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 Mo, W, _, S, Se,;_,,
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/SiO, 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_XSZySe2(1_ 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 MoSe,, while alloys close to WS, have the
maximum band gap value.

Keywords: transition metal dichalcogenides, two-dimensional semiconductors, band structure, band gap, density

functional theory
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Pe3iome

Llenun. bnarogapsa Hannunio NPSIMO30HHOIO Nepexoaa C LWMPUHONM 3arnpeLleHHON 30HbI, COOTBETCTBYIOLEN BUOM-
MOW 1 BnuxHern nHdpakpacHo ob6nacTsaM cnekTpa, ABYMEPHbIE ANXaNibKOreHnapl nepexonHbix metannos (AMNM)
HaxoOsT NPUMEHEHUE B PA3/INYHbIX ONTUYECKUX NPUoxeHnax. OaHako orpaHnyeHHbI Habop cylecTayowmx AMNM
nenaet 06n1acTb NCMNOIb3YEMOI0 CrekTpanbHOro ananasoHa auckpetHon. Hanbonee addekTMBHbIM COCOOBOM pe-
LLIEeHMS 3TOW NPOBIEMbI SBASIETCS MCMNOJIb30BaHWE ABYMEpPHbIX nieHok MM Ha 0CHOBE MHOMOKOMMOHEHTHbIX TBEP-
[OblX PACTBOPOB, B COCTaB KOTOPbIX BXOAAT TPU 1 B0siee pasinyHbiX XMMUYECKMX 3NeMeEHTa (B TO Bpemsi, kak MM
COCTOSAT 13 ABYyX). Bapbmpys nx Mop@ponornyecknii Coctar, MOXHO YNpaBisiTh 3HAYEHNEM LLUNPUHBI 3anpPEeLLLEHHON
30HbI, 1, TaKUM 06Pa30M, UX ONTUYECKMM CMEKTPOM MOroLeHMs. Tak KaK LWMpPUHA 3anpeLLeHHON 30HbI B TaKuX
CTPYKTYpax CUSIbHO HENIMHEHA MO OTHOLLEHMIO K MX XMMUYECKOMY COCTaBy, 3TO 3aTpyaHSeT noadop HeoOXxoanmo
KOHLUEHTPpaLMM AN AOCTUXKEHUS PABHOMEPHOIO MOrnoLweHns. B cBA3n ¢ 9TMM LEenbio AaHHOW paboThl SBnsieTcs
TEeopeTn4eckoe onpeneneHne 3aBUCMMOCTU LUMPUHBI 3anpeLleHHON 30Hbl HEeTbIPEXKOMMOHEHTHbIX ABYMEPHbIX
TBEp/bIX pacteopos Mo, W, _,S, Se, ;_,, OT MX MOPPONOr14eckoro cocTasa.

MeTopabl. PacyeTbl BbIMOMHEHbLI B pamMkKax Teopun GyHKLMOHana naoTHOCTU C MCMNOb30BaHNEM NPOrpaMMHOro
naketa Quantum Espresso. [JByMepHble KpUCTanTbl TBepabix pacTBopoB AMNM Obiin M3roToBNEHbl U3 06beM-
HbIX KpcTanios AMNMM meToamkon mexaHndeckon akcponmauun Ha nogsioxky Si/SiO,. kcnepumeHTanbHoe nc-
cnepoBaHne GOTONMIOMUHECLEHTHBIX XapakTEPUCTUK ObII0 NMPOBEAEHO MPU MOMoWwM (GOTONMOMUHECLEHTHOM
MWKPOCKOMNN-CMEKTPOCKOMUN.

PesynbTatbl. B paboTte 6bina onpeaeneHa 3aBMCUMOCTb LUMPYIHBI 3anpeLLEHHOM 30HbI OT MOPG)OSIOrMYECKOro Co-
CcTaBa ABYMEpPHbIX TBEPAbIX PAaCTBOPOB MoXW1_XSQySe2(1_y). YCTaHOBMEHO, YTO NPY BapbUpPOBaHUM COCTaBa TBEP-
Abix pactesopoB AMNM wunpuHa 3anpeLeHHon 30Hbl nameHsaetcs ot 1.43 go 1.83 aB. Noka3aHo, 4TO nonyyeHHble
TeopeTnyeckme pesdynbTatbl KAYECTBEHHO COBMNAAAOT C 9KCNEePUMEHTaNbHbIMY SAaHHBIMU.

BbiBoAbl. MUHMMAasbHOW LUMPUHOW 3anpeLLeHHO 30Hbl 061aaloT TBepAble pacTBOpbI, 6113KMe No CBOEMY COoCTa-
By K MoSe,, B TO BpeMs kak MakCUMasnbHOM — CTPYKTYpbl, 6113kme no ceoemy cocTasy k WS,,.

Kniouesble cnoBa: amxanbKoreHuabl nepexoaHbix MeTanios, ABYMEpPHbIE MoMyNpPOBOAHUKM, 30HHAA CTPYKTYpa,
3anpeLLeHHas 30Ha, Teopus GyHKLUMOHANa MNIoTHOCTY
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Mpo3payHocTb pUHAHCOBOM AeATENbHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B MPEACTaBEH-

HbIX MaTepuanax nin Metoaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

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 MX,, 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, MoSszez(l,x) or Mo W _S,) [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, MoS,/WS,) [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 Mo, W, _ S, ySez(l_ 1)
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—FEisernhoff  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 £-point
sampling grid were 8 x 8 x 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 X 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 x2 Mo W,_,S, Se,;_,,
supercell

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

Two-dimensional TMD alloy crystallites were
fabricated from commercially available bulk TMD
crystals (6Carbon Technology, Shenzhen, China)! by
mechanical exfoliation onto a Si/SiO, substrate. The
initial samples were a series of MOSZXSez()H) 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/um?2. A photomultiplier coupled
to an optical monochromator was used for detecting
optical radiation.

RESULTS AND DISCUSSION

The band structures of two-dimensional
MoxwlfoZySez(lfy) alloys were calculated in several
stages. First, the two-component TMDs—MoS,,
WS,, MoSe,, and WSe,—were calculated using the
corresponding unit cells. After that, the obtained
results were compared with the calculations carried

I '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 Mo, W,_S,, Mo W, _Se,,
MoSzySez(l,y),andWSz}}Se2 | of variousmorphological
compositions were calculated. At the final stage, the four-
component TMDs MoxWI,xSZySez(l,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 MosS,,
MoS,,, WS,, and WSe, 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 E,, 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 | agenA | @ A[18] | E,y.0neV |E, eV [18]
Mos, 3.18 3.18 1.69 1.68
MoSe, 3.32 3.32 1.44 1.45
WS, 3.19 3.18 1.79 1.82
WSe, 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 E, and the supercell parameter a for two-
dimensional Mo W, S, and Mo, W,_ Se, 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 Mo W, S,
alloys are also characterized by a larger band gap than
Mo, W, Se, by 0.3 eV on average. The supercell
parameter varies insignificantly (within a few hundredths
of A) and is on average 6.36 A and 6.64 A for Mo W,_S,
and Mo, W, _ Se,, respectively.

Similar calculation results for the dependences
MoSzySez(lfy) and WSzy.Sez(.lfy) 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 A
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. Sa.
It can be seen that all spectra have a characteristic
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Fig. 2. Calculated band structures of (a) MoSe,, (b) WSe,, (c) MoS,, and (d) WSe,,.
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Fig. 7. Dependence of the band gap
on the morphological composition of two-dimensional
Mo,W,_,S,, Se,;_,, alloys, where x is the relative
concentration of Mo atoms and y is the relative

concentration of S atoms in the composition

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
MOxWI—xSZyseZ(l—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 Mo, ,sW, 555, 5S¢, 5 alloy is shown in Fig. 6.

As in two-component alloys, a direct-gap
transition is observed in all calculated four-component
MOxWI—xSZyseZ(l—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
MoxWI,xSZySez(l,y) for x, y € 0-1.

The results show that in two-dimensional
MoxWI,xszySez(l,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 MoSe, monolayer, while the maximum
values are similar to those of the WS, monolayer.

