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Formation of targets and investigation of Mn4Si7 coatings produced
by magnetron sputtering

The morphology, composition, electrical and optical properties of bulk samples and vacuum coatings of
MnaSi7 obtained by magnetron sputtering on a SiO2/Si structure were studied. It is shown that manganese
silicide coatings with a thickness of about 150 nm are close in properties to bulk MnsSi7, have auniform fine-
grained structure of a semiconductor nature, which is characterized by thermal sensitivity up to 20-30 puV per
degree. In addition, this article presents the electrophysical properties of high manganese silicide films
produced by the authors by magnetron sputtering method. Heated films MnsSi7 =146 nm coating has a
uniform structure with fine grains, due to sufficient coating density. Since Mn4Si; nanoclusters are
semiconductor materials, it can be assumed that there will be energy barriers for charge carriers at the
nanocluster—amorphous phase interface separating this phase. An increase in thermal sensitivity from 0 pV/K
to 20 uV/K up to 800 K is explained by the disappearance of energy barriers for charge carriers at the
nanocluster—-amorphous phase interface due to the ordering of nanoclusters. The change from 20 pV/K to
28 uV/K upon cooling is explained by the appearance of structural relaxation in the amorphous phase.

Keywords: Hall constant, Mn4Si7, thin coating, nanocluster, electrical conductivity, nanostructure, resistivity,
volume concentration.

Introduction

The main task facing scientists all over the world today is to search for environmentally friendly types
of energy and increase the utilization rate of identified types. The main goal at the same time is to receive
energy without harming the environment. Unfortunately, the efficiency of currently produced thermo- and
photo batteries is very low. A key role in solving this problem is played by the creation of new materials and
structures or the replacement of existing ones with cheap and high-quality ones.

Receiving and converting energy is one of the most important activities of modern civilization [1-7]. In
this regard, much attention is paid to solid-state thermoelectric converters that do not have moving parts,
operate silently, have high reliability-and small size. An increase in the efficiency of using thermoelectric
materials is associated with the formation of high quality layers [8-23]. Of all silicon compounds of
thermoelectric interest, one can-choose compounds representing a certain class of materials. These are, for
example, solid solutions-based on cobalt monosilicide (CoSi), high manganese silicide (MnSi,7), and
MnX (X=Si, Ge, Sn). Highmanganese silicide (HMS-MnSi, 7.1.75), even in the unalloyed state, has a high
thermoelectric efficiency and is a good basis for creating an efficient p-type thermoelectric. Therefore, thin
vacuum coatings of Mn4Si; were chosen as objects of study.

Experimental

To obtain thin-film samples of Mn4Siy, a disk target was first formed. Pure monocrystalline silicon and
manganese were first pulverized in a mill (HERZOG HSM-100P), then 52.9 % Mn and 47.1 % Si (by mass)
were mixed and sintered using electric spark plasma welding (SPS). The Mn4Si; disk target was pressed in a
setup under vacuum conditions with a residual gas pressure of 10 Torr at a temperature of 1050 °C, with a
pressing force of 6.5-10* N for 2 hours (Fig. 1).
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Figure 1. Preparation of the Mn4Siy target by the (SPS) method

Polished silicon wafers of the Si(111) type with a diameter of 60 mm were used as a base (substrate) for
deposition of thermally sensitive coatings. A group of plates after preliminary chemical cleaning in an
ammonium peroxide solution, washing and drying were subjected to high-temperature treatment to create an
oxide layer. Silicon dioxide layers of various thicknesses were grown on plates in an environment of dry
oxygen at a temperature of 1200 +5 °C in a.diffusion furnace of the SDO-125 type. The SiO/Si structures
prepared in this way were processed in a vacuum working chamber. The surface of the Si(111) substrate was
cleaned with an Ar plasma flow for 1 minute. The device and the process of processing plates is shown in
Figure 2.

The SiO,/Si structures.were placed in a modified (EPOS-PVD-DESK-PRO) installation for magnetron
sputtering of the MnySiy target and coating formation. The coating formation process was carried out after
reaching the starting vacuum degree of about 10 Torr. The SiO,/Si structures were treated individually with
heating up to 150 °C. The pressure of the working gas (pure argon) during spraying was (2-4)-10>Torr. The
discharge current  was 200-300 mA at voltages of 450-550 V. The coating deposition time was 2—
10 minutes. In one vacuum cycle, 3 structures were sequentially processed. The morphology, microstructure,
and chemical composition of the coated samples were determined by scanning electron microscopy and
energy-dispersive X-ray spectroscopy (Scios FEI; Quanta 200 3D setups). The electrical properties of the
Mn4Si7 coating were studied by a four-probe method (JANDEL RM3000 setup), and the Hall constant was
determined using an ECOPIA setup (HMS-3000 VER3.53).

