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ANALYSIS OF THE ELECTRICAL, MAGNETIC AND STRUCTURAL PROPERTIES
OF A3Bs TYPE LAYERED SEMICONDUCTOR CRYSTALS INTERCALATED WITH
METALS WITH REFERENCE TO THEIR MILITARY APPLICATIONS

Magnetic sensors are key elements in many security and military systems. Magnetic sensors are often used for
military applications such as navigation, position tracking and antitheft systems. Nowadays sensitive magnetic
sensors are used in many technical systems, including modern anti-tank missiles to identify the center of the target
area and a minimal armor region.

The applications of magnetoresistive structures based on semiconductor crystals of InSe for high precision
measurement of the magnetic field are outlined in this article. Possibilities of using magnetic field sensors based on
InSe structures for revealing the armour military vehicles are discussed. The impact of metal impurities on the
layered structure of the semiconductor material as referred to the strong covalent bond within the layers as well as
the weak van-der-Waals bond in the interlayer space is studied. Nyquist diagrams for InSe crystal with the
impurities of nickel at different temperatures ranging from liquid nitrogen to room temperature are analyzed.
Temperature is shown to be a significant factor for affecting the Nyquist diagrams. The curvature of the Nyquist
diagrams for intercalated InSe varies with the temperature as opposed to the pure InSe. Topological images of
crystal surface obtained by using atomic force microscopy confirmed the layer structure of nickel-intercalated InSe.
Structures with alternating layers of semiconductor and metal provide the fundamental control of magnetic
properties. These structures have a sharp anisotropy of magnetic susceptibility. The investigated semiconductor
crystals with impurities of 3d-elements can extend the functionality of modern magnetic sensors designed to detect
heavy armor.

Keywords: layered semiconductor, impedance, Nyquist diagrams, intercalation.

Introduction the creation of the high- efficient photovoltaic
converters, gas sensors and thermoelectric transducer,
as well as the effective THz laser radiation sources [3].

InSe structure is characterized by the fact that it
can be viewed as quasi two-dimensional (2D) [1]. In-
Se atoms form layers with strong covalent bond, while
interlayer space is filled with a weak Van der Waals
bond, so processes across the layers can be viewed as
a perturbation to the ones along the layers. This leads
to strong anisotropy of the properties of these
structures [4,5].

The discovery of single-atomic layer graphene [6]
has led to a surge of interest in other anisotropic
crystals with strong in-plane bonds and weak, van der
Waals-like, inter-layer coupling. A variety of two-
dimensional (2D) crystals with high crystalline quality

Magnetic sensors are often used for security and
military applications such as detection, discrimination
and localization of ferromagnetic and conducting
objects, navigation, position tracking and antitheft
systems [1].

Magnetic sensors are key elements in many
security and military systems. Traditional sensors such
as fluxgates, induction coils and resonance
magnetometers are complemented by new sensor
types such as AMR (Anisotropic MagnetoResistors),
GMR (Giant Magneto-Resistance), SDT (Spin-
Dependent Tunelling) and GMI (Giant Magneto-
Impedance) sensors [2].

Analysis of recent research and

publications

InSe is a typical layered semiconductor material
from A3Bs group, that can be used for optical
detectors in visible and near infrared spectrum region.
In quantum electronics these structures can be used for
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and stable properties under ambient conditions have
been investigated recently. Interest in these systems is
motivated partly by the possibility of combining them
with graphene to create 2D electronic devices, e.g.,
field effect transistors with high on-off switching
ratios and memory cells [7].
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In recent work these materials were shown to
possess magnetoresistive properties and were proved to
be useful for magnetic sensors [4, 5, 8, 9].

Magnetoresistive structures can not only provide a
Coulomb blockade of the electric current, but also
create conditions for the emergence of new unique
magnetic properties that serve as the basis for new
approaches to technology issues — information carriers.
In particular, the giant magnetoresistive effect in
nanostructures with alternating semiconductor and
metal layers offers the prospect of a radical
restructuring of materials technology — development of
information carriers and the creation of highly effective
guantum computers.

Nowadays sensitive magnetic sensors are used in
many technical systems, including modern anti-tank
missiles to identify the center of the target area and a
minimal armor region. Materials based on
magnetoresistive structures are resistant to extreme
temperatures, and ionizing radiation, so they are
promising for use in guidance systems of modern
microprocessor warheads [10].