CONCLUSIONS

In this work, a theoretical calculation of the band
structure of monolayer MoxWI,xSZySez(l,) alloys was
carried out. It was determined that all tﬁe calculated
structures are direct-gap semiconductors with a transition
to the K point of the Brillouin zone. It is shown that the
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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 MoxWI,xSZySez(l,) 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 MoSe,) to 1.83 eV (for alloys with
the compositions close to WS,). 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
MoxWITx.SZySez(l_y) structures of various morphological
compositions.
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Abstract

Objectives. Atopical 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 heterostructuresis about ~1V/(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 H,, and a 4-fold drop in the maximum amplitude of ME voltage u,,,,(H,,) 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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HAYHYHAA CTATbA

MarautodiekTpudeckuii 3 PeKT B ABYXCIOMHBIX
MOJIOCKOBBIX U EPUOANYECKUX IeTEPOCTPYKTYPaX
HUKEJIb — UUPKOHAT-TUTAHAT CBUHIA

®.A. denynos @,
A.B. CaBensbes,
A.B. YawwuH,
B.U. LUNWwKuH,
10.K. PeTucos

MUWP3A — Poccuiicknii TEXHOJIOrn4eckuii yamepcutet, Mockea, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: ostsilograf@ya.ru

Pe3iome

Llenun. AkTyanbHOWM 3agadvert Npu COo34aHuMM MarHmutoanekTpudeckmx (M3) yCTpoOMCTB Ha OCHOBE KOMMO3UTHbIX
reTepoCTPYKTYP PeppoMarHeTUK-Nbe3031EKTPUK ABASETCA YMEHbLUEHME UX Pa3MEPOB, YTO MO3BOJSIUT MOBLICUTb
paboyre 4acToTbl YCTPOWCTB U MHTEMPMPOBAThb MX B COBPEMEHHYIO 9NIEKTPOHUKY. Llenb paboTel — nccneposaHue
BINSIHMSA Pa3MEPOB Ha XapakTepnctTnkn M3 addekToB B MOIOCKOBbLIX 1 NEPUOANYECKUX FTETEPOCTPYKTYPaX HUKESb —
LIMPKOHAT-TUTAHAT CBMHLA, U3rOTOBIEHHbLIX METOLOM 31IEKTPOINTUHECKOIO OCaXOEHMS.

MeTopabl. 115 n3rotosneHns 06pa3sLLoB UCMOIb30BaNM OUCKM LMPKOHATa-TUTaHaTa CBMHUA ¢ Ag-anekTpogamu. Ha
O[HY MOBEPXHOCTb AMCKa anekTponutmnieckmn HaHocunu cnoii Ni. lccnepoBanu pe3oHaHCHYo Yactoty MO addek-
Ta, K0O3ddULUMeHT MO npeobpaszoBaHMs Ha ATOM YACTOTE U BEIMYNHY ONMTUMaSIbHOrO MarHUTHOMO MOt CMeLLeHUs!
L1591 MOSTyYEeHHbIX 06Pas3LLoB.

Pe3ynbTaTbl. [10Ka3aHO, 4TO yMEHbLUEHME pa3Mepa B MJI0CKOCTU MOSIOCKOBbLIX CTPYKTYP 40 ~1 MM NpMBOAMUT K POCTY
4acToTbl pe3oHaHCcHOro M3 addekrta o ~1 My, 1 0AHOBPEMEHHO K CHMXEHUIO apdekTnBHOCTN M3 npeodpaso-
BaHUS. M3 k0oapPUUMEHT AN NEPUOAMYHECKNX FreTEPOCTPYKTYP C WwnpuHom Ni-nonocok ~100 MKM 1 paccTOsTHUEM
Mexay Humn 20—-100 mkm coctaBngaeT ~1 B/(3 - cm). [NokadaHo, 4TO Npu yBENMYEHWN YT1a (P MEXAY HanpaB/ieHNEM
nocTosHHOro nona H n ocekto Ni-nonocok ot 0° 4o 90° BesMyMHa onTMansHoro nons H, Bospactaet B ~2.5 pasa,
a MakcumasbHas amnanTyaa Hanpskedns u, o (H, ) naaaet B 4 pasa.

BbiBOAbI. B neproamnyecknx CTpyKTypax 4actota pesoHaHcHoro M3 addekta onpenensetcs pa3aMmepoM NoasoxKN
1 MOXET COCTaBNATb eAnHULbI KL, @ 3dpDEKTUBHOCTbL Npeobpas3oBaHms Noner 3aBUCUT OT LWMPUHBLI Ni-nonocok u
paccTosHus mexay HuMmu. OBHapyxeHa 1 06bsicCHEHa aHN30TPONUSA xapakTepnctuk M3 addekToB B nccnenoBaH-
HbIX FETEPOCTPYKTYpax, BO3HMKaLAa n3-3a addeKToB pasmarHnyimeaHus. AHnsotponusa M3 adpdekTa B nepmo-
LMYECKNX FETEPOCTPYKTYPaxX MOXET ObITb MCMOMb30BaHA A1 CO34aHUS AATYMKOB NOCTOSHHbLIX MAarHUTHbIX MNONEN,
YYBCTBUTESIbHbIX K OpUEHTauUM Nons.

KnioueBble cnoBa: MarHMTO3NEKTPUYECKU 3DPEKT, MarHUTOCTPUKLUMS, Mbe303NEKTPUYECKN apdekT, aHn-
30TPONUS, 4aTYMK MArHUTHOIO NONS

e Moctynuna: 24.11.2021 » Aopa6oTaHa: 18.02.2022 ¢ MpuHATa k ony6nukoBaHuio: 18.04.2022

Ana untupoBanus: Peaynos @.A., Casenbes [.B., Hawwnn 4.B., WunwkuH B.U., ®etncos t0.K. MarHutoanekTpuye-
ckunii apdekT B ABYXCNOMHbIX NOJIOCKOBbIX 1 NEPUOANYECKUX FeTEPOCTPYKTYPaX HMUKENb — LIMPKOHAT-TUTaHaT CBUHLA.
Russ. Technol. J. 2022;10(3):64—-73. https://doi.org/10.32362/2500-316X-2022-10-3-64-73

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTAB/EH-
HbIX MaTepuanax uim meTogax.

ABTOpPbI 3aABNAIOT 00 OTCYTCTBUN KOHDNMKTA MHTEPECOB.
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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 /# (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 f, and a decrease in the amplitude of the
generated ME voltage u(f,)) at this frequency [7].

In addition, the increased optimal bias magnetic
field H  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  PbZr, 5, Tij; 440, (PZT) and Ni, whose
schematic view and photographs are shown in Figs. la
and 1b, respectively. Piezoceramic PZT was selected
due to being a widely-available, isotropic and easily
machined material. The ceramic piezoelectric modulus
was dy; = 175 pC/m, and the permittivity € = 1700.
Ferromagnetic Ni layers have a high magnetostriction
Ag = =30 - 107° and saturate in low magnetic fields
Hg = 1 kOe. The samples were fabricated using
commercially available PZT disks of 25 mm in diameter
and a, = 200 um thick with Ag electrodes of ~2-um
thick (Elpa Research Institute, Moscow, Russia). A layer
of Ni with a thickness of @, = 10 um was deposited on
one surface of the disk by electrolytic deposition from
an aqueous solution of NiCl, and NiSO, salts [11]. At
a current density of 1 A/cm?, the Ni deposition rate was
1 um/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
a, = 200 um thick with 2-um 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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Fig. 1. View and schematics of researched composite Ni—-PZT heterostructures (a)—(d)
and block-diagram of the setup for measurements (e)

a layer of positive photoresist CRC Kontakt Chemie
Positiv 20/200 (Belgium) having a thickness of ~2 pum.
One of the surfaces was exposed through a 16 x 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 @, = 10 um 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 pm wide and having
a distance between stripes 7 = 20, 50, and 100 pum,
respectively. For comparison, one of the surfaces of a
sample was covered with a continuous layer (7' = 0) of
Ni having a thickness of a = 10 pm. The saturation
magnetization of Ni measured on this sample was
Mg = 5900 G; the saturation magnetostriction reached
Ag=-30" 107° in the saturation field Hg = 1kOe.

The block diagram of the setup for studying ME
effects is shown in Fig. le. 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 Acos(2nft) with a frequency f
from 1 kHz to 2 MHz and an amplitude up to # =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 # 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 ¢ 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 MQ. 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 ¢). The setup was operated in
automatic mode under the control of a specialized program
in the LabVIEW environment'. 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 2 = 1.3 Oe for structures of different L.
For each sample, the measurements were carried out in
the optimal constant field / 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 f, 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 = f/Af
(where Af is the bandwidth at a level of 0.7) was
0 ~ 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

! 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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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 f, and voltage u, generated at the frequency 1,
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

of the resonant frequency f, and the ME voltage at a
given frequency u, on the length of the structure L.
For a sample with a length L = 1.2 mm, the resonant
frequency f, = 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 u, = 230 mV for structures with a length
L =25-10 mm, then dropped approximately linearly to
uy =19 mV as L decreased to 1.2 mm.

