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Seminar schedule

April 23, Tuesday

9:00 — 10:00 Registration of participants

10:00 — 13:00 PLENARY OPEN SESSION

13:00 — 14:00 Coffee Break (Lunch)

14:00 — 17:30 | Computer-Aided Design Ensuring the Quality and
and Production of Reliability of Electronics
Electron Devices Devices

17:30 — 19:30 Get Together Party

April 24, Wednesday

10:00 — 13:00 Electronics Manufacturing Services

13:00 — 14:00 Coffee Break (Lunch)

14:00 — 17:30 Electronics Manufacturing Services

April 25, Thursday

Social Program

Organized by

e MIREA - Russian Technological University (RTU MIREA)
e Russian Centre of Science and Culture in Prague
e Russian Section of the Institute of Electrical and Electronics Engineers (IEEE);
e The IEEE Tomsk Chapter & Student Branch.

Sponsors

e Experimental laboratory NaukaSoft

Location:

Seminar will be carried out at the Russian Science and Culture Centre (RSCC) in

Prague (Praha 6, ul. NaZatorce 16)

Russian science and culture centre (created in 1971) is one of the Rossotrudnichestvo
foreign representations (Federal Agency for the Commonwealth of Independent States,

Compatriots Living Abroad and International Humanitarian Cooperation).

The preparation and realization programs of the sphere of science, culture and
education, Russian language advancement, outreach of Russian achievements in these

spheres are the major RSCC activities.
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Research Supervisor:
Sigov A.S., MIREA - Russian Technological University, Russia

Chairman of the Program Committee:
Kudzh S.A., MIREA - Russian Technological University, Russia

International Science Program Committee:

Andrzej Kotyra, Lublin University of Technology, Poland

Andrzej Smolarz, Lublin University of Technology, Poland

Kouzaev G. A., Norwegian University of Science and Technology, Norway
Mirostaw Luft, Kazimierz Putaski University of Technology and Humanities in
Radom,Poland

Oleksandra Hotra, Lublin University of Technology, Poland

Piotr Kacejko, Lublin University of Technology, Poland

Piotr Kisata, Lublin University of Technology, Poland

Ryszard Romaniuk, Warsaw University of Technology, Poland

Waldemar Wdjcik, Lublin University of Technology, Poland

Zbigniew Ltukasik, Kazimierz Putaski University of Technology and Humanities in
Radom,Poland

Betelin V.B., NIISI RAS, Russia

Bugaev A.S., Institute of Radio-engineering and Electronics RAS, Russia
Gulyaev Yu.V., Institute of Radio-engineering and Electronics RAS, Russia
Lukichev V.F., MIREA - Russian Technological University, Russia
Pozhidaev E.D., HSE, Russia

Pustovoit V.I., BMSTU, Russia

Stempkovsky A.L., IPPM RAS, Russia

Shakhnov V.A., BMSTU, Russia

Chairman of Organizing Committee:
Uvaysov S.U., MIREA - Russian Technological University, Russia

Organizing committee:

Konchakov A.V., Russian Centre of Science and Culture in Prague, Czech Republic
Ivanov |.A., HSE, Russia

Saenko V.S., HSE, Russia

Stukach O.V., HSE, Russia

Contact Information:

Address of organizing committee: 78 Vernadsky Avenue, Moscow 119454
E-mail: sed@diag.ru
General questions:
. llya Ivanov

Tel.: +7 (495) 772-95-90 * 15166, +7(926) 3830740, e-mail: sed@diag.ru
Papers and special sessions:
. Oleg Stukach

Tel.: +7 (903)661-98-11, e-mail: tomsk@ieee.org
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Key objectives of the seminar:

1. Computer-Aided Design and Production of Electronic Devices
2. Electronics Manufacturing Services
3. Ensuring the Quality and Reliability of Electronic Devices

Guidelines for Oral Presentations

Please note that the overall time available for your presentation is limited to 10 minutes
allowed for the actual presentation and 5 minutes for discussion. You should plan your
presentation carefully. You should select your vocabulary to address as wide an audience
as possible and avoid unfamiliar abbreviations or expressions. Your oral presentation
should be performed in the way of answers the following questions:

Why was the project undertaken?

What was done?

What was learned?

What does it mean?

Remember, the three rules for an effective presentation are:

e Tell them what you are going to say (spend a few moments introducing your topic and
what you intend to speak about).

e Tell them (deliver your talk, including the methods, results and conclusions)

¢ Tell them what you said (summarize the most important points of your lecture).

