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STUDIES OF THE ELECTRICAL, MAGNETIC AND STRUCTURAL PROPERTIES
OF A3B6 TYPE LAYERED SEMICONDUCTORS INTERCALATED BY METALS
WITH REGARD TO THEIR MILITARY APPLICATIONS

The authors have outlined the application of magnetoresistive structures based on semiconductor crystals of InSe for high precisi-
on measurement of the magnetic field. We have also described some possibilities of using magnetic field sensors based on InSe
structures for revealing the armour military vehicles. 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. Bode diagrams for InSe crystals 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 layer
structure of nickel-intercalated InSe. Impedance spectroscopy measurements in the frequency range of 10~ + 10° Hz were carried out
using a measuring complex "AUTOLAB" by the company "ECO CHEMIE". Magnetoresistive structures can both provide a Cou-
lomb blockade of the electric current, and create conditions for the emergence of new unique magnetic properties that serve as the ba-
sis for new approaches to technology issues such as information carriers. In particular, the giant magnetoresistive effect in nanostruc-
tures with alternating semiconductor and metal layers offers the prospect of a radical restructuring of materials technology — develop-
ment of information carriers and the creation of highly effective quantum computers. Structures with alternating layers of semicon-
ductor and metal provide the fundamental possibility to control the magnetic properties. These structures have sharp anisotropy of
magnetic susceptibility. Thus, the investigated semiconductor crystals with impurities of 3 d-elements can extend the functionality of

modern magnetic sensors designed to detect heavy armor.

Keywords: layered semiconductor; impedance; Bode diagrams; intercalation.

Introduction. Magnetic sensors are often used for secu-
rity and military applications such as detection, discrimina-
tion and localization of ferromagnetic and conducting ob-
jects, navigation, position tracking and antitheft systems
(Ripka, 2001). 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 (Anisot-
ropic MagnetoResistors), GMR (Giant Magneto-Resistan-
ce), SDT (Spin-Dependent Tunelling) and GMI (Giant
Magneto-Impedance) sensors (Ripka & Janosek, 2010).

InSe is a typical layered semiconductor material from
A3B6 group, that can be used for optical detectors in visible
and near infrared spectrum region. In quantum electronics
these structures can be used for the creation of the high- ef-
ficient photovoltaic converters, gas sensors and thermo-
electric transducer, as well as the effective THz laser radi-
ation sources (Oyama et al., 2008).

IHpopmauisa npo asTopiBs:

InSe structure is characterized by the fact that it can be
viewed as quasi two-dimensional (2D) (Ripka, 2001). In-Se
atoms form layers with strong covalent bond, while interla-
yer space is filled with a weak Van der Waals bond, so pro-
cesses 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 (Shabatura et al., 2012;
Seredyuk, 2014).

The discovery of single-atomic layer graphene (Novose-
lov et al., 2000) has led to a surge of interest in other anisotro-
pic crystals with strong in-plane bonds and weak, van der Wa-
als-like, inter-layer coupling. A variety of two-dimensional
(2D) crystals with high crystalline quality and stable properti-
es 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 de-
vices, e.g., field effect transistors with high on-off switching
ratios and memory cells (Mudd & Svatek, 2013).
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In recent work these materials were shown to possess
magnetoresistive properties and were proved to be useful
for magnetic sensors (Shabatura et al., 2012; Seredyuk,
2014; Seredyuk, 2016; Seredyuk, 2017). Nowadays sensiti-
ve 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 tem-
peratures, and ionizing radiation, so they are promising for
use in guidance systems of modern microprocessor warhe-
ads (Dalichaouch, Czipott & Perry, 2001).