Mn,Si7 samples obtained by sintering (SPS) and coated samples obtained by magnetron sputtering on
the EPOS-PVD-DESK-PRO facility were studied.
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Figure 2. The process of forming the Mn4Si7 coating by the method of magnetron sputtering

Results and Discussion

Figure 3a, b shows images of the surface of the samples and the results of energy dispersive analysis:
(a) — sample prepared by the (SPS) method, (b)— sample obtained by magnetron sputtering.

Figure 4 shows an electron microscope photograph of a cut of the Mn4Si; coating on the SiO»/Si(111)
structure. The measurements show a thickness of the silicon dioxide coating of about 249 nm, and the
thickness of the Mn4Si7 coating is about 146 nm.

The results of averaged measurements by the four-probe method of the conductivity of Mn4Sis (SPS)
samples and the conductivity of Mn4Siz coatings obtained by magnetron sputtering are shown in Table 1.

Table 1
Layer resistances of bulk samples Mn4Si7 and Mn4Si7 coatings on the SiO2/Si structure
Sample type Sheet resistance values, Ohm/square Average value of sheet resistance, Ohm/square
Volume 508-602 556
Coating 4380-4460 4401

EDS Quanttative Resutts
Elemant Wth  Ath
o 338 150
K 48 %)
Mk 4784 3038
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Figure 4. Image of nanosized Mn4Si; coating on SiO»/Si structure

The measurement results show that the resistance of the samples (SPS) is different, which is possibly
due to the different concentrations of Mn and Si in different zones of the samples. In Mn4Sizvacuum
coatings, the uniformity of the formed layer is higher, which indicates the same coating thickness.To
determine the Hall constant on an ECOPIA(HMS-3000 VER3.53) instrument, a (SPS) Mn4Si; sample with
an area of 1 cm? and a thickness of 1 mm and a sample with a vacuum coating of Mn4Si; with a thickness of
146 nm were used. In all measurements, the current strength was 100 pA, the magnetic field induction was
0.54 T, and the temperature was 27 °C.

The results of measurements obtained for these samples (Table 2), the dependences of the
samples (VAX) and resistance on current (Fig. 5) are presented. There are the results of Hall measurements
of bulk samples of Mn4Si7 and Mn4Siy in the SiO,/Si structure in Table 2.
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Table 2

Electrophysical properties of high manganese silicide structure formed by two different methods

Options Volume Mn4Si; Coating Mn4Siy
Resistivity, Ohm-cm 7.826-10 4 6.409-10*
Hall constant, cm?/C 1.285-1073 1.597-1073
Conductivity, 1/Ohm-cm 1.278-10° 1.560-10°
Surface concentration, cm™ 1.215-10" 9.770-10'°
Volume concentration, cm™ 4.859-10%! 3.908-10%!
Carrier mobility, cm?/V-s 1.642 2.492

From the results obtained with the ECOPIA instrument (HMS-3000 VER3.53), it can be seen that the
bulk sample (SPS) and the coating sample (EPOS-PVD-DESK-PRO) are close to each other.
Figure 6 shows the optical absorption and transmission spectra of the samples obtained on an IR Tracer-

100-SHIMADZU instrument.

The measurement results show that the nanoscale Mn4Si; coating (a) has an IR transmission of 35 %,
(b) an IR absorption of about 1 %, from which it can be seen that the Mn4Si; coating has-alow IR absorption
of the rays. Figure 6 shows the results of measurements of the Seebeck coefficient (S) and resistance (R) of
the Mn4Si; -146 nm coating during heating and cooling.
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Figure6. Spectra obtained with the IRTracer-100 — SHIMADZU instrument
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Figure 7. Temperature dependence of the Seebeck coefficient (S) and resistance (R) of a thin Mn4Si7 coating

Cepus «®unsukar. Ne 3(111)/2023

55



B.D. Igamov, G.T. Imanova et al

When heated, Mn4Si; -146 nm coating has a uniform structure with fine grains, due to sufficient coating
density. With an increase in temperature from room temperature to 800 K, a decrease in resistance is
observed from 250 Ohms to 25 Ohms, which in turn indicates a change in the characteristics of this material.
The Seebeck coefficient decreases upon heating from room temperature from 300 K to 620 K. Since Mn4Si;
nanoclusters are semiconductor materials, it can be assumed that there will be energy barriers for charge
carriers at the nanocluster—amorphous phase interface separating this phase (Fig. 7).

