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INFLUENCE OF THE METALLIC IMPURITIESIN A3B6 TYPE LAYERED
SEMICONDUCTORSON THEIR ELECTRICAL, MAGNETIC AND STRUCTURAL
PROPERTIES
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The applications of magnetoresistive structures based on semiconductor crystals of InSe for high precison
measurement of the magnetic field are outlined in this article. Possibilities of using magnetic field sensors based on
InSe structuresfor revealing the armour military vehicles are discussed. Theimpact of metal impurities on the layered
structure of the semiconductor material as referred to the strong covalent bond within the layers as well asthe weak
van-der-Waals bond in the interlayer spaceis studied. Bode diagramsfor 1nSe crystal with the impurities of nickel at
different temperatures ranging from liquid nitrogen to room temperature are analyzed. Topological images of crystal
surface obtained by using atomic force microscopy confirmed the layered structure of nickd-intercalated InSe.
Keywords: layered semiconductor, impedance, Bode diagrams, intercalation.

Ilpoananizoeano nepcnekmusu 3acmocy8anHA MAHIMOPEIUCMUBHUX CIPYKIYP HA 0CHOGI HANIGNPOBIOHUKOBUX
Kpucmanie muny |NSe 01 npeyusitinozo suMipro8anHHs MazHimuoz2o noas. Pozzianymo moscaugicmo 3acmocysanus
CEHCOpPI8 MAZHIMHO20 NOAA HA OCHOBE cmpyKkmypu | NSe 0ns susnenenHs 8ilicbKosoi dponemexniku. /lociodiceno eniue
00OMIWLOK MEManie Ha wapysamy cCmpyKmypy HanienPoGiOHUK0B8020 MAMEPIALY, AK HA CUbHUIL KOGAICHMHULIL 36’ A30K
6cepeOuHi wapy, max i Ha C1AOKUI 6aH-0€P-6aanbCOBLIL 38’ A30K Yy mincuiaposomy npocmopi. Ilpoananizosano
diazpamu Booe onsa kpucmana |NSe 3 domimkamu nikenro 3a pizHux memnepamyp — 6i0 KIMHaAmMHol 00 memnepamypu

Ppiokozo azomy. Tononoziuni 3nimku nosepxonsv | NSe 3 UKOPUCMAHHAM MEMOOUKU AMOMHO-CUI060i CHEKMPOCKONIT

niomeepoicyloms 11020 wiapyeamy cmpyKkmypy.

Kniouogi cnosa: wapysamuit nanienpogionux, inneoanc, diazpamu booe, inmepxanayin.

Buvinonnen ananus nepcneKmueé NPUMEHeHUA MACHUMOPE3UCMUBHBIX CIMPYKmMYD HA OCHOse nwlynpoeoouukoeblx

Kpucmannos muna | NSe 01 nPeyu3UOHHO20 UIMEPEHUA MACHUMHO20 nos. Paccmompena 603moscnocmeo
RPUMEHEHUSL CEHCOPO8 MAZHUMMHO20 NOJIA HA 0CHOGe cmpyKkmypul | NSe s odnapysicenusn 60eHnoil OponemexHuKu.
Hccneoosano enusnue npumeceii Memaiios Ha CLOUCHYI0 CIMPYKIYPY ROJIYRPOGOOHUKOE020 MAMeEPUANd, KaK Ha
CUTIBHYIO KOGAIEHMHYIO C653b GHYMPU C10L, MAK U HA C1A0YI0 8AH-0€P-6AAIbCOBYIO C8A3b 8 MEIHCCII0E60M

npocmpancmee. Ilpoananuzuposanst ouazpammer booe ona kpucmanna |NSe ¢ npumecamu nukens npu paziuynvix
memnepamypax — om KOMHAMHOU 00 memnepamypul scudkozo azoma. Tononozuveckue cnumku nogepxnocmeit |NSe ¢

UCROIb306AHUEM MEMOOUKU AMOMHO-CUN0B0I CHEKIMPOCKONUU HOOMEEPHCOAIOM €20 CLIOUCHYI0 CIPYKIYPY.
Knioueevie cnosa:. cnoucmotit nonynpoeoonux, umneoauc, ouazpammol booe, unmepranayus.

Introduction. Magnetic sensors are often used for
security and military applications such as detection, discri-
mination and localization of ferromagnetic and conducting
objects, navigation, position tracking and antitheft systems
[1]. Magnetic sensors are key elementsin plenty of 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. InSeis
atypical layered semiconductor material from A3B6 group,
that can be employed for optical detectors in visible and
near infrared spectrum region. In quantum electronics these
structures can be applied for the creation of the high—
efficient photovoltaic converters, gas sensors and
thermoel ectric transducer, aswell as the effective THz laser
radiation sources [3].

InSe structure is characterized by the fact that it can be
considered as quasi two-dimensional (2D) [1]. In-Se atoms
form layers with strong covalent bonds, while interlayer
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space is filled with a weak Van der Waals bond, so
processes across the layers can be regarded as a
perturbation to the ones along the layers. It 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 wesak, van der Waals-like, inter-
layer coupling. A variety of two-dimensional (2D) crystals
with high crystalline quality 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 aiming the creation of 2D
electronic devices, e.g., field effect trans stors with high on-
off switching ratios and memory cdls[7].