Please remember that the responsibility of having your paper ready for Presentation at
the scheduled time is primarily in your hands as the presenter. Check the readability,
completeness and order of your slides before your presentation. Arrive well in advance of
the session, and acquaint yourself with the operation of the podium and location of the
equipment. Seminar staff will be present to assist you. There are no scheduled breaks in
the agenda so it is mandatory that the presentations be loaded before the beginning of
each session.

Be careful to speak in accordance with the sequence of your slides. Avoid making major
modifications to your transparencies during your presentation. Do not use more than 1
slide per minute. Please stay within the time limit allocated for your presentation.

Technical equipment provided in the Conference room are:
¢ Multimedia video projector;
e Projection screen;
e Standard multimedia PC with CD-ROM drive.

The operating system for session computers is Microsoft Windows XP. The available
software is Microsoft Office 7 (or newer) that includes Word, Excel, PowerPoint, Adobe
Acrobat Reader, and Windows Media Player. Therefore, all presentations must be
compatible with these packages. Slide and overhead projectors will not be available!
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Plenary session (I°T and SED)

1.

Atanas Kostadinov
Technical University - Sofia, Bulgaria
About Marie Curie Alumni Association

Yasuto Hijikata

Saitama University, Japan

Room temperature electronic-driven quantum devices using single defects in silicon
carbide semiconductors

Zhuravlev V.Ph. Perelyaev S.E.

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences
3-D MICROMACHINED SPHERICAL SHELL RESONATORS: IMPLEMENTATION
VISION

. Perelyaev S.E., Zhuravlev V. Ph.

Ishlinsky Institute for Problems in Mechanics of the Russian Academy of Sciences
MEMS Integrating gyroscope and angular velocity sensor (AVS) based on 2D
micro-wineglasses and 3D micro-spheres

. Alla G. Kravets, Natalia A. Salnikova, llya P. Mikhnev, Nazim Y. Orudjev, Olga V.

Poplavskaya
Volgograd State Technical University
Web Portal for Project Management in Electronics Design Software Development
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Computer-Aided Design and Production of Electronic Devices
April 23, Tuesday, 14:00 — 17:30

Pavel N. Anisimov, Application of Experiment Planning Methods for

Denis A. Kuzin Building a Network of Digital Television Broadcasting
of DVB-T2 Standard

Vadim A. Zhmud, Investigation of the Numerical Optimization Toolkit for

Lyubomir V. Dimitrov,  Control of the Oscillatory Unstable Object
Oleg V. Stukach

Yury Shornikov, Modeling and Simulation of Electronic Devices in the
Evgeny Popov ISMA Environment

Elena P. Dogadina, A model of simultaneous optimization of production
Yuriy A. Kropotov, planning

Aleksander Y.

Proskuryakov

Viktor M. Kureychik, Ontology-based approach to design problem
Irina B. Safronenkova  formalization

N.V. Butyrlagin, N.V. Current Digital Logical Elements’ Synthesis and
Chernov, N.V. Circuitry: Linear Threshold Approach
Prokopenko, A.V.

Bugakova
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Dmitry Bulakh, Sergey
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Kiya Bushmeleva,
Svetlana Uvaysova,
Aida Uvaysova,
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Galina V. Nikonova,
Liia V. Shchapova

The Foresight Modeling in Ensuring High Quality of
Space Electronic Equipment

Taking Project Decisions in Computer Aided Design
of Electronic Computing Equipment Modules

Mechanisms of swarm intelligence and evolutionary
adaptation for solving PCB design tasks

Web Portal for Project Management in Electronics
Design Software Development

Logic gates placement algorithm for visualization of
integrated circuits netlists

The System of Automated Circuit Simulation of
Electronic Devices

Development and research methods of calculation
induced interference in the onboard network of
spacecraft

Glowworm Swarm Optimization Algorithm for
Computer Equipment Partitioning

Hybryd Approach for Computer-Aided Design
Problems

Development of software module for the analysis of
electrical circuits

Optoelectronic Devices' Thermal Working Modes
Providing Method

Modeling the Initial Shape in the Tasks of Automating
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Radiosignal Identification System For The Software-
Defined Radio

Ensuring the Quality and Reliability of Electronic Devices
April 23, Tuesday, 14:00 — 17:30

Dmitry Lovtsov, Dmitry
Gavrilov

Oleg V. Stukach,
Raushan Zh.
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Automated special purpose optical electronic
system’s functional diagnosis, quality and
informational performance index estimation
Model of the Yield Loss Factors Based on Survey
Analysis for the Integrated Circuits Manufacturing
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Application of the Selective Silicon Etching Methods
for Estimation of the Wafers Quality in the
Micromechanical Sensors

Quality Control of Technological Processes of
Manufacturing Functional Solar Cells Layers Based
on Hybrid Organic-Inorganic Perovskites

Algorithm of Graph Planarity Defenition for Improving
the Quality of the Very Large Scale Integrations
Circuits Tracking.