Basic statements. Magnetic sensors numerically
register these perturbations (anomalies) of the
background magnetic field of the Earth, and modern
methods of digital processing of analog signals allow a
relatively accurate determination of the mass, direction
and speed of the above mentioned objects [10]. Over
the past 30 years magnetoresistive structures boost
their share role on sensor technology sector of the
market of weaponary.

Magnetoresistive structures — objects that have the
ability to alter their current-voltage characteristics
depending on changes in the external magnetic field.
Sensors based on magneto-resistive structures are highly
sensitive to the magnetic field fluctuations (10™°T at
temperatures of liquid helium, and 10™T at room
temperature) [11]. This property is used in a wide field
of military technologies, such as: navigation, detection
of submarines, missile guidance to the target, etc.
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Fig. 1. InSe structure (a=b=4,002 A, c=24,946 A)
intercalated with Ni
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InSe is one of the materials susceptible to a giant
magneto resistive effect [12] which makes it useful for
magnetic sensors.

The explanation of this phenomenon is based on a
guantum-mechanical theory and is throroughly
described in [12].

The purpose of the article. 1) To investigate the
dependence of real and imaginary components of the
resistivity of NiyInSe structure (Fig. 1) as a function of
temperatures and nickel content x. 2) To analyze the
impact of metallic impurity, its concentration and
temperature on the electrical, magnetic and structural
properties of InSe.

Presenting main material. The unique
possibilities of change of the ferromagnetic properties
of a hybrid system ferromagnetic-semiconductor by the
optical and electrical methods cause today heightened
interest [13]. Such changes may be used, in particular,
at making of the modern functional units of spintronics.
As the effect of the influence of semiconductor on a
ferromagnetic is more marked for the thin
ferromagnetic film there is actual a problem of
reception of the semiconductor structures with
minimally possible thickness alternating magnetoactive
layers [14].

Introduction (intercalation) of different by their
properties foreign atoms, in particular metallic atoms
of the iron transition group into the structure of the
layered crystal expands the range of new compounds
with unique properties. The appearance of even a small
concentration of magnetic impurities in the InSe crystal
may significantly affect the electrical, magnetic and
optical properties of the crystal. Lattice, in its turn, will
affect the magnetic moment of the intercalant leading
to anomalous Kinetic and magnetic properties of such
structures [15].

For example, the introduction of the element of 3d-
iron group in the TiSe, matrix leads to the formation of
Ti-M-Ti covalent centers. In the case of M,TiSe,,
(where M - metal atoms of Ni, Co, Ag) intercalation is
accompanied by a decrease in the lattice constant along
the anisotropy axis [16].

The covalent centers of In-M-In in the Ni,InSe
structure can act as traps for free charge carriers, on the
one hand, and as centers of lattice distortion on the
other. Since the introduction of metal atoms of 3d-iron
group into the matrix of the layered semiconductor
crystals significantly affects their properties, the
magnetization can be assumed to be an important
factor regulating the above mentioned effects under the
influence of an external magnetic field [15, 16]. The
influence of metal atoms of 3d-iron group on the
matrix of semiconductor layered crystals was studied in
details in [4]. Some peculiarities of the behavior of
In,Se; doped by metallic impurities have been
discussed in [5, 8, 9]. Impedance spectroscopy
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measurements in the frequency range of 10 + 10° Hz
were carried out using a measuring complex
"AUTOLAB" by the company "ECO CHEMIE".

To investigate the effect of metallic impurities on
the layered InSe structure the dependences of the
imaginary impedance component as a function of real
one for: 1) pure InSe; 2) InSe with Ni (3%); and 3)
InSe with Ni (5%) are outlined in the Figures below.
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Fig. 2. Nyquist diagrams for pure InSe at different
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Fig. 3. Nyquist diagrams for InSe with Ni (3%) at different
temperatures

To analyze the layered structure of InSe the
topological images of pure InSe surface were captured
by using atomic force microscope (AFM) Solver P47
PRO (NT-MDT). The measurements have been done in
contact mode using Si-type cantilevers with a tip
rounding radius of 10 nm.