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 eectric current, but also create
conditions for the emergence of new unique magnetic
properties that serve as the basis for new approaches to
technological issues — information carriers. In particular,
the giant magnetoresistive effect in nanostructures with
aternating semiconductor and meta layers offers the
prospect of aradical restructuring of materials technology —
development of information carriers and the creation of
highly effective quantum computers.

Nowadays sensitive magnetic sensors are utilized in
plenty of 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].

Basc dstatements. Magnetic sensors numericaly
register these perturbations (anomalies) of the background
magnetic field of the Earth, and modern methods of digital
processing of analog signals dlow 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 weaponry.

Magnetoresistive structures — objects that have the
ability to alter their current-voltage characteristics depen-
ding on changes in the externa magnetic field. Sensors
based on magneto-resistive structures are highly sensitiveto
the magnetic field deviations (10™°T at temperatures of
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liquid helium, and 10™*T at room temperature) [11]. This
property is applied to a wide field of military technologies,
such as. navigation, detection of submarines, missile
guidanceto the target, etc.

Fig. 1. InSegtructure (a=b=4,002 4, c=24,946 4)
intercalated with Ni

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 anayze 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
ferromagneti c-semiconductor by the optical and electrical
methods cause today heightened interest [13]. Such changes
may outline the basis, in particular, for 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 arises a
problem of reception of the semiconductor structures with
minimally possible thickness of the aternating magneto-
active layers[14].

Intercalaion 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
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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 covaent centers. In the case of M,TiSe;, (where M
are the metal atoms of Ni, Co, Ag) intercaation is
accompanied by a decrease in the lattice constant along the
anisotropy axis[16].

The covalent centers of In-M-In in the NiyInSe
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]. Theinfluence of metal atoms of 3d-iron group on
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the matrix of semiconductor layered crystals was studied in
details in [4]. Some peculiarities of the behavior of 1n,Se;
doped by metallic impurities have been discussed in [5, 8,
9]. Impedance spectroscopy 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 Bode diagrams for: pure InSe; and
InSewith Ni (3 %) are outlined in the Fig. below.

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

3D AFM image of the2,5um” 2,5 um section of InSe
acquired with the pin gep of 17,7 nm and 0,09 nm
resolution in the direction perpendicular to the shear planes
is demonstrated in Fig. 4a. Cross section of the shear
planes perpendicular to the layers of InSe indicating step
heights of two adjacent layers is presented in Fig. 4b.
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Fig. 2. Bode diagrams for pure InSe at different temperatures
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Fig. 4. 3D AFM image of the2,5um” 2,5 umsection of InSe layered structure (a); cross sections of InSe adjacent layers (b)

nm
12 14 16 18 20 22 24 26

10

0 50 100 150 200 250 300 350
nm

a b

Fig. 5. 3D AFM image of the 1,5 um” 1,5 umsection of InSewith the pin step of 5,30 nmand 0,09 nm resolution
in the direction perpendicular to the shear planes (a); local cross sections of InSe adjacent layers (b)
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Fig. 6. 3D AFM image of the5 um” 5 umsection of InSewith the pin step of 19,61 nmand 0,09 nmresolution
in the direction perpendicular to the shear planes (a); Local cross sections of InSe adjacent layers (b)
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Fig. 7. 3D AFM image of the 500 nm~ 500 nm section of InSe with the pin step of 1,77 nmand 0,09 nm resol ution
in the direction perpendicular to the shear planes (a); Local cross sections of InSe adjacent layers (b)

To study the InSe surface experiments with a smaller
step size of the AFM probe needle have been carried out.
(Fig. 5, 6). Resolution in the direction perpendicular to the
shear planes was 0,09 nm which is quite sufficient for the
given measurements taking into account the size of the InSe
unit cell of 0,4” 0,4 2,5nm’.

Asit isshown by Fig. 4b and 5b InSe shear planes are
smooth in the scale of 2nm (perpendicular to the layers).
The obtained image of the layer steps is not perpendicular
to the shear planes, which is caused by the specific
geometry of the AFM probe needle.

Fig. 6 presents the sample of InSe crystal fixed at an
angle between the shear and horizontal planes. As in the
previous case the obtained image of the layer steps is not
perpendicular to the shear planes, which is again caused by
the specific geometry of the AFM probe needle. A finer
step size of the AFM probe has been employed to study
InSe surface which is shown in Fig. 7.

Conclusions. Bode diagrams demondtrate that the
presence of Ni makes considerable changes to total
impedance and dielectric loss angle of InSe structure. This
may be due to the traps for charge carriers introduced by
the guest Ni which makes Re Z and Im Z susceptible of the
frequency change. Temperatureis proved to be a significant
factor for affecting the Bode diagrams.

AFM images of pure InSe confirm its layered structure
with the obtained single layer thickness of about 0.7 nm. A
step size of the AFM probe needle has been proved to be an
important factor for layer surface analysis.

Structures with alternating layers of semiconductor and
metal provide the fundamental possibility to control the

magnetic properties. A sharp anisotropy of magnetic
susceptibility is inherent in these dstructures. 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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