Justification of the Possibility to Use Vibration
Measuring Sensors in Onboard Diagnostic Devices

Testing of the device of the help to visually impaired
people for positioning in space

An Algorithm for the Implementation of an Adaptive
Vibration Testing System of Onboard Radio-
Electronic Equipment

An Adaptive Vibration Testing System of Structural
Elements of Radio-Electronic Equipment

The Reliability Characteristics of the Data Processing
Centers Cooling Systems

Measuring complex for testing pulsed
thermoelectronic training of electronic components
The Algorithm Of Calculating The Refined Boundaries
Of Sequential Criteria Based On The Likelyhood
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Development of methods for identifying factors
affecting the electronic tools reliability in the design
Improving the Interference Tolerant Noise Immunity of
Ambulatory Telemetry ECG Diagnostics Systems
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Investigation of Electrostatic Discharge Effect on
High-power Mosfet-Transistors Considering the
Influence of PCB

Multi-Logics Gates

Thermal model of Zeeman ring laser

Design of micro — and nanoelectromechanical
resonators taking into account internal temperature
fields

Research of perspective materials for thin optical
films for the mid-IR

Application of a Cylindrical Resonator for Measuring
the Parameters of Dielectric Materials

The Fast Digital Algorithm for Measuring the
Parameters of the Random Processes

Creation of multisectional thermoelements for
increasing of the efficiency of thermoelectric devices

MEMS Integrating gyroscope and angular velocity
sensor (AVS) based on 2D micro-wineglasses and 3D
micro-spheres

Investigation of Inverse kinematics Solution for a
Human-like Aerial Manipulator Based on The
Metaheuristic Algorithms

Spin-Dependent Tunneling in Semiconductor
Structures Without an Inversion Center

Spin Resonance in a Semiconductor Structure in
Quantizing Magnetic Field
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Conductivity of Fiberglass after Long-Term Exposure
to Vacuum

Experimental Determination of the Electric Field Gain
Coefficient on the Top of the Spherical Electrode on
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Solution of the Stefan problem during radiation-
conductive heat transfer in the process of growing
sapphire single crystals by a modified Kyropoulos
method

Exergy analysis of the recirculation scheme for air
preparation of clean rooms based on a system
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Electrocardiogram Recorder With Autonomous Power
Supply

Determination of Guaranteed Stability Regions of
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The Energetic Estimate of Optical Fiber Measuring
System for Determination of the Fluid Composition

Principles of Reliability Improvement of Fiber-Optic
Sensors for Rocket and Space Equipment and
Aeronautical Engineering

Monitoring and Optimization of the Structure of a
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Wireless Distributed Applications

Radiosignal Identification System For The Software-
Defined Radio

The Phase Measurements Disambiguation by Means
of the Two Paths Similarity Method

Permissible interference power from earth station
equipment within 3400-4200 MHz band

Evaluation of electromagnetic compatibility between
earth stations and network of wireless access in the
band 3400-4200 MHz

To the numerical method for synthesis of fractal
antennas

Analysis of the Parasitic Parameters Influence on the
Analog Filters Frequency Response

Modification of the Integration Variable Selection
Method in Numerical Simulation of Electromagnetic
Wave Propagation in the Time Domain

Directions of development and creation of receiving
demodulation modules for digital signal processing in
communication systems
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Seminar venue

Russian Science and Culture Centre in Prague,
Address : Na Zatorce str., 16
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2019 International Seminar on Electron Devices Design and Production (SED)

Spin-Dependent Tunneling in Semiconductor
Structures Without an Inversion Center

Chernyshov N.N.