The primitive unit cell of rhombohedral y-InSe
along the c-axis contains three layers, each consisting
of four monoatomic sheets of hexagonally arranged
atoms linked in the sequence Se-In-In-Se via covalent
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bonds. In crystal, these individual InSe layers are held
together by van der Waals forces [7].
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Fig. 4. Nyquist diagrams for InSe with Ni (5%) at different
temperatures

In Fig. 5 the obtained 3D image of InSe surface is
shown which is formed by wide terraces of uniform
thickness. According to the lattice parameter ¢ =
24.961 A it can be concluded that these thick terraces
consist of several tens of layers. As it can be noticed,
the cleaved facets of InSe layered crystals are very
smooth and contain a low-density of surface defects.
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Fig. 5. 3D AFM image of InSe layered structure

In Fig. 6 the 3D image of thinnest observed terrace
is presented which corresponds to single layer of InSe.
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Fig. 6. 3D AFM image of InSe single layer
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In order to determinate the thickness of InSe single
layer the histogram height plot was built (Fig. 7) which
shows the distribution of height from all the points over
the acquired surface.

0 ]

103Counts

nm

Fig. 7. The histogram height plot from which the single
layer InSe thickness was determined

The experimental value of the thickness of InSe
single layer was statistically found to be about 0.7 nm
which is approximately one third of the c lattice
parameter consisting of three such layers.

Conclusions

The values of Re Z and Im Z for intercalated InSe
are considerably higher than that ones for the pure
InSe. Temperature is shown to be a significant factor
for affecting the Nyquist diagrams. The curvature of
Nyquist diagrams for intercalated InSe varies with
temperature as opposed to the pure InSe. This may be
due to the traps for charge carriers introduced
introduced by the guest Ni which makes Re Z
susceptible of the frequency change. AFM images of
pure InSe confirm its layered structure with the
obtained single layer thickness of about 0.7 nm.

Structures  with  alternating  layers  of
semiconductor and metal provide the fundamental
possibility to control the magnetic properties. These
structures have sharp anisotropy of magnetic
susceptibility. The investigated semiconductor crystals
with impurities of 3d-elements can extend the
functionality of modern magnetic sensors designed to
detect heavy armor.
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AHaJIi3 eJJeKTPUYHUX Ta MATHITHUX BJIACTHBOCTEI IIAPYBaTHX HANMIBNPOBITHHKOBUX KPUCTAJIB THIY a3Bg,
iHTepKkaJbOBAHHX MeTAJaMH 3 OIJIsAy Ha iX BilichkoBe 3acTocyBaHHS

B.O. Cepemiok, @.O. IBanmmms, b.5. Kymuk

Y cmammi euxonanuii ananiz nepcnekmug 3acmocy8anHs MacHimope3ucmueHUX CmpyKmyp Ha OCHOGI HaNiGNPOBIOHUKOBUX
Kkpucmanie muny INSe 0ns npeyusilino20 SUMIPIOBAHHA MASHIMHO20 nos. Posenanymo modcaugicms 3acmocysants ceHcopie
Maznimno2o noisi Ha ocnosi cmpykmypu INSe 0 susieenns gilicbko6oi Oponemextixu. JJoCniodceno 6niue OOMIUoK Memalie Ha
wapyeamy cmpyKmypy HanienpogioHuKo8o20 mamepiany AK HA CUNbHUL KOBAIEHMHUL 385130K 6cepeduHi wapy, max i Ha
cnabkuti Ban-oep-Baanvcosuti 38's130k y midicuiapogomy npocmopi. IIpoananizosano diacpamu Haiikeucma ons kpucmany InSe, 3
OoMiWKAMU HIKeNIO NPU PI3HUX MEMRepamypax 6i0 KiMHamuoi 0o memnepamypu piokoeo azomy. Tononoziuni 3uiMKu nogepxoms
InSe, suxopucmosyouu memoouxy amomHo cuno80i CnekmpoCKonii, NiomeepoOHCcyIomy 1020 Wapyeamy Cmpykmypy.

Kniouogi cnosa: wapysamuii nanienposionux, imneoanc, diaepamu Haiikeicma, inmepkansyis.