An increase in thermal sensitivity from 0 uV/K to 20 pV/K up to 800 K is explained by the
disappearance of energy barriers for charge carriers at the nanocluster—amorphous phase interface due to the
ordering of nanoclusters. The change from 20 pV/K to 28 pV/K upon cooling is explained by the appearance
of structural relaxation in the amorphous phase. Seebeck coefficient (S) and resistance (R) vary with coating
thickness.

Conclusions

Studies of the parameters of thin coatings of manganese silicide deposited on the SiO2/Si structure by
magnetron sputtering of a silicide target show that manganese silicide layers have a uniform fine-grained
structure of a semiconductor nature, which is characterized by thermal sensitivity up to 20-30 uV per degree.

Heated films MnsSi; -146 nm coating has a uniform structure with fine grains, due to sufficient coating
density. With an increase in temperature from room temperature to 800 K,"a decrease in resistance is
observed from 250 Ohms to 25 Ohms, which in turn indicates a change in the characteristics of this material.
The Seebeck coefficient decreases upon heating from room temperature from 300K to 620 K. Since Mn4Siy
nanoclusters are semiconductor materials, it can be assumed that there will be energy barriers for charge
carriers at the nanocluster—amorphous phase interface separating this phase.

An increase in thermal sensitivity from 0 pV/K to 20 wV/K up to 800 K is explained by the
disappearance of energy barriers for charge carriers at the nanocluster—amorphous phase interface due to the
ordering of nanoclusters. The change from 20 uV/K to.28 wV/K upon cooling is explained by the appearance
of structural relaxation in the amorphous phase.
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b.Jl. Uramos, I'.T. ImanoBa, A.. Kamapaun, 11.P. beknynartos

HpicaHabl KAJBINTACTHIPY KIHE MATHETPOHAbI IIAMBIPATY
apKbLIbI AJbIHFaH Mn4Si7 :ka0bIHIAPbIH 3€PTTEY

SiO2/Si KypBUIBIMBIHIZ MAarHeTPOHIBl IIANIBIPATy apKbUIbl aiblHFAaH Mn4Si7 Kenemai yoirinepi MeH
BaKyyMZBIK KaOBIHIAPBIHBIH MOPQOJIOTHACH], KYPaMbl JKOHE SJICKTPIIK JKOHE ONTHKAJbIK KacHeTTepi
3eprrengi. Kansinapirel mamamer 150 HM 0onaThlH MapraHeUTi CHITMIUTI JKa0bIHAap KacueTTepi OoibIHIIa
MaccasblK MnaSiz-re kaKblH, )KapThUlail ©TKI3Till cCHIIaTTaFbl OIPKeNKi ycaK TYHIpIIIKTI KypbUIbIMBI 0ap, o
0ip rpagycka 20-30 MxB-Kka neifiHTi TepMUSIIBIK Ce3IMTaNABIKICH cumaTTanansl. COHBIMEH Kartap Makanana
aBTOpJIap MarHETPOH/BI LIAIIBIPATY SAICIMEH LIbFapFaH )XOFaphl MapraHeUTi CHIIMIMATI KaObIpIIaKTapIbIH
ANIEKTPOPHU3UKANBIK KACHETTEPiH YChIHFaH. KpI3apIpbuTral micHKanap Mn4Siz-146 HM skaObIHHBIH JKETKUTIKTI
TBIFBI3JBIFBIHA OAMTaHBICTBI ycakK TyHipmrikrepi Oap Oipkenki KypbuibIMFa He. MnsSi; HaHOKIacTepiepi
KapThUIAl OTKI3rill MaTepuayap OOJIFaHIBIKTaH, OChl (pazanel OesieTiH HaHOKIactep-amMopGThl (asa
uHTepdelicinae 3apsaa TackMalIayIlbuIap YIIH SHEPreTHKANBIK Keaepriiep 0omaapl nen 6oipkayra 6onasl.
Tepmusnbik  cesiMTanmeikTeiH 0 MkB/K-men 20 MkB/K-nen 800 K-re geiiin  xorapbliayblHa
HAHOKJIACTEPJCpAiH peTTeireHiHe OaiiiaHbICTHl HaHOKIAacTep-amopdThl (aza uHTepdelcinaeri 3apsq
TachIMalllaylibUIapFa apHaJIfaH SHEPreTHKANBIK KeAepriliepaiH KoWbUTybIMeH TyciHmipineni. CankplHAATY
kesinne 20 MxB/K-nen 28 MxB/K-re geiiin o3repyi amopdThI (ha3agars! KYpBUIBIMIBIK pellaKCalsHbIH Taiina
GoITyBIMEH TYCIHAIpiNes.

