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In this paper, a comparative analysis of the main physical, structural, thermoelectric and magnetic properties
of various phases of manganese silicides is presented: mono- (MnSi), di (MnSiz) and higher silicides (MnSi1.7),
obtained by the diffusion doping method. The temperature dependences of electrical conductivity, mobility, as well
as thermoelectric properties, including the Seebeck coefficient and thermal conductivity, are studied. It is shown
that manganese disilicide is an n-type semi-conductor with a band gap of AE;=0.35+ 0.45eV. The Seebeck
coefficient is 100 pV/K at 7'= 150 + 200 K. It was established that the monosilicide has n-type conductivity, with a
concentration of ~102! + 1022 cm -3 and a mobility of 2 + 5 cm?/ Vs, the disilicide has p-type conductivity, with a
concentration of 1016+ 1017 cm-3 and a mobility of 1 cm?/V-s, the higher silicide has n-type conductivity, with a
concentration of 5:1020 + 7-1020 cm -3 and a mobility of 0.5 + 2 cm?2/V-s. It is shown that each of these phases has a
unique combination of crystallographic forms, electronic structure and technological capabilities, which

determines their application in microelectronics, nanoelectronics and thermoelectric devices.
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1. INTRODUCTION

The study of physical processes occurring both in the
volume and on the surface, and in the near-surface layers
of a single-crystal semiconductor, in particular, silicon in
the process of diffusion doping with impurities that create
deep levels and obtaining compensated materials with
specified electrophysical, thermoelectric, photoelectric and
optical properties are urgent tasks of today [1-7].

A well-developed technology for growing single-crystal
silicon, a planar technology for creating integrated
devices based on it, a fundamentally new technology for
creating low-dimensional objects in silicon, modifying the
properties of Si by various methods, as well as
discovering new physical phenomena in the surface of
silicon that are not characteristic of its volume, attract
close attention of researchers as an active material for
the needs of micro- and nanoelectronics. At present,
transition metal silicides are becoming the base material
for new, promising integrated -circuits of the next
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generation due to their resistance to aggressive
environments and high-temperature treatments [8-11].

At present, one of the urgent problems is the study of
physical processes occurring both in the volume and on the
surface and near-surface layers of a single-crystal
semiconductor, in particular, silicon in the process of
diffusion doping with manganese, creating deep levels (DL)
[12-15]. First of all, the need for these studies is caused by
the fact that in the process of diffusion doping of the
semiconductor material — silicon, it is possible to obtain
compensated materials with specified electrophysical,
photoelectric and optical proper-ties. In diffusion-doped
silicon crystals, various silicide phases of manganese are
formed in the near-surface region with a thickness of 15-
20 um. Manganese silicides are intermetallic compounds
formed between manganese and silicon at various
stoichiometric ratios. The most studied phases are
monosilicide (MnSi), disilicide (MnSi2) and higher silicide
(MnSi1.75), each of which has unique structural, electrical
and thermoelectric characteristics [16-18].
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Due to the combination of metallic and semiconductor
nature, they are used in microelectronics, spintronics and
thermoelectric converters.

The purpose of this work is to conduct a systematic
comparative analysis of the properties of various
manganese silicides, identify common and distinctive
features, and determine the most promising materials
for practical application.

2. EXPERIMENTAL PARTS

Manganese has a large diffusion coefficient in silicon,
so we used the diffusion doping method. This method has a
number of other advantages: 1) the relative simplicity of
the technology; 2) the possibility of studying the effect of
annealing temperature on the initial parameters of the
crystal; 3) the possibility of controlling the concentration of
electrically active manganese, chromium and cobalt atoms
by changing the temperature [19]. Manganese silicides
were obtained by the diffusion method on p-type silicon of
the KDB-10 brand and n-type silicon of the KEF-35 brand,
grown by the Czochralski method. Measurements of the
specific resistance and mobility of charge carriers were
carried out on a four-probe method setup.

IR spectroscopic studies were carried out on an IR-
Fourier Inventio-S device (Bruker, Germany) in the
wavenumber range from 400 to 4000 cm -1, resolution —
4 cm~1, sensitivity signal: noise ratio — 30000:1, scanning
speed — 16 spectra per second.

Structural studies were carried out by scanning
electron microscopy (scanning electron microscope deol
(Japan) brand IT200) at room temperature.