The Federal State Budget Educational
Institution of Higher Education
“Belgorod State Technological Uni-
versity named after V.G. Shukhov”.
46, Kostyukova street, Belgorod,
308012, Russian Federation
e-mail: mykola.chernyshov@ nure.ua

Abstract — The scientific article is devoted to a theoreti-
cal study of the tunneling of electrons through semiconduc-
tor barriers. It is shown that the tunneling process itself in
such systems is spin-dependent and the transparency of the
structures depends on the orientation of the electron spins
even for symmetric barriers in the absence of an external
magnetic field. The microscopic nature of this effect consists
in the spin-orbit splitting of electronic states in the barrier,
which is cubic in the wave vector. The actuality of the article
is considering the theory of spin-dependent tunneling for
single barriers and for resonant two-barrier structures. It is
shown that the dependence of the tunnel transparency of the
structures on the mutual orientation of the spin and the elec-
tron wave vector can be used for spin injection and for the
electrical detection of the spin state of electrons. The influence
of the spin-orbit interaction on the tunneling passage of
charge carriers through non-centrosymmetric semiconductor
barriers can manifest itself during the injection of free charge
carriers from ferromagnets into a semiconductor through a
potential barrier. The scientific novelty lies in the fact that, in
the study of tunneling magnetoresistance in the structure of
Fe/GaAs/Au, an anisotropic dependence of resistance on the
magnetization of the Fe layer in the interface plane was found.
Model calculation of the injection of electrons from Fe to Au
through a semiconductor barrier GaAs taking into account the
effect, enabled to explain the anisotropy observed experimen-
tally.

Key words: potential barriers, tunneling, electronic spin,
wave vector, spin-dependent phenomena, spin-orbit splitting,
two-barrier structures, magnetoresistance.

INTRODUCTION

Spin-dependent tunneling phenomena physics has re-
cently attracted much attention and has been investigating
the injection of spin-oriented charge carriers from mag-
netic materials into semiconductor structures [1-3]. Spin
injection (transfer of particles with non-equilibrium spin
polarization) can be carried out in an external magnetic
field in structures with spatial inhomogeneity of the ef-
fective g-factor. In this case, particles from one region of
the structure with an equilibrium spin polarization deter-
mined by Zeeman splitting turn out to be equilibrium
polarized along the spin, falling into the structure region
with a different Zeeman splitting value. Injection of elec-
trons with a no equilibrium spin due to a jump of g-factor
at the interface of the contact and semiconductor, was
first observed in n-type InSb by nuclear magnetic reso-
nance by the change in the spin polarization of nuclei. It
was shown later that the efficiency of such a spin injec-

Belousov A.V.

The Federal State Budget Educational
Institution of Higher Education
“Belgorod State Technological Uni-
versity named after V.G. Shukhov”.
46, Kostyukova street, Belgorod,
308012, Russian Federation
e-mail: ntk@intbel.ru

Grebenik A.G.

The Federal State Budget Educational
Institution of Higher Education
“Belgorod State Technological Uni-
versity named after V.G. Shukhov”.
46, Kostyukova street, Belgorod,
308012, Russian Federation
e-mail: ntk@intbel.ru

tion method significantly increases with the transfer of
charge carriers from a semimagnetic semiconductor lay-
er, in which, due to the giant Zeeman splitting effect, free
carriers are significantly polarized in spin in weak mag-
netic fields. This makes it possible to record the spin ori-
entation of injected charge carriers by optical methods
using photo or electroluminescence polarization, which
has been demonstrated for various semiconductor com-
pounds. The possibility of injection of spin-oriented elec-
trons from semi-magnetic CdMnTe into the bulk CdTe
layer [4], from BeMnZnS to the GaAs/AlGaAs quantum
well [5], and also from GaMnAs holes to the In-
GaAs/GaAs quantum well [6]. It was shown in [7] that
effective controlled spin injection can be carried out us-
ing tunnel diodes based on semimagnetic semiconduc-
tors. In this case, the resonance structure acts as a spin
filter: depending on the applied voltage and the external
magnetic field, electron tunneling occurs through differ-
ent spin levels, which are energy-shifted relative to each
other due to Zeeman splitting. Such spin-dependent elec-
tron tunneling in an external magnetic field was studied
for structures based on semi-magnetic ZnMnSe/BeTe and
(Zn, Mn, Be) Se [8] semiconductors. It has recently been
established that the difference between the effective g-
factor of free electrons leads to a spin-dependent photo-
emission of electrons from the surface of semiconductors
to vacuum. For the practical implementation of spin in-
jectors that work effectively at room temperature, the use
of ferromagnetic structures seems promising. The possi-
bility of injection of spin-oriented charge carriers from a
ferromagnet into a semiconductor is shown in [9]. Exper-
imentally, spin injection from a ferromagnet was carried
out by tunnel scanning microscopy methods in the works
on the injection of electrons from a Ni needle onto the
(110) surface of bulk GaAs [10]. The spin orientation of
electrons on the GaAs surface was detected by the polari-
zation of the luminescence. However, in layered hetero-
structures, the effective transfer of a spin through the
ferromagnet — semiconductor interface could not be ob-
served for a long time. It was pointed out in the theoreti-
cal work [10] that the fundamental reason for the low
efficiency of spin injection in heterostructures is the
strong difference in the conductivity of a ferromagnetic
material and a semiconductor. It was shown in [11] that
this problem could be solved if charge carrier injection is
carried out through a tunneling barrier located between a
ferromagnet and a semiconductor. This solution turned
out to be very productive, and in the years to come there