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

1-L=1.2mm
200 | 2-2mm
3-4mm
150 L 4 -6 mm _
> 5-8mm
| 6- 10 mm
< 100

50

0 ) 600
H, Oe

Fig. 3. Dependences of the ME voltage u,,
on the constant magnetic field Hat h = 1.3 Oe
for structures of various lengths L. The field H
is only shown for a 15 mm long stripe

The most important characteristics of the ME effect in
heterostructures are the resonant frequency f,, the ME
conversion coefficient at this frequency ay = u(fO)/(aph),
and the magnitude of the optimal bias magnetic field /7.
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
Jo=@/ 2L)\JY /p [13]. The effective values of Young’s
modulus Y and density p for a Ni-PZT structure with two
Ag-electrodes are obtained as Y = }Y/>a, and
P = 2pu/2a;, where Y, p,, and a; are Young’s modulus,
density, and thickness of the corresponding structure layer,
respectively. Substituting the values of the layer parameters
into the formula (¥, =21.5 - 10" N/m?, Y,=7 1019 N/m?,
Y= 79-10"0N/m?%; P, =89- 103 kg/m’, p=77 103 kg/m?,
Pag = 10.5 - 10° kg/m* a, = 10 pm, a; = 200 pm,
dpg = 2 um), we obtain the dependence of the resonance
frequency on the sample length f, = 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 £, 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 ay = 8.8 V/(Oe-cm).
The observed increase in the optimal field /| 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 f;) 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 dy, of the PZT
layer with an increase in the resonance frequency can also
lead to a voltage drop.
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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 7= 20 pm and 7= 100 pm for a field 2= 1 Oe and
a constant field H =90 Oe is directed along the Ni stripes.
The resonance peak near the frequency f, = 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 1, decreases by several times, while
the frequency f, increases slightly with greater distance
between the Ni stripes. The value of the ME coefficient
for a periodic structure with 7= 20 pum at the resonance
frequency was o = 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 u,(H) upon rotation of the direction of the
field H in the plane of the structure for a structure with
T =100 pum. As the angle ¢ between the field H and the
axis of the Ni stripes increases from zero to 90°, the value
of H_ canbe seen to increase from ~70 to ~230 Oe, while
the maximum voltage amplitude u_. (H ) decreases
monotonically from ~8 to ~2 mV.

max

20 T ! T
—T=20um ]
15 | —— T7=100um
>
g 10}
ST J
0 1 J 1
2.0 25 fo 3.0 3.5

f, kKHz

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 um
at a field H = 90 Oe directed along the Ni stripes

The angular dependences of the ME voltage u
for the structure with 7= 100 um 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 ¢ = 0°) and drop by
a factor of ~4 when magnetized across the stripes (at
¢ =90°).

1 1
0 H 200 400 600
H, Oe

Fig. 5. Dependence of the voltage u, on the field H
for a periodic Ni—PZT structure with T= 100 um
for different orientations of the field H:
1:.9=0°,2: =30, 3: p=60°,4: p =90°

o
330° 30
sk
300° A , 60
4l y 1 )
>
E o} 90"
o
S
ab \ - ;
240° 120
.| Xe /-
210° 150

180°

Fig. 6. Dependence of the voltage u,
for a periodic Ni—PZT structure with T= 100 um
on the orientation angle ¢ of the field H in the plane.
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 TiO, powder with a particle size of ~2-3 um
was poured onto the surface of a Ni-PZT disk excited
at a resonance frequency f, = 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 Multiphysics?
software (COMSOL Group, Sweden). Figure 7b shows
that the main oscillation mode has one nodal circle. The
calculated frequency of this mode, f,,; = 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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(a)

Deformation
1

0.5

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

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

dy AV
u(H)= 4Q="—h, (1)

where A4 is a constant coefficient depending only on the
dimensions and mechanical parameters of the layers; Q
is the quality factor of acoustic resonance; d;; and ¢ are
the piezoelectric modulus and permittivity of the PE
layer; AD(H)=0MN/0H | y is the piezomagnetic
coefficient; A(H) is the field dependence of the
magnetostriction of the FM layer; /4 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
uy(H) for the linear ME effect (see Fig. 3 and Fig. 5) is
explained by the field dependence of the piezomagnetic
coefficient A(D(H). The voltage reaches a maximum at
the optimal field H _ corresponding to the maximum A(1,
and then drops due to a decrease in the piezomagnetic
coefficient as the FM layer is saturated. The amplitude
of the generated voltage u increases linearly with the
field A.

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 H, is related
to the external field H by the relation [16]

H, = H-NM(H,), @)

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 = yH, = wH, is valid since
the magnetic permeability p = x + 1 and the magnetic
susceptibility y are much greater than unity.

Then from (2) we obtain the relation

H
Hinz >
1+ Nu

3)

that is, due to demagnetization, the field /; inside the
ferromagnet decreases by a factor of 1 + Np.

For a rectangular Ni stripe of ~20-mm long, 100-um
wide, and 10-um thick, the calculation [17] gives
demagnetizing factors N, =0.000002 and N, = 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 H; = Hcos@, parallel to the stripe
axis, and H, = Hsing, perpendicular to the stripe axis.
Relation (3) is applicable for each component separately.

The total field inside the stripe Hy, = H2, + H2,.
In this case, when the FM stripe is tangentially

magnetized at an angle ¢ to its axis, the field inside the
stripe can be found as

sin2 @
(1+ Ny

cosZ @
(1+ M)

Hin(H,q))zH\/ “)
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Differentiating (4) with respect to the magnetic field,
we find the dependence of the piezomagnetic coefficient
AD(H, ¢) on the magnitude of the field / and the angle
¢ 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 h;, inside the FM layer is similarly affected by
demagnetization. Calculations have shown that with an
increase in the angle ¢, the optimal bias magnetic field
H_ increases, while the magnitude of the ME voltage
generated in this case wuy(H ) decreases; this is in
agreement with the measurement data shown in Fig. 5.
The angular dependence of the ME voltage amplitude
uy(@) 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 4, = 4.8 - 10'5 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 X 16 mm, consisting of Ni
stripes with a width W = 100 um, a length L = 16 mm,
and a thickness @, = 10 um. The distance between the

0 20 40 60 80 100
T, um

Fig. 8. Dependence of the internal field H,,
in the middle of the central Ni stripe on the distance
between the stripes of a grating magnetized in a field
H =90 Oe across (1) and along (2) the axis of the Ni
stripes. The inset schematically shows the cross section
of a Ni grating on a PZT substrate

stripes was changed from 7= 0.5 pm to 7= 100 um. The
magnitude of the external magnetic field and the relative
magnetic permeability Ni were taken to be H = 90 Oe
and p = 350, respectively. The internal magnetic field
was calculated in the middle of the central Ni stripe of
the grating. Figure 8 shows the calculated dependence of
the field H; on the distance T between the stripes when
the grating is magnetized perpendicular to the stripe axis
(curve 1).

At large distances T >> a_, when each Ni stripe can
be considered as isolated from the others, the field inside
the central stripe is H, = H/(1 + uN,) = 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 7~ a, = 10 um. As T decreases
to zero (i.e., upon transition to a continuous Ni layer),
the internal field becomes equal to H,, = H/(1 + pN;) =
=79 Oe, where N; = 0.0004 is the demagnetizing factor
for a continuous Ni layer with in-plane dimensions of
16 x 16 mm and a thickness of 10 um [17]. When the
structure is magnetized along the Ni stripes (curve 2
in Fig. &), the internal field decreases insignificantly,
from H, = H/(1 + pN,) = 89.6 Oe (isolated Ni stripe)
to H,, = H/(1 + pN;) = 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 oy = 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 um and a distance between them of
20-100 pm 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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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.
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HAYHYHAA CTATbA

AHaau3 nojasapusanuu TT u-uzayyeHus ¢ noMoubIO
peleTryaroro nojsapusaropa u kpucrajiia ZnTe

®.A. 3aitnynnun @, A.U. XycamHos, M.B. Ko3uHueBa, A.M. Bypsikos

MUWP3A — Poccuiicknii TEXHOJIOrn4eckuii yamepcutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: madflyzero@gmail.com

Peslome

Llenu. Xvmunyecknin coctaB U MOJIEKYNSIPHAst CTPYKTYpPa OpraHMYecKnx coeguHeHuii o6nanatoT BbICOKOW YyBCTBU-
TeNbHOCThIO K TeparepLoBoMy 13nydyeHuto. NMoaTomy TeparepuoBasi CekTPOCKOMnMs BO BPeEMEHHO o6nacTu B Ha-
CTOsILLIEE BPEMS SIBNSIETCS NEePCNeKTUBHBIM METOAOM McciefoBaHms B o6nactv dapmMmakosorum n meamuyHel. Og-
HaKO M3-3a TOro, YTo MHOrMe 6ruomonekysbl 06/1aAal0T XMPaNbHOCTBIO, UX aHaNWU3 NPOBOAUTCSA NyTeM 0b0sy4eHus
Tlru-n3ny4eHneM ¢ KpyroBbiM ANXpPOM3MOM. B yacTHOCTHM, KpyroBon auxponam Tl u-n3nyyeHmst No3BosseT uccne-
LoBaTb «MsArkne» KosiedartesnbHble OBMKEHUS BUOMONEKYN C PasfINYHOM 3aKPY4YEHHOCTbIO. TOUHbI KOHTPOJIb Napa-
METPOB 3TOr0 U3Jly4eHUs1 O4eHb BaXKeH NMpu UccnefoBaHum Guonorniecknx matepmanos. Llenb paboTel — onvcaTb
MeTopn, NMO3BONSALWNI oXxapakTepu3oBaTb nonspusaunio TIu-mU3nyd4eHrs Ha nprvMepe WUCMNonb30BaHMs YepHOro
docdopa B Ka4ECTBE NCTOYHMKA.

