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Abstract. In the paper, films of higher manganese silicide Mn,Si, have been made and a lot
of their properties have been investigated. The composition and structure of the films formed
by ion-plasma magnetron sputtering were examined by scanning electron microscopy and
X-ray analysis. The temperature dependences of film resistivity (by the four-probe method), of
their Seebeck coefficient (by the two-probe method), as well as their Hall constant and optical
reflectivity spectra (at room temperature). Their thermoelectric figure of merit, the energy-gap
width (0.66 e¢V), charged-particle density and mobility, etc., were calculated. The properties
of the films in the amorphous and polycrystalline phases were compared. The thermopower
of the Mn 4Si film was established to increase by about 6 times during the transition from the
amorphous pflase to the polycrystalline one. The results obtained indicate that it is possible to
use this film in heat wave detectors.
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AnHoTtamuga. B paGote ObUIM M3roTOBAEHBI IUIEHKM BBICIIETO CUJAMIMIA MapraHia
Mn,Si, u u3y4eH WHMPOKMiA CHEKTP MX CBOWCTB. COCTaB M CTPYKTypa IUICHOK, IMOJYYCH-
HBIX METOJOM MOHHO-IUIa3MEHHOTO MarHETPOHHOIO PACITbIICHUS, UCCIIEIOBATNCH METOIAMU
CKaHUPYIOUIEH 3JIEKTPOHHON MUKPOCKOIINY M PEHTTeHO()A30BOro aHainm3a. belinm M3MepeHsI
TeMIIepaTypHbIe 3aBUCHUMOCTU YIEJIBHOTO COIPOTHBJICHUS ILICHOK (YETBHIPEX30HIOBBINA Me-
Tonm), ux KoadduumneHta 3eedOeka (IBYX30HIOBBIM METON), a TAaKXKe IOCTOSHHAs XoJja u
CIIEKTPHI ONTUYECKOTO OTpaxkeHus (IIpM KOMHATHOI TemIiepatype). PaccuMTaHbl TepMO3JieK-
TpUYECKasl JOOPOTHOCTD, IIMPUHA 3anpelieHHoi 30HbI (0,66 3B), KOHLIEHTpALMs U MOABMX-
HOCTb 3apsS>KEHHBIX YACTHIL M JIp. TTapaMeTphl. [IpoBeIeHO cpaBHEHNE CBOMCTB TIJICHOK, HaX0-
ISIIAXCS B aMOP(MHON M TTOJUKPUCTAIIINYECKOM (pa3ax. YCTaHOBJICHO, UTO TEPMODIC TUIEHKHN
IIpU TIepexoe 13 aMOP(GHOTO COCTOSHUS B MOJIUKPUCTATINUCCKOE YBEIUUNBACTCS ITPUMEPHO
B 6 pa3. [ToayyeHHbIe pe3yJbTaThl J0KA3bIBAIOT, YTO IJIEHKY MOXHO IIPUMEHSTh B I€TEKTOpaxX
TEILIOBOJIHOBOTO M3JTyYCHMSI.

KioueBble clioBa: MarHeTpOHHOE pacTbUIeHWEe, BBICIIWN CWIMIIMI MapraHiia, yaeJbHOe
comnpoTuBIieHUE, Ko3dhduimeHT 3eedeka, TEPMOIIEKTPUIECKIE CBOMCTBA
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Introduction

Many research centers around the world are currently conducting studies on the creation of
environmentally friendly and low-cost energy sources. In this regard, great results have been
achieved in the conversion of wind, light and heat energy into electrical one, which has led to
an increase in the efficiency of the generated photovoltaic and thermoelectric elements [1 — §].
In addition, scientific research on the creation of new types of photo- and thermoelectric films
has been constantly developing [9 — 14]. Among these materials, the most promising one is a
film based on a higher manganese silicide (HMS), whose thermoelectric figure of merit can
reach 0.4 in the temperature range of 20 — 700 °C [15 — 21]. A Mn Si, thin film can be used for
fabrication high-quality thermal elements and show the possibility of creating nanostructures with
high thermal properties based on fundamental research on various physical properties, quantum
effects, and size factors. Sensitivity cells based on HMS structures are also promising when using
highly sensitive receivers of electromagnetic waves in visible and IR fields.

The goal of the present paper is to form the Mn,Si, film by the ion-plasma magnetron
sputtering method and to study its thermoelectric properties.