Basic statements. Magnetic sensors numerically regis-
ter these perturbations (anomalies) of the background mag-
netic field of the Earth, and modern methods of digital pro-
cessing of analog signals allow a relatively accurate deter-
mination of the mass, direction and speed of the above
mentioned objects (Dalichaouch, Czipott & Perry, 2001).
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 abi-
lity 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 mag-
netic field fluctuations (10™°T at temperatures of liquid he-
lium, and 10™°T at room temperature) (Lenz & Edelstein,
2006). 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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Figure 1. InSe structure (a=b=4,002 A, ¢=24,946 A) intercalated
with Ni

InSe is one of the materials susceptible to a giant mag-
neto resistive effect (Phan & Peng, 2008) which makes it
useful for magnetic sensors. The explanation of this pheno-
menon is based on a quantum-mechanical theory and is
throroughly described in.

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 (Nikitin, 2004).
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 la-
yers (Pokladok et al., 2008).

Introduction (intercalation) of different by their proper-
ties foreign atoms, in particular metallic atoms of the iron
transition group into the structure of the layered crystal ex-
pands 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 pro-
perties of such structures (Zakharchenya, 2005).
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Figure 2. Bode diagrams for pure InSe at different temperatures
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Figure 3. Bode diagrams for InSe with Ni (5 %) at different tempe-
ratures

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 dec-
rease in the lattice constant along the anisotropy axis (Titov
& Dolgoshein, 2000).
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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 un-
der the influence of an external magnetic field (Zak-
harchenya, 2005; Titov & Dolgoshein, 2000). The influence
of metal atoms of 3 d-iron group on the matrix of semicon-
ductor layered crystals was studied in details in (Phan &
Peng, 2008). Some peculiarities of the behavior of
InsSe; doped by metallic impurities have been discussed in
(Seredyuk, 2014, 2016, 2017).

To investigate the effect of metallic impurities on the la-
yered InSe structure Bode diagrams for: pure InSe; and In-
Se with Ni (5 %) are outlined in the Figures below.

To analyze the layered structure of InSe the raw data of
the topological images of pure InSe surface captured by
atomic force microscope (AFM) Solver P47 PRO (NT-
MDT) taken from (Seredyuk, Ivashchyshyn & Kulyk,
2017) have been used. The measurements have been done
in contact mode employing Si-type cantilevers with a tip ro-
unding radius of 10 nm. To obtain the Figures 4-7 NOVA
R13.6.0 software was used to process the raw data publis-
hed in.

3D AFM image of the 3 um x 3 um section of InSe ac-
quired with the pin step of 10,6 nm and 0,09 nm resolution
in the direction perpendicular to the shear planes is shown
in Fig. 4a. Cross section of the shear planes perpendicular
to the layers of InSe indicating step heights of two adjacent
layers is shown in Fig. 4b.
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Figure 4. a) 3D AFM image of the 3 pm x 3 pm section of InSe la-
yered structure; b) Cross sections of InSe adjacent layers

As it is shown by Fig. 4 b InSe shear planes are smooth
in the scale of 2 nm (perpendicular to the layers). The obta-
ined image of the layer steps is not perpendicular to the she-
ar planes, which is caused by the specific geometry of the
AFM probe needle. 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 perpendi-
cular to the shear planes was 0,09 nm which is quite suffici-
ent for the given measurements taking into account the size
of the InSe unit cell of 0,4 x 0,4 x 2,5 nm”.
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Figure 5. a) 3D AFM image of the 1 pm x 1 um section of InSe
with the pin step of 3,75 nm and 0,09 nm resolution in the direction
perpendicular to the shear planes; b) Local cross sections of InSe ad-
jacent layers
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Figure 6. a) 3D AFM image of the 500 nm x 500 nm section of In-

Se with the pin step of 1,86 nm and 0,09 nm resolution in the direc-
tion perpendicular to the shear planes; b) Local cross sections of In-
Se adjacent layers