MeTopabl. AHan13 napamMeTpoB nonspusaummn TIu-n3nyyeHnst, aKkcnepuMeHTanbHO NoJly4eHHbIX METOA0M CMNEeKTPO-
CcKOMun BpeEMEHHOI0 paspeLleHnst, a Takke C MCMosb30BaHMEM TeparepLOBbIX NONSPNU3aTOPOB, MPOBOAUIICS NyTEM
MaTemMaTu4eckoro MoaenMpoBaHums B3ammoaencTemsa TIu-na3nydeHns n kpuctanna ZnTe B Ka4eCcTBe AeTekTopa.
PeaynbTaTtbl. B paboTe noapobHO paccMOTpeHbl ABe CXeMbl TeparepLoBOii CNeKTPOCKONUM ¢ KpucTamiom ZnTe
B kayecTBe aetektopa. OnpeaeneHre napaMmeTpoB NoAspu3anmm BeiMoOIHEHO C UCMONb30BaHMEM OAHOIO U ABYX
peweTyaTbix TIU-NoNspmn3aTopoB. BbiBeAeHO BbipaxeHue Ans annpokcumMauny 3aBUCUMOCTEN pa3mMaxa aMnm-
Tyobl TIu-n3nyyeHns ot yrnaa noBopoTa pelwletyatoro Tlu-nonspusaropa afs aTux cnydyaeB. PaccMoTpeHo Bu-
SAHME BEJIMYUHbI HANPSKEHHOCTWN 3N1eKTPUYECKOro Moss TeparepLoBoro UanydyeHms Ha GopmMy NnonsiprU3aunMoHHbIX
3aBucumocTen. OnpeaeneH yros noBopoTa annunca nonspmaauum T u-n3nyyeHuns, CnyckaeMoro noBepXHOCTbIO
06bEMHOI0 CNOUCTOro KpucTannaa YyepHoro docdopa npm Bo3AeiCTBUN Ha Hero GemMToceKyHOHbIX Ta3epPHbIX M-
MysbCOB.

BbiBOAbI. AMNINTYAA HAMPSXKEHHOCTM d1eKTpuyeckoro nons Tru-na3nydyeHns Ha4nHaeT BAnATb Ha dopMy Nonsipu-
3aUMOHHbIX 3aBUCUMOCTEN, KOrga ee BenmMyMHa CTaHOBUTCS cpaBHUMOM unu npesbiwaeT 40 kB/cm.

KnioueBble cnoBa: TeparepLoBasi CrekTPOCKOMUS BPEMEHHOro paspelleHuns, S/UUMATUYHOCTb, nonsapusaums,

3MEKTPOONTUHECKUI KPUCTAST, S1EKTPOONTUYECKOE CTPOBUPOBaHUE

* Moctynuna: 21.02.2022 » flopa6oTtaHa: 13.04.2022 ¢ MpuHaTa kK onyonukosaHuio: 26.04.2022

Ona uutupoBaHua: 3anHynnuH D.A., XycamHoB AO.U., KosuHuesa M.B., BypskoB A.M. AHanus nonapusaumm
Tlu-n3nyyeHns ¢ NOMOLLBIO peLleTyaToro nonaspusaropa un kpuctanna ZnTe. Russ. Technol. J. 2022;10(3):74-84.

https://doi.org/10.32362/2500-316X-2022-10-3-74-84

Mpo3payHocTb pUHAHCOBOMN AEATENIbHOCTU: ABTOPbLI HE UMEIDT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaB/EH-

HbIX MaTepunanax nan Mmetogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

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)! 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 (MoS,), 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 cm?/V-c for electrons and
from 337 to 10000 cm?/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

Uhttps://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 =¢¢E, )

where g, is the electric constant; ¢ 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:

D, g 0 0 E,
D, |=¢,| 0 & O0[E,|[ 2)
D; 0 0 &) |\E

Should diagonal elements ¢, be not all the same, as
occurs in CaCOj, [20], the crystal exhibits birefringence.
The energy density of the electric field is

|
o, = 5E~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.

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

76


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

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

Farkhad A. Zainullin,
etal.

D2 D? D?
g0, =D&l p="1+2 43 3)
€& £ &
Introducing non-dimensional vector u along

D
direction D according to formula u=-———, the
v €00,

following refractive index ellipsoid equation may be
derived:

2 2 2

u u u

1 2 3 _

St ot —o=l )

where 7, =,/¢; for a non-magnetic material. The

impermeability tensor may be defined as follows:

=&l )

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

u-n-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 & ! multiplied by
unit matrix I. In the presence of the electric field, the
impermeability tensor may be written as follows:

f(E)=¢1-I+r-E. (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:

u- f](E) ‘U=
i,j=1,2,3 k=1,2,3

Since tensor 1 is symmetric, Fik = Ve It is
conventional to replace the first two indices 7, j of
tensor r by a single index, as follows:

k= Te

T2k = T

F335 = 3

Taske = 30k = Tape
T3k ™ I3k = Tspe
T = 0k — Terr

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., n; = n, = ny = ny,
In addition, r contains only one independent non-zero
element r,; = ry, = rq;. Thus, ellipsoid equation (8) may
be written in the following way:

1
2 2 2
—(u? +ui +u3)+
2 ( i Tuy 3)
+ 21y, (E1u2u3 + Eyuzuy + E3u1u2) =1 )

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].

[001]
A Y[00 1]

X[-110]

[100]

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 U,
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 Ey, of THz pulse makes
angle ¢ 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:

—COS(p/\/E

Ern, = Etyy, coscp/\/g .
sin @

(10)
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In this case, equation (9) is written in the following
way: n3ry E
n=ny+ %(sinqﬁ {1+ 3cos? (p),
u- ﬁ E ‘u= 1, 3
(Fru.) _ o MmmErhg (o 2
ny =ng+ sin@ —+/1+3cos” @ |, (14)
where fj(Ey,) is the impermeability tensor depending
on field E...,_, written in the following way: nary E
THz g way ny = ny — —VALZTHE Gy
2
1 00
A(Eqy,) = Lz 01 0+ It is clear (Fig. 1, direction U,) from equation (13)
"l 0 1 that the third major axis is perpendicular to the crystal
. plane (1 10). This direction coincides with the
0 smao cos /2 direction of the THz pump pulse and probe beam pulse
+ 1y Epy,| SN 0 —cos@/~2 |. (11) propagation. Vector U, lies in plane (1 1 0) forming
angle y with the X-axis [-11 0], which can be
cosq)/x/f —COS(p/\/E 0

Then, the eigenvalues for tensor fj(Ey,) may be
found from formula (11) in the following way:

E
Ao =L2—r‘“%(sin(pi\ll+3cos2 (p),

> g

1 .
Ay = ) + 741 Epyp, SIN Q.
0

(12)

In this case, the normalized eigenvectors may be
written as follows:

-1
1

2 J1+3cos2 @
2x/§c0stp/(\/1+ 3cos? @ + sin(p)

1 sin@

-1
Uzzl 1_& 1 ,

2 J1+3cos? ¢
2\/5005([)/(\/1 +3cos @ — sinq))

-1

1) 13
V=7 ;. (13)

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

1

n =-——.

T

S 1 .
Considering 74, Ey, <<% the expressions for
refractive indices corresponding to major axes may be

written as follows:

calculated using the scalar product of vector U; and
the unit vector along the X-axis. Using the relation

cos(2y)=2cos>y—1, the following expression
relating angle y and angle ¢ of THz polarization may
be written:

sin @

cos(2y) = (15)

1+3cos2(p.

For ¢ = /2, major axis U, is X-directed while
axis U, 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
U, and U,. The refractive indices are n, and n,, and
correspond to the first two major axes. The larger
index (n,) corresponds to the slower speed of light
while the smaller one (n;) corresponds to the faster
speed. The refractive indices are generally denoted by
ng=n, and n;= n,.

Y[0 0 1]
A U2

U,
ETHZ

n llj
S
n 0
X[=110]

Fig. 2. Refractive index ellipsoid
projected onto plane (1 1 0) of ZnTe crystal
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The electric intensity vector Ep, makes angle ¢
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 y(@). The THz pulse as well as the laser beam
falls along the normal to plane (1 1 0) determined by

-1

it vector U ! 1
unit vector =— -1/

3 \/5 .

Since the laser beam falls on ZnTe crystal along the

direction [~1 —1 0] (eigenvector U,), its electric vector

Opt lies in plane (1 1 0). In the crystal of thickness d,
two E,, components along major axes U, and U, have
a relative phase shift written as follows:

od
n0r41ETHZ\ll+3cos 0, (16)

where o is the angular frequency of laser radiation, ¢
is the angle between E, and the X-axis, d is the ZnTe
crystal thickness, and c 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:

0
Eopt =Eopt(1)’ (17)
where F

oot 18 the electric intensity of the laser probe
beam. The polarization plane rotation by the angle v
may be described by the matrix in the following way:

R(\p)z( co.sw sin\u), as)

I'(p)=

—siny cosy

sin @

1
where | = —arccos| ———————/ is the rotation angle
2 [\/1+3coschj|

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

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

_ exp(_ir((p)/z) 0 19
Z((")_( 0 exp(z‘r(@)/z))' (4

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

Ep R(-W)Z (cp)R(w)( )

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

0
E=( 0) EoptR(—w)Z(cp)R(w(l).

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

S,(¢) = K - EZ, sin® (2y(¢))sin? ( ((p)), (20)

where K is the photodiode optoelectronic conversion.