X-ray studies were carried out on an X-ray
diffractometer Miniflex 600 (Rigaku) with monochromatic
CuKa radiation. The Seebeck coefficient was measured by
measuring the thermoelectric power at the ends of the
sample with a voltmeter with high input resistance and by
measuring the temperature difference at the ends of the
sample using thermocouples.

3. RESULTS AND DISCUSSION

The phase diagram of the Mn-Si system is
characterized by the presence of several intermetallic
phases depending on the ratio of elements and
temperature [20-21]. The following compounds are the
most stable: manganese monosilicide MnSi, atomic ratio
Mn:Si=1:1. Stable at temperatures of 900 — 1200 °C;
manganese disilicide, Mn:Si = 1:2, is formed with excess
silicon content (> 66 at. % Si). Stable at temperatures of
600 — 1200 °C and  higher = manganese silicide,
Mn:Si = 1:1.75. Stable at temperatures of 850 — 1120 °C.

The crystal structures of manganese silicides are as
follows. The cell parameters of silicon monosilicide at
300K are: a=4.558A, b=4.558A, c=4.558 A (cubic
crystal structure); disilicide: a=b=3.90 A, c=5.43 A, each
Mn atom 1is surrounded by 8 Si atoms (octahedral
positions), and each silicon atom is directly bonded to 4
manganese atoms; higher silicide: a =6.889 A, c=4.777 A
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(hexagonal crystal structure). Higher manganese silicide is
characterized by high coordination of manganese, complex
hexagonal packing, and the presence of two types of
vacancies. Higher manganese silicides contain clusters
where manganese atoms are in octahedral coordination.

The temperature dependences of specific resistance for
three phases were investigated (Fig. 1).

As is known, specific resistance is described as

p=— (1)

where p is the resistivity, n is the carrier concentration, e
is the carrier charge, u is the charge carrier mobility.
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Fig. 1 — Temperature dependences of resistivity of various
phases of manganese silicides

In manganese monosilicide, the specific resistance
increases with increasing temperature according to the law:

p(T) = pg + AT" 2

where n =1+ 2, typical for scattering on phonons. This
metallic dependence is dominated by scattering of
electrons on phonons at high temperatures. The
conductivity type is almost metallic.

In manganese disilicide at low temperatures p is high
(at T=300K, p=300pOhm-cm), conductivity is weak.
With increasing temperature, the specific resistance falls
exponentially (thermogeneration of charge carriers):

p(M)~exp G2 )

where AE; is the band gap (AEg=0,6—-0,8eV). The
conductivity type is semiconductor (activated).

In higher manganese silicide, the specific resistance
increases slightly with temperature. The specific
resistance is low due to the scattering of charge carriers
on phonons, due to phase transitions and defects. The
conductivity type is mixed: metallic and semiconductor.

Fig. 2 shows the temperature dependences of the
concentration of different phases of manganese silicides.
In manganese monosilicide, the concentration of charge
carriers remains almost unchanged, typical of metals. In
manganese disilicide, the concentration increases sharply
with increasing temperature, as:
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AE,
n~exp (- 3.5) 4)
where £ is the Boltzmann constant.
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Fig. 2 — Temperature dependences of concentration of various
phases of silicides

The behavior of n(7) is like that of a semiconductor.
In the higher manganese silicide, the concentration of
charge carriers increases slightly with temperature.

Fig. 3 shows the temperature dependences of the
mobility of charge carriers of different phases of
manganese silicides.
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Fig. 3 — Temperature dependences of the mobility of charge
carriers of different phases of manganese silicides

As 1s known, the mobility depends on the scattering
mechanism:

U~ Tim, wherem=1+2 5)

In manganese monosilicide, the mobility decreases
with temperature as p~ 715, which is explained by the
scattering of charge carriers on phonons (the Drude
model). At low temperatures, the mobility is high.

In manganese disilicide, the mobility is high at low
temperatures, and with increasing temperature, u
decreases exponentially due to phonon scattering as
u~T-1+T-2

In higher manganese silicide, it is high at low
temperatures. At high temperatures, the mobility
decreases due to phonon scattering and the presence of
structural defects.