978-1-5386-6525-1/19/$31.00 ©2019 IEEE
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appeared publications which investigated spin injection
into low-dimensional semiconductor structures from var-
ious ferrimagnets, including Fe, NiFe, CoFe and MnAs.
Experimental results indicate that the degree of spin po-
larization of injected electrons reaches a few tens of per-
cent at room temperature. Recently it has been shown
that asymmetric tunnel barriers themselves based on
nonmagnetic structures can be used as spin filters [12]. It
has been shown that the Rashba spin — orbit interaction
on nonequivalent interfaces of asymmetric structures
leads to the dependence of the tunnel transparency of
barriers on the orientation of electron spins even in the
absence of an external magnetic field. Such an effect is
possible only in asymmetric systems with resonant tun-
neling through two-barrier and three barrier structures
[13;14].

I. TUNNELIG THROUGH A SINGLE BARRIER

It is convenient to begin the analysis of spin-
dependent tunneling with the classical problem of the
passage of particles through a single rectangular barrier.
Consider electron tunneling with a wave vector
k =k, ,k_over the potential barrier of height ¥, and

thickness b, grown from a semiconductor with a zinc
blende grating along the crystallographic direction
z//[001] (Fig.1), where Kk, the component of the wave

vector is in the interface plane, the normal component of
the wave vector. The Hamiltonian describing the propa-
gation of electrons in the conduction band in each layer
of the heterostructure, in the approximation of the effec-
tive mass, takes the form
H=- h*a—+h—kff+V(z)+I§, (1)
2m’ 0z 2m 7

where m’ the effective mass, which may be different in
different layers, V' (z) is the profile of the potential ener-
gy of electrons that is, created by the heterostructure,
V(z)=V, in the barrier and ¥ (z)=0 in the contact re-

gions, ﬁu is the Hamiltonian of the spin-orbit interac-
tion.

In semiconductors with a zine blende lattice, the spin-
orbit splitting of the conduction band is cubic in the wave
vector and is described by the Dresselhaus Hamiltonian
[15]

H,=/6k (K -K)+6k (K —K)+5k (K -k)], (2)

where ¥ the parameter characterizing the force of the
spin-orbit interaction, &,(¢ = x,y,z) the Pauli parame-

ters, x//[100], y//[010], z//[001] are the cubic axes of the
crystal.

(1) m, (ym, 1y m;,

(ki kz) A

0 b z|[[001]

Fig.1. Electron tunneling with a wave vector through a rectangular
potential barrier along the z axis

In the study of electron tunneling along the z axis, the
component of the wave vector in equation (2) should be
considered as an operator —id/dz. We assume that the

kinetic energy of the incident particles is much smaller
than the height of the barrier V. In this case, the main

contribution to the Hamiltonian of the spin-orbit interac-
tion in the barrier k’ is determined by the equation

2

oz

A,=y(6k ~6k) (3)
The spin-orbit interaction (3) takes the form similar to the
first term in the Hamiltonian (1), which describes the
kinetic energy of an electron along the growth of the
structure, and therefore can be considered as a spin-
dependent correction to the effective electron mass in the
direction of tunneling. Since the probability of particle
tunneling through the barrier is determined, including by
their mass, such an amendment leads to a dependence of
the barrier transparency on the orientation of the electron
spin. Hamiltonian (3) is diagonal zed by spinors

1 1
- i 4
X. 5 [ie"”j “)

which correspond to electronic states with opposite spin
orientation. Here the polar angle of the wave vector is
k =(k,cosp,k,sing,k ).