Expressing sin?Qy(¢)) = 1 — cos?(2y(¢)) and
substituting expressions (15) and (16) in (20), the
resulting expression for approximation may be written
as follows:

sin?
S((p) K Opt( 1+ 3cos? }

, | (0d/2¢)nir, E TH J1+3cos? ¢

X sin

21

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).> 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/cm?. The
generated THz radiation is collimated by the parabolic
mirror. Passing through two wire grid polarizers—
WGPs (Specac Ltd, Great Britain),* 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.
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Probe beam Delay Iine\

THz sourceE N

(BP crystallite)
WGP-1 WGP-2

L22

Hwﬂﬁ

= A=
,fli\, ZnTe
GTP
& Photodiode

Laser
source

Pump
beam

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 Eq, . and the
X-axis is fixed and equal to @,. The WGP-1 polarizer is
rotating. The angle between its axis coinciding with

vector Eqy, and the X-axis is @,.

X[-11 0]

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, E, 1y, and Eyrpy,
are semi-axes of this ellipse; ¢, is the angle between
semi-minor axis and the Y axis; ¢, and ¢, 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:

(22)

Ern, = B, €08(9, +93),

where E1yy, = E 1y, \/cosz (@ +9,)+ €2 sin2 (¢ +9,)
is the THz pulse passed through the first polarizer

EbTHZ

WGP-1; €= is the ellipticity of the pulse under

aTHz

study. Normalizing dependence (21) to the optical beam
power taking formula (22) into account and recording
the values of angles ¢, and ¢, the dependence for the
normalized signal f{g,) recorded by photodiode may be
written as follows:

S, (ETHZ ((Pl’(pZ)’(P3) -

f\ey)=
( 2) E(%pt
r 5 >

2

o> = - =0°
90° 9, =0
.04 heeees 04 =90°
=@, =60°
e=0.1,E,,=35 -10° B/m
0.5

0.5 1

1.0 -

270°

Fig. 5. Dependence plots for the recorded signal
normalized to the optical radiation power
of the probe beam

The dependence plots flg,) derived from
expression (23) at different values for THz polarization
angles ¢, are shown in Fig. 5. The remaining parameters
of THz radiation and WGP-2 polarizer position are

Eop, =35 10° V/m; € = 0.1; and ¢, = 0°. Calculating
ato, =0°and ¢, =90°, a Dumbbell plot and a four-leaf
clover shaped plot are derived, respectively; calculations
at other angles, e.g., at ¢, = 60° result in the dependence
being shaped transitionally between them. Since
dependence f{¢,) 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

) od
sine 1s satisfied at n0r41EaTHZ <0.35 or at

E oy, <2 - 10° V/m. Since sin? (%) 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

E,y, =4 10% V/m. When detecting THz wave at
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Eop, >4 10° 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 /2.

===, =0°

90° =
w- 2 e ¢, =90°

—— ¢y =60°
A, E,,,=6-10°B/m

1.0 -

270°

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 flo,) (23) for E,py, =
=6 - 10° V/m at different polarization angles of THz
radiation ¢, and for values € = 0.1, ¢; = 0 are shown in
Fig. 6. The shapes of dependencies begin to change
significantly with increased amplitude of THz radiation.
Thus, when E, ;= 6 - 10° V/m, dependence f(g,) is
butterfly shaped at ¢, = 0° and four-leaf clover shaped at
@, = 90° as in the case described above but with maximum
values of the function being already comparable with those
at the dependence at ¢, = 0°; at other @, 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).

ZnTe
Y[0 0 1]

X[-110]

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, E, 1y, and E, 1 are
semi-axes of the ellipse; ¢, is the angle between semi-
minor axis and the Y-axis; ¢, 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:

Ety, = Eathy \/cosz ((p1 + (Pz) +¢e2sin? ((p1 + 0, ) (24)

Normalizing dependence (21) to the optical beam
power, considering expression (24) and having the value
for angle ¢, recorded, dependencies g(¢,) 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:

S_(E 0 ),0
g((Pz)z X( TP;Zz(tl) 2)=
op
T'(E
— in2 (2\|!((p2))sin2 ( THzi(pl)’(PZ) . 25)
90° Tore =0
.04 T e ¢, =90°

¢, =60°
£=0.1, E, =3.5-10°B/m

0.5 -

0.5

1.0 -

270°

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(¢,) (25) at £y, = 3.5 - 106 V/m,
different polarization angles of THz radiation ¢, and
€=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 £, ;.
exceed 4 - 10° 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 € = 0.77 at the
fixed angle of 90° between the field vector of the exciting
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Fig. 9. Dependence plot of the THz peak-to-peak
amplitude on the rotation angle of the WGP-1 polarizer

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 ¢; 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 ¢, 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.

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 m/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 ¢, = 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 um 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 um. 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.
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HAYYHAA CTATbA

AHM30TPOIHBIA MATHUTOIEKTPUYECKUH dPdeKT
B CTPYKTYype HMPKOHAT-TUTAHAT CBUHIIA /
MATHUTOCTPUKIMOHHbIN BOJIOKOHHBIM KOMIIO3UT
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MUP3A — Poccuiicknii TexHos1orn4ecknii yamsepceutet, Mocksa, 119454 Poccus
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Pesiome

Llenu. Pa3paboTka KOMMNO3UTHBIX CTPYKTYP, B KOTOPbIX HAOMOAAETCA CUSTbHO aHU30TPOMHBINA MAarHUTO3NEKTpuYe-
ckmin (M3) apdekT, akTyanbHa AN CO30aHMS 0aTYNKOB, HYBCTBUTENbHbIX K HAMPaBEHNIO MarHUTHOTO nons. Takon
M3 addekT MoXeT ObITb 00YCNOBNEH aHU30TPOMNMEN KAk MarHUTHOMO, Tak Y Mbe303/1eKTPMYECKOro Cnosi. ABTopamMmum
M3roTOBJIEH HOBLIN aHM30TPOMHbIN MaTepman — MarHUTOCTPUKLMOHHbBIN BONOKOHHbIN komMno3uT (MBK), npeacras-
nALWmii coboli Habop HNUKENEBBLIX NMPOBOJIOK, PACMONIOXKEHHbIX BMJIOTHYIO NapannesnbHO APYr K APYry B OOWUH CNOM
1 NMOTPY>XEHHbIX B MOMMMEPHYIO MaTpuly. Lienb paboTbl — nccnegosaHune nuHenHoro M3 addekta B KOMMNO3UTHbIX
CTpyKTypax co cnosimu 3 MBK n kepamukn umpkoHaTa TutaHarta ceuHua (LTC-19).

MeTopabl. MarnutocTpukumnsa MBK Obina nsmepeHa TeH30MeTpUYeCKUM MeToaoM, M3 apdekT — MeTOLOM HU3KO-
4aCTOTHOM MOAYNALNM MArHUTHOIO MOJS.

PesynbTaTthbl. Bblnv N3roToBneHbl CTPYKTYPLI C AnameTpamMmu Hukenesbix npososiok 100, 150 1 200 mkm. MamepeHsi
nonesble 3aBUCUMOCTU MarHuTocTpukummn MBK, a Takke 4acToTHble, MONEBLIE N aMMIUTYAHbIE 3aBUCMMOCTN MO
HaNpsXXeHWs ons cnyyas nuHerHoro M3 addekTa npy pasnuyHoM BENVYMHE yriia Mexay HarnpaBieHNeM MarHuT-
HOro nNong 1 npoBosokamMmu. NokazaHo, 4To BCe 00pasubl 061aaat0T CUIbHOM aHU30TPONMMEN OTHOCUTENbHO HaMNpaB-
JIEHUS MArHUTHOrO nons. M3 HanpsXXeHne yMeHbLIAaeTCs OT MaKCUMalbHOro 3HAY€HUS 00 HyNs NPU U3SMEHEHUN
HanpaBfeHNs MarHUTHOMO NOJSA C NapasieNlbHOro A0 NeprneHanKyIsspPHOro OTHOCUTENIbHO BOJIOKOH HUKENS.
BbiBogbl. Hanbonbwmnm no BenmnydnHe M3 koadpduumeHTom, coctasnsowmm 1.71 B/(3 - cm), obnagaeTt CTpyk-
Typa, U3rotoBneHHas Ha ocHoBe MBK ¢ anameTtpom nposonokm 150 mkm. HactoTa pe3oHaHca pactet oT 3.5 kl'y,
0o 6.5 klNy, ¢ yBenuyeHnem gnameTtpa npoBonok. BenmumHa marHntoctpukumm MBK conoctaBmma no BeANYmMHE
C MarHUTOCTPUKUMEN NNACTUHbI HAKENS TaKOW Xe TONLLMHBI.