The temperature dependence of the thermoelectric
power coefficient of manganese silicides was studied (Fig. 4).
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For manganese monosilicide, the thermoEMF is small
(5 + 10 uV/K), thermal conductivity e =12 + 14 W/m-K at
300 K. It increases slightly with increasing temperature.
The small value of the thermoEMF coefficient is due to
the metallic nature of electrical conductivity. For higher
manganese silicide, a weak increase in « is observed with
increasing temperature. At temperatures 7> 500 K, the
growth of «a slows down, thermal conductivity
®e~=10+12 Wm-K. For manganese disilicide
a=115-160 uV/K, &=5+7W/m K. With increasing
temperature, the thermoEMF value up to 7'=500K
increases almost linearly, and at 7> 500 K its growth
slows down, which is typical for semiconductors.
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Fig. 4 — Temperature dependences of thermoEMF of different
phases of silicides

Fig. 5 shows the temperature dependence of the
quality factor of different phases of manganese silicides.
The quality factor is determined by the formula

a?oT

Q=2T =

(6)

For manganese monosilicide @ = 0.01 due to low « (at
T=300K, «a=10uV/K). MnSi has high thermal
conductivity due to metallic bonding.

08

0.7

Q103 K
£

MnSi 7

Q
300 300 500 600 700 800 T.K

Fig. 5 — Temperature dependence of @

For higher manganese silicide @=0.05, the thermal
conductivity is high due to the metallic bond, but the
presence of clusters partially reduces the thermal
conductivity. For manganese disilicide @=0.66+0.8 at
T=700—800K due to a>155puV/K and reduced
e<5WmK If we suppress the phonon thermal
conductivity to 1 + 1.2 W/m K, we can obtain @ close to unity.
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4. CONCLUSION

Based on the results of this research, the following
conclusions can be drawn:

1. A comparative analysis of the main physical,
structural, thermoelectric properties of mono-, di- and
higher manganese silicide is given.

2. A study of the temperature dependences of
resistivity on temperature revealed that p in manganese
disilicide decreases exponentially with increasing
temperature, due to semiconductor conductivity, and in
mono- and higher silicides p increases slightly with
increasing temperature, due to metallic conductivity.
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V 11ii1 po6OTI IpeaCTaBIeHO MOPIBHAIBPHAN AHAJN3 OCHOBHMX (DISMUHHUX, CTPYKTYPHUX, TEPMOEIECKTPUIHUX TA
MATHITHUX BJIACTHUBOCTEN PisHMX (a3 cwmummiB mMaprasiio: MoHo- (MnSi), mi- (MnSis) Ta BHIIMX CHJIILMIIB

(MnSi175), oTpuMaHUX MeTOAOM  Iuy3iHHOro

JIeTyBaHHA.

JlocmimkeHo  TeMmepaTypHI — 3aJIesKHOCTI

€JIEKTPOITPOBIIHOCTI, PYXJIMBOCTI, & TAKOK TEPMOEJIEKTPUYHUX BJIACTUBOCTEM, BRIOYaoun koedirient TepmoEPC
Ta TewIonpoBigHicTs. [lokasaHo, M0 AUCHITIIN MAPTAHIO € HANBIPOBIIHUKOM N-THUILY 13 IMUPUHOI 3a00pOHEHOI
3ouu AE; = 0.35 + 0.45 eB. Koedirierr TepmoEPC crarosure 100 MeM/K npu 7' < 150 + 200 K. Beranossieno, 1o
MOHOCHJIILIM/ Ma€ N-THUII IIPOBITHOCTI, 3 KOHIeHTpaIien ~102! + 1022 e Tta pyxymsicrio 2 + 5 cm?/B-c, mqucnmiimg
Mae p-THUII IPOBiOHOCTI, 3 KoHIeHTpaleo 1016+ 1017 cem™® Ta pyximsictio 1 cm?/B-c, BUIui CUIMI Mae n-THID
IPOBiZHOCTI, 3 KOHIIeHTpatren 5-1020 + 7-1020 em® ta pyxsmusictio 0,5 + 2 cm2/B-c. ITokasano, mo kosxkHa 3 1ux daa
Mae yHIKaJIbHe IOeIHAHHA KpucTanorpadivaux ¢opM, eJIEKTPOHHOI CTPYKTYPU TA TEXHOJIOTIYHUX MOYKJIUBOCTEH,
110 BU3HAYAE iX 3aCTOCYBAHHS B MIKPO- 1 HAHOEJIEKTPOHIIII Ta TEPMOEJIEKTPUYHUX TIPUCTPOSIX.

Knrouori cnopa: Cuminmng mapranmo, Temsmonposigaicts, Esexrponposinaicts, Pyxmusicrs, Temmneparypua

3asexkHicTs, Oazopuit crinan, Edexr Xosra, TepmoEPC.
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