Conclusions. Bode diagrams demonstrate that the pre-
sence 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
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which makes Re Z and Im Z susceptible of the frequency
change. Temperature is shown 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.
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JOCIIIKEHHA EJIEKTPUYHUX, MATHITHUX I CTPYKTYPHUX BJIACTUBOCTEH
IMAPYBATHX HATIIBITPOBIAHUKOBUX KPUCTAJIIB THUILY A3B6,
IHTEPKA/IbOBAHUX METAJIAMM 3 OIJISAY HA iX BINCbKOBE 3ACTOCYBAHHSA

IpoananizoBaHO MEPCHEKTUBH 3aCTOCYBAaHHS MarHITOPE3UCTHBHHUX CTPYKTYp Ha OCHOBI HaNiBIPOBITHMKOBHX KPHCTAJIB THUITY

InSe mns npenm3iiHOrO BUMIPIOBAHHS MarHiTHOTO IOJIS.. PO3TIISHYTO MOMJIMBICTH 3aCTOCYBaHHS CEHCOPIB MAarHiTHOTO MOJIS Ha OC-
HOBI CTPYKTYpH InSe 11 BUSABICHHS Ba)KKoi MEXaHi30BaHOI TEXHIKH, 30KpeMa i BilicbkOoBOi OpoHeTeXHiKu. JIOCIiKEeHO BILIUB J0-
MIIIOK METaliB Ha IMIapyBaTy CTPYKTYpY HaIiBIIPOBIJHUKOBOTO MaTepially, K Ha CHJIbHHI KOBAJICHTHUH 3B'I30K BCEPENUHI IIapy,
Tak i Ha cnabkuii Ban-nep-BaanscoBuif 3B'130K y MIXKIIApOBOMY ITPOCTOPi. 3aCTOCOBAHO METOX iIMIEIAHCHOI CIIEKTPOCKOIIIT 3a Jac-
TOT JI0 10° Iy st nocmimkeHHs eneKTpuYHuX nmapametpiB kpucraiiB InSe. [IpoananizoBano miarpamu bone mis 6e310MilIKOBOTO
kpuctany InSe ta kpucrany 3 gomimkamu Hikemo (5 %) 3a pi3HHX TeMIepaTyp — BiJ KIMHATHOI 10 TEMIEpaTypu piakoro a3ory. Ot-
pUMaHi METOIOM aTOMHO-CHJIOBOI MiKPOCKOIIIT TONOJIOTIYHI 3HIMKH ITOBEPXOHb 0€310MIMKOBOr0 InSe miarBepmKyoTh HOro mapy-
BaTy CTPYKTYpy. MarHiTope3ucTHBHI CTPYKTypH MOXYTh HE TiJIbKU 3a0e3MedyBaTH KyJIOHIBCBKY OJOKagy €IeKTPHYHOTO CTPyMY,
aje i CTBOPIOBAaTH YMOBH ISl BHHUKHEHHSI HOBHUX YHIKaJIbHUX MarHiTHUX BIACTUBOCTEH, SIKi CTAaHYTh OCHOBOIO ISl HOBUX IiIXOJIB
y TexHoJIor1i MarepiaiiB — HociiB iH(opMarlii. 30kpema, TiraHTChKUI MarHiTOPE3UCTUBHUM €EeKT Y HAHOCTPYKTYpax 3 MO4epProBUMHU
HalliBIPOBITHUKOBUMH Ta METAJIIYHUMHU HPOIIAPKAaMHU BiIKPUBAE IIEPCIICKTHBY JOKOPIHHOI epe0y10BU TeXHOJIOTI MaTepiais — HO-
ciiB iHpopMalii i CTBOPEHHSI HAIBUCOKOS(EKTUBHIX KBAHTOBUX KOMII'IOTEPIB.
Kniouogi cnoea: mapysaTuii HaniBIPOBIIHUK; iMIiefaHc; niarpamu bozne; iHTepkasiis.
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HUCCJEJAOBAHUE 3JIEKTPUYECKUX, MATHUTHBIX U CTPYKTYPHBIX CBOMCTB
CJ/IOUCTBIX ITOJIYITPOBOAHUKOBbBIX KPUCTAJIJIOB THIIA A3B6,
UHTEPKAJIMPOBAHHBIX METAJIJIAMHU C TOYKHU 3PEHHUA UX BOEHHOI'O IPUMEHEHHUA