KnioueBble cnoBa: MarHMTO31eKTPUYECKNN 3DDEKT, MArHUTOCTPUKLUMS, BOSIOKOHHbIE KOMMO3UTbI, Nbe303DdEKT,

aHM3o0TpoONUs
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Mpo3payHocTb pMHAHCOBOM AEeATENbHOCTU: ABTOPbLI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEeLCTaB/IEH-

HbIX MaTepunanax nin Mmetogax.

ABTOpbLI 3a9BNSI0T 06 OTCYTCTBUN KOHDNNKTA MHTEPECOB.

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
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effect. In order to describe the efficiency of the ME
effect, the corresponding coefficient ayg = 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 /.

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
CoFe,0, [5] was used as a magnetic layer, while single
crystals of lead magnioniobate titanate (PMN-PT)
[6], lithium niobate LiNbO,, or gallium phosphate
GaPO, 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[Zr, Ti;,_]0;, 0 <x < 1) and FM ceramics CoFe,0,.
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

N pEEE R
|
|

(a) (b)

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 onnickel 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 um (sample 1), 150 um (sample 2), and 200 pm
(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 x 8.9 mm?
9.7 x 9.4 mm?, and 8.4 x 8.3 mm?, 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 - 107, When
describing the results of measurements, subscripts 1, 2,
and 3 are used in this work to denote MFCs having wire
diameters of 100 um, 150 pm, and 200 um, respectively.

Commercially available PbZr ,Ti 4,405 discs
(Audiowell Electronics (Guangzhou) Co. Ltd., China)
having a diameter of 16 mm and thickness of 200 um
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

50 W ‘ Polymer matrix

Electrodes

PZT plate

(c)

Fig. 1. Samples of MFCs (a), PZT-MFC with a diameter of 150 um (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
“1-27[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 A 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 Acos(2nft) with an amplitude of up to 4 = 0.8 Oe
was created using Helmholtz coils connected to an
Agilent 33210A arbitrary waveform generator (Agilent
Technologies, Santa Clara, California, USA). The field /
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 MQ at different values of f, A,
¢, 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

OF I i 100 um T
150 um
~10 200 um

40 - . :
~1000 -500 0 500

H, Oe

1000

Fig. 2. Dependence of the magnetostriction for
the fabricated MFC samples with different wire diameters
on the magnetic field, H

reached saturation magnetostriction of ~(—34 - 107°),
while sample 1 has a value of ~(—23 - 107°). 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 pm to 200 pm. It can be seen that the
magnitude of the magnetostriction of the MFC based on
wires with a diameter of 150 um increases faster than
for a sample with a wire diameter of 200 um. 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 A 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.

90°
401 —=—100 um
—+—150 um
——200 um
150° - 30°
-20r :
<
2 opso o
<
20 F .
210° 330°
T 240° 300°

270°

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 2 ~ 0.75 Oe and optimal values of
the magnetic field strength H_ (H 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 u; = 10.1 mV ata frequency f; = 7.2 kHz;
for sample 2, u, = 25.9 mV at a frequency f, = 7.9 kHz;
for sample 3, u; =21.5 mV at a frequency f; = 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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Fig. 4. Dependence of the ME voltage
on the frequency measured in a magnetic field
directed parallel to the wires

wires. The peak values are observed to increase linearly
with an increase in the excitation field amplitude /. The
quality factors of the resonances were O, = 72, O, = 33,
0, = 32. For each peak, the values of the ME coefficient
were calculated using the formula o = u/(¢ - h). Here
u is the amplitude of the voltage generated by the ME
structure; ¢ is the thickness of the PZT layer; /4 is the
amplitude of the alternating magnetic field. The calculated
ME coefficients at resonant frequencies were o, =
= 0.61 V/(Oe - cm), o, = 1.71 V/(Oe - cm), and o, =
= 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 ay ~ 102 V/(Oe - cm) for the Metglas-AIN
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 pm | 150 pm | 200 um
ME voltage u, mV 10.1 259 21.5
ME coefficient a, V/(Oe - cm) 0.6 1.7 1.5
Resonance frequency f, kHz 7.2 7.9 8.4
Quality factor O 72 33 32

Figure 5 shows the dependences of the ME voltage
on the magnetic field A 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 /4 = 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
H_ corresponding to the maximum of the piezomagnetic
coefficient (¢ = dM/dH|y;), and then drops to almost zero
when the magnetostriction is saturated. In the initial section,

the field values H_, which varied for each sample, were
H_,=700e, H_,~=500e,and H_;~=70 Oe, respectively.
All curves exhibited hysteresis. The maximum voltage
amplitudes corresponded to the values shown in Fig. 4.
The coercive fields H_ for samples 1-3 were H | =45 Oe,
H_, =25 Og, and H 5 = 35 Oe, respectively.

: 5
.1..‘.‘g . 100 Mm
o0l "ie,;: —e— 150 um
T AR —a 200 um
A}‘ ‘*‘“A g
15F * i Al}'A é
£ # .
=) ®

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 ¢ 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 ofthemaximum ME voltage decreases
to practically reach zero at ¢ = 90°; this corresponds to
the angular dependences of the magnetostriction shown
in Fig. 3. The increase in the magnetic field H  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 H at the resonance frequency are plotted

30~ = 100 um
+ 150 um
4 200 pm
20
300° 60°
10}
>
€ otovo° 90
3
10}
ool 240 120°
30t

180°

Fig. 6. Dependences of the ME voltage
on the angle between the direction of the magnetic field
and the axis of the wires

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

89



Anisotropic magnetoelectric effect in lead zirconate titanate

and magnetostrictive fiber composite structures

Dmitriy V. Saveliev,
etal.

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 ¢ = 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 H . 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 u /h; =
= 12.4 mV/Oe for structure 1; u,/h, = 35.0 mV/Oe for
structure 2; uy/hy = 29.9 mV/Oe for structure 3.

30

100 um
150 um
200 um

20

u, mV

10

0.0 0.2 0.4 0.6 0.8
h, Oe

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]:
a Y
=k — |, 1
S = 2mR2 \[12p M

where k 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,
p is the density. Using the known values of the material
parameters: ¥ = 210 GPa, p_ = 8.9 - 10° kg/m?,
Y, = 59.5GPa,p, =74- 103 kg/m3, and the dimensions
of the structure, we obtain the frequencies f; = 7 kHz,
f,=8.2kHz,and f;=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]:

_ 0%t
u=AQ . qh, 2)

where 4 is the coefficient depending on the dimensions,
mechanical and dielectric parameters of the layers of the
structure, Q is the acoustic quality factor, dy, is the

piezomodulus of the PE layer, ¢ = A1) =0\ /0H| 18
the piezomagnetic coefficient, A(H) is the dependence of
the magnetostriction of the FM layer on the magnetic
field, and ¢ 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 AV)(F). 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 ¢ 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 ¢, = 0.06 Oe!, q, =
~0.21 Oe”!, and ¢; = 0.17 Oe™! 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)

0.3 T T
100 um
150 um
0.2r 200um ]

g-1076 Oe™!

-0.1 1 1
0 200 400 600
H, Oe

Fig. 8. Dependence of the piezomagnetic module of the
MFC on the magnetic field for wires of different diameters

The anisotropy of the MFC magnetostriction is
due to the demagnetizing factor. It is known that the
field inside a ferromagnetic sample H; is generally
inhomogeneous and is related to the external field H as

H, =H-N-MH,), “)

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 H; [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 H, is practically equal to H, and when the nickel
rod is magnetized across the axis, the field /; is much
smaller than H. Since the value of magnetostriction A is
determined precisely by the internal field A, , a much
larger field should be applied in order to achieve the
maximum coefficient A(D(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 pm
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 pum 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.
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Pesiome

Llenu. Mpouecchl HaknneobpasoBaHWs 1 KOPPO3UN SBASIOTCS CEPbE3HON Npobnemoit Ans 060pyaoBaHUsS TEMNO-
9HEepreTM4eckoro komMmnnekca. Mx akTmBHoe pa3BmUTME MOXET MOJIHOCTbIO 3a610KMPOBaTh PaboTy CUCTEMBI, YCKO-
pUTb KOPPO3WIO 1 MPUBECTY K 3aKyNOPMBAHNIO, MECTHBIM Neperpesam, nporapamM 1 paspbiBamM KOT/I0B 1 Tpy6. 3710,
B CBOIO O4EPEb, MOXET MPUBECTU K KaTacTPoDUYEeCKMM NOCNEACTBUAM U MaCLUTaOHbIM 3KOSIOrMyeckm npobne-
MaM. BaxxHol 3apayel ABNsSeTCs 3alimTa NOBEPXHOCTEN OT Hakuneobpas3oBaHUs U KOPPo3uu. [epcnekTrBHbIMA
MeToZaMuV NPeSOTBPALLEHNS PA3BUTUS HEXENATENbHbIX MOCNEACTBUIA SBASIOTCA MoandUKaLmMs coctasa noanmMep-
HbIX MOKPbITWIA 3a CYET BBEAEHMS MUKPOKAMNCYMPOBAHHbBIX MHTMOUTOPOB KOPPO3UK, a Takke NOBEPXHOCTHAsA MO-
andurkaums, a UMEHHO, rnapodobusaumns NOBEPXHOCTU NOMMEPHOro NOKpbITUSA. Lienbio paboTbl ABNSACS aHann3
METOLO0B CHUXEHUS HaknMneobpas3oBaHUS 1 CKOPOCTU KOPPO3MOHHbBIX MPOLLECCOB, a Takxe nccnenoBaHne apoek-
TUBHOCTU MOANDUKaLMN NaKOKPACOYHbIX NOKPbITMA (JIKIT) nocpeacTBOM BBEAEHUS B X COCTAB MMKPOKaMNCyampo-
BaHHbIX MHTMOUTOPOB KOPPO3UMK.