II. SPIN ORRIENTATION DEPENDENCIES

Particles in spin states j, propagate inside the barrier
with preservation of the spin for various indicators of the
attenuation of the wave function for the values of the param-
eter ¥>0. Spatial orientations of electron spins in their
own states ¥, depend on the direction of the wave vector
k, in the interface plane and determined by the equa-
tion

s, = i%(—cos ©,sin ¢,0). ®)]
Fig.2 shows the orientation of the spins s, for different
directions of the wave vector k (as a function of the polar
angle @). Electronic spins in their own states s, oriented
along the wave vector Kk, if vector k, directed along
the cubic axes of the crystal [110] or [010], and is per-
pendicular to the wave vector k,, if k,. We assume that
the tunneling occurs without scattering processes. In this
case, the component of the electron wave vector in the
plane of the interfaces k, is conserved, and particles
with spins s, pass through the barrier with the spin con-
servation. In the basis of Eigen states y, Hamiltonian (1)
with spin-orbit interaction (3) is diagonal along spin indices
and takes the form
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azhz kzhz
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where m, is the effective mass of electrons along the
growth axis of the structure, modified by the spin-orbit

splitting of the conduction band, m, = m*(l + 27/mh—k”J .

Sy [010] S. [010]

Pic.2. Spin orientation dependencies s, from the direction of the

electronic wave vector in the plane of the interfaces K /)

Wave function of electrons in their own spin states
. in each layer of the heterostructure can be represented

as
Y (r), =u(z), y.exp(ik,p), (7

where p =(x,y) coordinate n the interface plane.
The function u,(z), describing the sum of the inci-

dent and reflected wave in region I and the wave in re-
gion III (Fig.1), takes the from

ul”(r)=exp(ik z)+r exp(—ik z);
(1

u"(r)= A4 exp(qtz)+ B, exp(-q £ z); (8)

+

u™(ry=t, exp(ik ),

where ;¢

coefficients of particles with spin s,,q are the indicators

are the amplitude transmission and reflection

of wave functions in the barrier,

)

n m

1 1

the attenuation coefficient of the wave function without
taking into account the spin-orbit interaction, m, and m,
are the effective masses in the contact regions and inside
the barrier. The use of boundary conditions at the inter-
faces allows writing a closed system of linear equations
and coefficients ¢,,7,,4,,B, and determine the depend-
ence of the transmission and reflection coefficients on the
orientation of the electron spins. Since we are interested
in spin tunneling due to the splitting of the electron spec-
trum in the barrier, we will use standard boundary condi-
tions for the continuity of the wave function ¥, and flow

(1/m_)ow,/9z at heterojunctions. In addition, we will

neglect the spin-orbit interaction in the contact layers I
and III, since the spin splitting due to cubic in k, terms
in these regions is small. The calculation shows that the
transmission coefficients ¢, for compounds with moderate

spin-orbit interaction pnk,/h’ <<l and sufficiently
wide exp(—bq,)<<1 barriers have the form [15]

t=t, exp[i ym%—lf”qobj; (10)

mKk . q,

t =—di :
m(q,—ik_m,/m,)’

0

exp(—q,b — ik b)

the transmission coefficient calculated without taking
into account the spin-orbit splitting of the spectrum. The
general problem of the passage of electrons with an arbi-
trary initial spin orientation set by a spinor ¥ through a

barrier based on a semiconductor with a zinc blende grat-
ing can be solved by decomposing the Hamiltonian (3)
into proper spin states y,. To analyze spin-dependent

tunneling, it is convenient to introduce the polarization
efficiency of the structure [14;15]

A=y
Pzﬁ, (11)
.+

which describes the relative difference in the probabilities of
passing the barrier by particles with spins s, . Substituting
the transmission coefficients (10) into (12) leads to the fol-

lowing equation for the polarization efficiency of a single
barrier

P= th[zym{‘” qob} (12)

h

CONCLUSION

For a fixed value of the longitudinal wave vector k, ,

the polarization efficiency of the tunnel structure increas-
es with increasing spin-orbit coupling constant ¥ and

barrier thickness b. To achieve higher polarization effi-
ciency values, thick barriers must be used. It should be
noted that an increase in the barrier thickness leads to
a significant decrease in its transparency and, conse-
quently, to a decrease in the tunneling flux of elec-
trons. The calculation results indicate that the polariza-
tion efficiency can reach several percent for reasonable
barrier thicknesses. Structures based on the GaSb
compound and its solid solutions are the most effective

spin filters due to the large value of the product ;/m*
in these materials.
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