BeinonHeH aHanyu3 NepCneKTHB PUMEHEHH MarHUTOPE3UCTUBHBIX CTPYKTYP HA OCHOBE IOIYIPOBOJAHUKOBBIX KPHCTAJLUIOB TUIA
InSe nns npenU3HOHHOIO M3MEPEHHs MarHUTHOrO Mo PaccMoTpeHa BO3MOXKHOCTh IIPUMEHEHUSI CEHCOPOB MAarHUTHOI'O IOJIS HA
OCHOBE CTPYKTYpHI InSe mi1st oOHapyKeHUs TSHKENOH MeXaHW3MPOBAaHHON TEXHUKH, B YACTHOCTH BOSHHOH OponerexHuku. Mccneno-
BaHO BJIMSHHUE IIPUMECEd METAJUIOB HA CIOUCTYIO CTPYKTYpPY HOJIYIPOBOAHUKOBOIO MaTepHaid, KaKk Ha CHIbHYIO KOBaJCHTHYIO
CBSI3b BHYTPH CJIOSI, TaK U Ha ciabyro Ban-nep-BaanbcoByro cBsI3b B MeKCIIO€BOM IpocTpaHCTBe. [IpuMeHeH MeTon MMIleJaHCHOH
CreKTpocKommuy Ha gacTorax 10 10° I 1s HecIeoBaHus MEeKTPHYECKIX HapaMeTpoB KpucTamios InSe. [poaHamm3HpOBaHE! [TH-
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arpammsl bone st 6e3npumecHoro kpucramia InSe u kpucramia InSe ¢ npumecsmu Hukenst (5 %) IpH pa3IUYHBIX TEMIIEpaTypax —
OT KOMHATHOMH /10 TeMIIepaTypsl XKHUIKOTO a30Ta. Tomonormdeckiue CHUMKH IOBepXHOcCTel Oe3npumecHoro InSe ¢ ucnonszoBanuemM
METOAMKU aTOMHO-CHJIOBOA MHUKPOCKOIMHU MOATBEPAKAAIOT €0 CIOUCTYIO CTPYKTYpy. MarHUTOpE3UCTUBHBIE CTPYKTYpPBl MOIYT HE
TOJBKO 00ECIIeUNBAThH KYJIOHOBCKYIO OJIOKAIy JIEKTPUIECKOTO TOKa, HO U CO3/1aBaTh YCIOBHS IJIsl BOSHUKHOBEHUS HOBBIX YHHKAIIb-
HBIX MarHUTHBIX CBOHCTB, KOTOPBIE ITOCITY’KaT OCHOBOH JJIsI HOBBIX IIOJIXOJJOB B TEXHOJIOT' MM MaTepHaIoB — HOCUTenel nHdopmarmu.
B wactHOCTH, THTaHTCKMH MarHUTOPE3UCTUBHBIA 3()(GEKT B HAaHOCTPYKTYpax C IOCIECAOBATEIBHBIMH MOJIYIPOBOJHUKOBEIMU U Me-
TaJUIMYECKUMH CIIOSIMU OTKPBIBAET IIEPCIICKTHBY KOPEHHOH IIEPEeCTPOUKH TEXHOJIOTHH MaTepUaioB — HOCHTENICH HH(POPMALH U CO3-
JTaHUE CBEPX BBEICOKOI(()EKTUBHBIX KBAHTOBBIX KOMITBIOTEPOB.
Knrwuegvie cnosa: cioucThlil NOIyIPOBOJHUK; UMIICAAHC; quarpaMMbl boze; UHTepKaanus.
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