MeTopabl. B paboTe ncnonb3oBanmcb MeToAbl YCKOPEHHbBIX KOPPO3UOHHbIX UCMbITAHUIA.

PesynbTatbl. [lpoaHann3mMpoBaHbl CYLLECTBYIOLLME METOAbI CHUXEHUS HAaKMNeobpa3oBaHUsa 1 CKOPOCTU KOPPO-
31N Ha MOBEPXHOCTSX TEMIO3HEPreTn4eckoro obopyanosaHus. MiccnepoaHa addEKTUBHOCTb MOANPULIMPOBAHNS
3aLLMTHbIX MONIMMEPHbIX MAaTEPMAOB 3a CHET BBEAEHMS B X COCTAB MUKPOKANCYJ1, COAEPXaLLMX akTUBHYIO0 pocdo-
HaTHyl0 1,06aBKY, a TakXe X MOBEPXHOCTHOE MOAMPULIMPOBAHNE.

BeiBoabl. YcTaHoBNEHO, 4TO MoauduumpoBaHme JIKI 3a cyeT NpUMEHEHUS MUKPOKANCYIMPOBaHHbIX aKTUBHbIX
[06aBOK MO3BOMISIET CYLLECTBEHHO CHU3UTb CKOPOCTb Kak HakmneobpaszoBaHUs, Tak M pPasBUTUS KOPPO3MOHHbIX
npoueccoB. BHeapeHne coBpeMEHHbIX METO0B MOANDULMPOBAHMS MOAUMEPHbIX MOKPbLITUIA NO3BONISET Noy4YaTh
COCTaBbl HOBOIO MOKOJIEHUS, 9DDEKTMBHBIM 06Pa30M NPENATCTBYIOLLME HAaKMNeobpasoBaHmio, Pa3BUTUIO KOPPO-
3NOHHBIX MPOLLECCOB, 1 AaeT BO3MOXHOCTb COXPaHSTb BbICOKYIO MPON3BOANTENBHOCTL TENI006MeHHOro 060pyno-
BaHWS.

KnioueBble cnoBa: HaknuneobpasoBaHue, KOPPO3ns, UHTMOMPOBaHME, MONMMEPHbLIE MOKPbLITUS

e Moctynuna: 10.03.2022 ¢ Aopa6oTaHa: 25.03.2022 ¢ MpuHATa k ony6nukoBaHuio: 28.04.2022

Ana untupoBanus: MonosuH B.A., TiopuHa C.A., LLlenkoB B.A. CoBpemMeHHble NOAX0Obl K CHUXEHUIO Hakuneobpa-
30BaHMS B TennoobMeHHOM obopyaoBaHuu. Russ. Technol. J. 2022;10(3):93-102. https://doi.org/10.32362/2500-
316X-2022-10-3-93-102

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPEACTaB/IEH-
HbIX MaTepuanax uim MeTogax.

ABTOpbI 325B/1SII0T 06 OTCYTCTBUM KOHMJIMKTA MHTEPECOB.
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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 492-2006'), 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:

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

e 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:

e corrosion pits growing further into cracks due to the
stress corrosion cracking mechanism;

o clusters of small-size pits (pitting) occurring
primarily in the lower part of heat-exchanger tubes;

e intercrystalline, transcrystalline, and mixed-type
cracking;

e 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:

e acidification of water and using scale control
additives;

e addition of granular additives (seeds);

e contact stabilization;

e using special designs of evaporators with moving
and self-cleaning heat-transfer surfaces;

e 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:

e asignificant increase in the service life of the system
of lined tubes owing to high chemical and abrasion
resistance of polymer linings;

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

e 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;

e 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:

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

e the coating thickness should be no more than 50-60 pm
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);

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

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

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

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

o 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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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

to be used in condenser tube cleaning systems. The wear
rate was less than 0.5 um in 1000 h. This ensures a service
life of a 50-um-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
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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.

Keywords: electronic ballast, power, mathematical description, filter, converter, pulse, mercury resonance line,
blocking generator
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Pesiome

Llenu. B o6nyyaTenbHbIx Npubopax, paboTaloLlmx B CBETOTEXHUYECKMX YCTaHOBKax C Tpyb4yaTbiMuy yabTpadurone-
ToBbIMK (YD) namnamm HU3KOro AABMIEHUS, K 3NIEKTPOHHBIM nyckoperynvpyowmm annapatam (3MPA) npeabss-
naTca cnepyowme TpeboBaHUS: HEBbICOKAs CTOMMOCTb, 06ecrneyeHne HaaeXHOro 3aXnraHns paspsaHbIX namr
HU3KOro OaBfeHUs B YCIIOBUSIX MOHMXEHHbIX TEMMNEPATYP U HagexHas paboTa fnamMn npu noBbILUEHHOW 3Hepre-
Tnyeckom apdeKTUBHOCTU. O CPaBHEHUIO C 3AEKTPOMArHUTHLIMK NyCKOperyampylowmmMmn annapartamm, IrNPA
o6ecneynBaloT MOBLILEHME CBETOOTAAYM pasdpsaHbiX gammn U KoaddULMeHTa MOLLHOCTU, CHUXEHWE pacxona
nedULMTHBIX MaTepuanoB, YMEHbLUEHME MacChl. [1ns MOBbILLEHNS 9HepreTuyeckon apdekTBHocTn YD namn
B KOMMJiIEKTE C HUMW Liesiecoobpas3Ho Mcrob3oBaTbh UMMNYyNbCcHble AMNPA, obecneymBaioLLme NMTaHne Ha YacToTe
22-50 klu. PaznuyHble cxeMHble pelleHuns SMNPA BkitoyatoT B cebsl Takme OCHOBHbIE Y3Jbl Kak CETEBON GUbTP,
BbIMPSIMUTENb, KOPPEKTOP KOIDPULUMEHTA MOLLIHOCTU, CriaaxmBalowmii GunbTp, BbICOKOYACTOTHLIN (BY) npeob-
pasoBatenb, 6annacT n 3axuratroLiee ycTponcTseo. Llenbio paboTsl AiBnsieTcs paspaboTka 9NeKTPOHHOM Nonynpo-
BOAHWKOBOWM CXEMbl BK/IOYEHUS U NUTAHUS pPa3psigHON namMnbl MNOBbLILLIEHHONW 3HEPreTnieckon adPekTMBHOCTU
C umMnynbCHbIM IMPA.

MeTopabl. lcnonb3oBaHbl knaccuyeckme MeToapl MaTeMaTUYECKOrO NCCNEN0BaHNS C MPUMEHEHVEM CTPYKTYPHOM
cxemon JlMPA, ero mateMaTtn4eCcknMm OnmMcaHnemM 1 aganTMBHOM MOAENN s ONpeaesneHns noToka pe3oHaHCHOM
JVNHUN PTYTU C AJIMHON BOJIHbI 254 HM.

PesynbTatbl. [1115 pasHbiXx MOMEHTOB BPEMEHW NPEACTaB/IEHBI YPABHEHUS ONpeaesieHns napameTpoB UMIMYbCOB,
obpazoBaHHbIX ornbatoLlein B GopmMe BXOAHOr0 HaMNpsXXeHWs 1 Toka NPOMbILLIIEHHOM YacToThl. JJaHo maTtematu-
yeckoe onvicaHve Ans OnpefeneHns AnMTeNbHOCTU UMMYIbCOB M ToKa flaMrbl B 3aBMCUMOCTU OT 3HAYEHWUIA HO-
MWHANbHOrO 1 paboyero HanpsixXeHWs 1 HOMUHANbHOro Toka. MpeacTaBneHbl AnarpaMmMa MrHOBEHHbIX 3HAYEHUI
HanpskeHus Ha Bxoge BY knoua n anarpamma dopmrpyemMoro MMnynbCHoro toka. B paboTte npoBeneH pacyet
napameTpoB koMmnsekTa «Y® namna — umnynbcHelii SMNPA» Npy ycnoBumn NOCTOSHCTBA MOLLHOCTU Namrbl Y UICMOMb-
30BaHMM a4anTUBHOM MOOENMN ANS ONPEAENEHNS MOTOKa PE3OHAHCHOM NVHUW PTYTU OJNHOW BOSIHbI 254 HM.
BbiBogbl. B pe3ynbtate pacyeToB Obin onpeneneHbl OTHOCUTESIbHbIE 3HAYEHUS JTYYUCTON OTAAdYN Pe30HaHCHOWN
NIMHUM PTYTU nccnepyemoix YO namn. TeopeTudeckme ncenenosarms IMNPA no3sonunm pasdpaboTaTtb 31EKTPOHHYIO
NoJIyNpPOBOLAHMKOBYIO CXEMY BKIOYEHUS M MUTAHUS Pa3pPSAHON NamMrbl NPSIMOYrObHBIMU UMIMYNbCamMn BbICOKOW
YyacToTbl. B xoae paboTbl ANs NpeasoXeHHOro CXeMHOIo pelueHns uMmnynbcHoro AIMPA npoBeaeH pacyeT napame-
TPOB 371EMEHTHO 6a3bl C BbIOPaHHBIMY OCHOBHbBIMU UCXOAHBIMY XapakTepucTukaMm 6110KUHM-reHepaTopa.