AHanu3 JJEKTPUYECKUX U MATHUTHBIX CBOWCTB CJIOUCTBIX NMOJYIIPOBOJAHUKOBBIX KPUCTAJIJIOB THIIA A3Bg
HHTEPKAJIUPOBAHHBIX METALJIAMH € TOUKH 3PEHHUS UX BOCHHOI'O IPUMEHECHUA

B.A. Cepenrok, ®@.0. Upammmuy, b.51. Kynsix

B cmamve svinonnen ananus nepcnekmué npuMeHeHus MAaeHUmMope3suCmMugHbIX CMpyKmyp Ha OCHOGe NOLYNPOBOOHUKOBHIX
Kpucmannos muna INSe 015 npeyu3UoOHHO20 U3MEpPeHUs MacHumHo2o nois. Paccmompena 803M0icHOCb NPUMEHEHUs. CEHCOPOB
MAcHUMHO20 nos Ha ocHose cmpykmypwl INSe ona obnapyscenus soennoli bponemexnuxu. Hccreoosano enusmue npumecetl
Memanios Ha CIOUCMYIO CIPYKMYpPY NOTYRPOBOOHUKOBO20 MAMEPUALA KAK HA CUTLHYIO KOBANEHMHYIO C653b 6HYMPU CLOSI, MAK U
Ha crabyro Ban-oep-Baanvcosyio ceéazv @ mediccnoesom npocmpancmee. Ilpoananuzuposanvi ouacpammel Haiikeucma ons
Kkpucmanna INSe ¢ npumecamu Hukens npu pasiudHLIX MeMNepamypax om KOMHAMHOU 00 MEeMRepamypbl HUOKO20 A30md.
Tononoeuueckue chumxu nogepxnocmeiti INSe, UCnoOAb3YysE MEMOOUKY AMOMHO CUNOBOU CNEKMPOCKORUU, NOOMEEPIUCOAIOM €20
CLOUCMYIO CIPYKIMYPY -

Knrouesvie cnoea: cioucmoiil norynpo8ooHuK, umnedawnc, ouazpammsl Hatikeucma, unmepransayust.
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Hayionanvua axademisa cyxonymuux giticok imeni eemomana Ilempa Caeatioaunozo, Jlveie
BIIJIMB BITPY HA 30BHIIIHIO BAJIICTHKY KY.JII, BAITYIIIEHOI I3 CBJ]

Y pobomi pozensoacmucs ounamixa pyxy xyri y nogimpi, eunyujenoi i3 cHainepcokoi eeunmisku /[pacynosa.
Besascaemocs, wo na nei diromo cuna 10606020 onopy nogimpsi, 6aea Kyai ma cuid, CHpuyuHera oicio 6iunozo 6impy.
Cuna 10606020 onopy nogimps 3anexncums 6i0 Koe@iyieHma aepoOUHAMIYHOCMIE, NIOWI NONEPEeUHO20 nepepizy Kyii,
2yCmuHU I WeUuOKOCHi 38YKy 8 NOSIMpI, WEUOKOCMI CYRYMHb020 ab0 3yCMPIYH020 8IMpY, WEUOKOCMI KV md 080X
6e3po3MIpHUX Koeiyichmis, K Maromy Pi3Hi 3HAYEHHs. NPU HAO38YKO8Ill | 0038YKO0GIl wWeuoKocmsax Kyui. Beiuyuna
cunu, 00yMoeneHoi 0ier OiuHo20 8impy, NPONOPYIIHA MAKCUMATLHIN NAOWI NOB3008JCHLO20 hepepi3y KYil, eyCuHi
nosimps ma pizHuyi weuokocmeu Gimpy i OiuHO20 3MiljeHHs Kyai, sKa niOHeceHa 00 nesHo2o cmyneHs. Midxc
MmeopemudHUMY Ma eKCNePUMEHMAbHUMU Pe3yTbmamamy KiHeMamuiyHux napamempie Ky 0ocAcHyma He3HAYHA
posbidcHicmsb. OOHax npu Oii OiyHO20 GiMpY € 3HAUHI pO30IdCHOCMI, AKWO KOOPOUHAMA MOYKU OOHYIIHHA
mpaexkmopii nonao 100 mempis. IIpogedennsim meopemuunoi nepegipku eKCHEPUMEHMANbHUX 3HAUEHb GCIMAHOBIEHO,
Wo Ha OKpemux OLIAHKAX PYXY KVi 3HAUeHHS CepeOHboi weuoKocmi ii OiuHo20 3MiljeHHs Cynepedums 3aKOHAM
MEXAaHIKU.

Knrouosi cnoea: 306uiwina banicmuxa Ky, cuna 10608020 onopy nogimpsi, 6naus eimpy.
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