Kinm ce30ep: Xonn TypakTbIChl, Mn4Si7, ’KyKa >kaObIH, HAHOKJIACTEP, HJIEKTPOTKI3TINITIK, HAHOKYPBUIBIM,
MEHIIIKTI Ke/Iepri, KeueM/ [l KOHLCHTPALUSICHL.

b.JI: Uramos, I'.T. Umanosa, A.1. Kamapaun, 1.P. beknynaros

@®opMHUpPOBAHUE MHUINIEHEH W HCCJIeIOBaHME MOKPLITHIH MngSi7, MOJTy4eHHBIX METOI0M
MATHETPOHHOI'0 pacHblICHHS

HcenenoBanbl MOpQOJIOTHS, COCTaB, JJIEKTPHUECKHE M ONTHYECKHE CBOWCTBA OOBEMHBIX 00pa3loB U
BaKyyMHBIX HOKPHITHH Mn4Si7, IONydeHHBIX METOJOM MarHETPOHHOTO HAmbUICHHS Ha CTPYKTypy SiO2/Si.
[TokazaHo, 4TO MOKPBHITHA W3 CWIMLHUIA MapraHia TOJIIHWHOKW okoso 150 HM OMM3KM MO CBOWMCTBAM K
00beMHOMY Mn4Si7, UMEIOT OTHOPOJHYI0 MEIKO3EPHHUCTYIO CTPYKTYPY MOTYNPOBOAHUKOBOH IIPHUPOJIHI,
KOTOpasi XapakTepu3yeTcsi TepMOdyBCTBUTEIbHOCTRIO 10 20-30 MkB Ha rpagyc. Kpome Toro, B HacTosmiei
CTaThe MPEJCTaBICHBI MIEKTPOPHU3NIECKHE CBOMCTBA MIIEHOK BHICOKOMAPTaHIIEBOTO CHIIUINAA, TTOTYIEeHHBIX
aBTOpaMH METOZOM MarHeTpoHHOTo pacibuieHns. Harpersie mienkn MnaSi; —146 mm. IlokpeiTne nmeer
OJTHOPOJHYIO CTPYKTYPY C MEJIKUMHU 3€pHAMH, 4TO OOYCJIOBJICHO IOCTAaTOYHOW IIOTHOCTHIO ITOKPBITHSL.
IMockoneky HaHOKIAacTEpEl Mn4 Si7 SABISIOTCS HOJYIPOBOJHUKOBEIMH MaTepHaIaMH, MOKHO TIPEINOI0KHUTE,
YTO Ha TPaHHUIE pa3/iesia «HaHOKIacTep—aMmopdHas ¢azay, pazaensiomei 3ty ¢asy, OyayT cymecTBoBaTh
9HepreTHyecKue Oaprepsl UId HOCHTENeH 3apsina. YBenndeHue tepMmouyBeTBuTenisHOCTH OT 0 1o 20 MxB/K
BIOTE 10 800 K 0OBsCHSAETCS MCUE3HOBEHHEM JHEPreTHYECKHMX OaphepoB Ul HOCHUTENEW 3apsna Ha
rpaHuLe «HaHOKIAcTep—aMmop¢Has (aza» 3a cdeT ynopsmoyeHus: HaHokiaactepos. V3menenue ot 20 go 28
MKB/K npu oxnaxaeHnn oObACHIETCS MOSIBICHUEM CTPYKTYpPHOI penakcaiun B amophHoi dasze.

Kniouesvie cnosa: nocrosHHas Xoina, Mn4Si7, TOHKOe HOKpPBHITHE, HAaHOKJIACTEpP, SJEKTPOIPOBOIHOCTS,
HAHOCTPYKTYpa, yAEITbHOEe CONPOTHBIEHHE, 00beMHast KOHIIEHTPALIHS.

Cepus «dusnkar». Ne 3(111)/2023 57