KnioueBble cnoBa: 3/1eKTPOHHbI MyCKOPEeryMpyoLui annapar, MOLLHOCTb, MaTeMaTU4Yeckoe onmcanue, punbTp,
npeobpasoBartersib, UMMYJIbC, PE30HAHCHASA IMHUA PTYTU, BNOKMHI-reHepaTop

¢ Moctynuna: 20.10.2021 e flopa6oTaHa: 24.02.2022 ¢ MpuHsATa kK ony6nukoBaHuio: 18.04.2022

Ansa umtupoeanus: KosaneHko O.10., Mukaesa C.A., Xypasnéra 0.A. ViccnenoBaHne 1 pa3paboTka UMIMYIbCHbIX
3NIEKTPOHHbBIX MYCKOPEryampyloLwyx annapaTtoB B KOMMIeKTe C ynbTpaduonetoBbiMn namnamun. Russ. Technol. J.
2022;10(3):103-110. https://doi.org/10.32362/2500-316X-2022-10-3-103-110

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOPbLI HE UMEIOT (PUHAHCOBOM 3aMHTEPECOBAHHOCTM B NPeACTaB/IEH-
HbIX MaTepuanax unm meToaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.
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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 in'> % 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 2250 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.

I 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 Rectifier Filter HF switch FL
Un(t) Uy (1) U (O] |Us() U)o
ol O 0 =
50TL,

Fig. 1. Structural diagram of the pulsed EB. U, (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
U,(t) transformed by the rectifier. At the HF switch
input, a smoothing filter is located. The voltage begins
to drop exponentially Us(¢) at the point in the diagram
(Fig. 2) at which the sinusoidal voltage U,(¢) 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
Uy(t)

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 U, (¢) 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 Us(#), while the duration of pulses
tpulse(t) (or pause ¢, (7)) depends on their amplitude.
The value tpulse(t) 1s 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 U, (¢) and current [ (7), as
well as the operating voltage Ulamp(t).

The mathematical description may be represented
by a system of equations, as follows:

Ulamp(t) =U, exp(—%t) at 0<r<y,

T
Utamp (1) = Uy cO83141 at f <1<,
(1)

Loulse () = ————,
pulse Ulamp (t) +b

0 Uy (0 =100 (t)]
5 :

i(0)=1,n exp[
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Here, U, is mains voltage amplitude, V; C is the
smoothing filter capacity, F; R is an active component
of the lamp resistance, Ohm; i(¢) is the current at the
HF switch input, A; the angular frequency o at signal
frequency /' = 50 Hz is equal to ® = 2nf = 314 s71;
p 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 #.

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
(Hg) modes). P, is an average power of the lamp
complete with pulsed EB

P, W | f,kHz Loutse> 18 | Duty cycle | C, uF Hpulse/HSt
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 O.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:
E._150V,¢t

> “pulse

= 6-10 ps, f=40-50 kHz, R, =239 Ohm,
I, =043 A, 7°=20-25°C, R, = 20 Ohm, R, = 100 Ohm.

Here, E. is an electromotive force in the transistor
output circuit, R is the signal source resistance or
output resistance of the previous stage, [, is an average
value of the lamp pulse current, 79 is the transistor case
temperature in operating mode, R is the damping circuit
resistance, and R, 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:

I = (EC - UCR )tpulse .
Iea _<11c _O‘SEC/rin)

2

Here, U.gp is the collector residual voltage of
saturated transistor (Uqg = 3 V); I, is the allowable
collector current of transistor (I, = 5 A); I is the
initial current in collector circuit; and 7, is the input
resistance of the transistor in the circuit with common
radiator (r;,, = 34 Ohm).

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

t
_ pulse
UCm _EC [1+ L Re]’ 3)
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Fig. 3. Switching and power supply circuit for a discharge lamp with rated voltage 220 V

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

ZRS(Rd”d)
Ro+Ry+7y

“)

(&

Here, R is assumed to be equal to 20 Ohm; 7 is the
forward resistance of diode (r4 =5 Ohm).

When the temperature rises (I’ 0> T}), the value of
thermal current generated by the collector residual
voltage of a saturated transistor may be determined, as
follows:

0.08(70-7¢)

Ier =1cr (Tle)e : )

Here, 7° is the environment temperature. The
current [ (transition thermal current) may
approximately double with the temperature increased by
10°C. Assuming the base potential (constant voltage
source) E, E, capacitance C5 at resistance
R, =100 Ohm may be determined in the following way:

T
(l_e
T

pulse

Tacc

)(rb+Rb).

C5=

(6)

acc

Here, 1, is the accumulation time constant (for
KT8Q9A transistgr, Toce = 2.8.9 us); Thulse is thf: pulse
duration, ps; r, is the transistor base input resistance;
and 0 is the coefficient defined by the following formula:

_ tpulse (Tin - Tacc)

T Tacc

0 )

in

Here, 1;, is the capacity charging time constant
characterized by the pulse leading edge time;
Ti, = 40 ps.

The capacitor C6 required for compensating the
inductive resistance of the transformer secondary
winding and resistance R1, R, is selected on the
basis of calculations. The load resistance is taken
as R, = 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
1,,=043A.

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:

Cd = 1 1.68

OR arth?K ®)

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:

(0.455K +1.15)

K (2 K
0.57

Cl=

X .

)

1 2
wRS\/rrlz—(1+K)
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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 pF x 250 V (KBG-MP); C4,
50.0 uF x 350 V (K-50-7), C5, 470 pF; C6, 5 pF;
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

. Kovalenko O.Yu.,
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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 Ul/UX design.
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Pesiome

Llenu. B ctatbe NpeacTaBiieHO MOHATME 103abUNNTK Kak OCHOBOMOJAraloLwelt KOHLENUMM MHOTMX HarnpasieHuit
COBPEMEHHOI0 AusanHa: NnpoOMbILLIEHHOrO, rpaduyeckoro, umdpoBoro 1 T.4. C y4eTOM PasBUTUS TEXHOJIOTUI.
Llenbto cTatbu aBnseTcs GopMynnpoBaHme KOHLEeNUUY 103abunnTti B LMAGPOBOM AM3aiiHe Ha OCHOBaHMM 3BOJSTIOLIAN
103a6UNNTY B NPOMBbILLNIEHHOM AM3aliHe.

MeTopabl. /lcnonb3oBaHNE UCTOPUYECKOrO METOAA WCCNenoBaHUs rnokasaso, YTo 3abunnuti NpUMEHUTENBHO
K B3aMMOCBS3M MEXY HEeNI0BEKOM N 0OBEKTOM An3aliHa xapakTepuayeTcs yHudbunkaumein popmel. C noMoLLbio Me-
ToAa aHanormm aToT BbiBOZ, Obl1 MPUMEHEH 1 MO OTHOLLEHWIO K LIMdPOBOMY An3aiHy. B cTtaTtbe nprBeaeHbl OCHOB-
Hble MNPUHLMMbI OLLEHKM 103a06UNNTY B AM3aiiHe, a TakXe XapakTep ee BAUSHUS Ha JallbHelLllee pasBuTie an3anHa.
TpeboBaHus K NPOEKTUPYEMOMY NMPOAYKTY C TOYKM 3PEHUS aHaNN3a 03abunmuTn PEKOMEHJ0BAHO BhINOJIHATHL C y4e-
TOM MPUHLMXMOB YHUBEPCAILHOCTHU, ABJISIOLLMXCA OCHOBOM CUCTEMbI YHUBEPCAIbHOIO An3anHa.

PesynbTaTthl. [IpyHMMaa BO BHMMaHME NMPUHLNIBLI MPOEKTUPOBAHNA B NPOMbILLIEHHOM AM3aliHE U COBPEMEHHbIE
TpeboBaHus B 06nacTtu rpaduyeckoro, umdpoBoro 1 Be6-gmsaliHa, aBTopaMmmn NpeasioxeHo GopmMmpoBaTth 103a-
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Mpo3payHocTb GUHAHCOBOMN AEATESNIbHOCTU: ABTOPbI HE MMEIOT (PUHAHCOBOW 3aMHTEPECOBAHHOCTY B NPeACcTaBieH-
HbIX MaTepuanax uiv MeToaax.

ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.

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.

(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. Thisrevolution 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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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

B
(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)
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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].
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— Home
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Fig. 4. Developing the user route for the exhibition website
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Fig. 6. Visualizing website design

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.
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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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