© bexknynaros U. P., Jloboga B. B., Hopmypanos M. T., JonaeB b. 1., Typanos W. X., 2023. Uznatenn: CaHKT-
[MetepOyprckuii moauTexHudeckuii yausepcureT [lerpa Benunkoro.
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Material and methods

Magnetron sputtering synthesis of HMS films is carried out using SiO,/Si substrate. Before the
formation of the HMS film, the SiO,/Si substrate was cleaned in two stages

1. The cleaning of the SlllCO[l wa%ers surface SiO,/Si (d = 60 mm) was carried out using an
ammonia-peroxide mixture at a temperature of 60 — 70 °C, washing in deionized water, drying
in a centrifuge;

2. The vacuum treatment (cleaning) of the silicon wafer surface was carried out using an argon
plasma flow on EPOS-PVD-DESK-PRO magnetron sputtering machine. The plasma flow was
created by a source of ions with a cold cathode at a voltage of 2 — 3 kV and a current of up to
100 mA during 3 — 5 min. A group of plates (2 — 4 pieces) was located on a rotating tool during
the treatment.

HMS films were formed using an EPOS-PVD-DESK-PRO magnetron sputtering machine
at a pressure of 10* Pa and room temperature. The purity of Mn,Si, target was 99,5 %. The
diameter and the thickness of the target were 76 mm and 6 mm, respectlvely [22, 23].

The composition and structure of the target were studied by Quanta 200 3D scanning electron
microscope (SEM) from the Dutch Company FEI before placing the target into the magnetron
machine (Fig. 1).
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Fig. 1. The results of studying the Mn ,Si, target with a scanning electron microscope (SEM):
the surface image (a) and energy dispersive X-ray spectrum (b)

The thermoelectric properties (the resistivity and the Seebeck coefficient) of the manufactured
Mn,Si, film were determined by placing it in a vacuum of 10 Pa, using the four-probe method
and two-probe one, respectively [24].

It is known that the thermoelectric figure of merit ZT of thermoelectric materials is a
dimensionless quantity determining by the following formula:

ZT = o206 T/x, (1)

where a, uV/K, is the Seebeck coefficient; ¢, S/cm, is the electrical conductivity; k, W/(m'K),
is the thermal conductivity; 7, K, is the temperature [25 — 27].

Results and discussion

The Mn, Si. film formed by magnetron sputtering is in an amorphous phase before thermal
annealing; this was identified by electron microscope. Fig. 2 presents the SEM-images of the
Mn Si. film before and after annealing. Silicon and manganese atoms deposited on silicon oxide
almost completely cover the substrate. The annealing of the Mn Si, film was carried out at
620 K for 1 h. at a pressure of 10 Pa using an equipment. The annealed film was cooled in
vacuum to room temperature.
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Fig. 2. SEM-images of the Mn,Si, film surface before (a) and after (b) annealing at 620 K and 10~ Pa

The resistivity of the formed Mn,Si, film was 2-107° Q-cm at room temperature; when heat-
ed to a temperature of 750 K, its resistivity rose to 5-107° Q-cm (see Fig. 3, a). The electrical
conductivity of this film was 5.0-10* S/cm at room temperature. As evident from Fig. 3, b, its
electrical conductivity dropped to 1.2:10* S/cm when heated to 750 K.
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Fig. 3. Temperature dependences of the resistivity (a)
and electrical conductivity () for the Mn,Si, film in amorphous phase

The graphs of the resistivity and electrical conductivity versus temperature for the Mn,Si,
annealed film are presented in Fig. 4. It was 7.86-107° Q-cm at room temperature, and when heated
to 700 K, its resistivity dropped to 3.90-10° Q-cm (see Fig. 4, a). The electrical conductivity of
this film was 1.2-10° S/cm at room temperature. When heated to 700 K, it rose to 2.7-10° S/cm
(see Fig. 4, b).

As can be seen from these graphs, a decrease in resistivity with increasing temperature (see
Fig. 4, a) and an increase in electrical conductivity (see Fig. 4, b) confirm that the film has a
polycrystalline structure.

Fig. 5 presents temperature dependences of the Seebeck coefficient for the Mn, Si, film in
amorphous and polycrystalline phases. As evident from these graphs, the Seebeck coefficient in
the case of the polycrystalline phase turned out to be approximately 6 times higher than that in
the case of the amorphous one.

The thermoelectric figure of merit of the Mn, Si, film was calculated by Eq. (I). Thermal
conductivity value of the Mn,Si, film was taken from Ref. [28].

The purification process concurrently enhances the ¢ and S values, and decreases the k value
for the Mn,Si, samples, leading to an extraordinarily high thermoelectric figure of merit Z7. The
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Fig. 4. Temperature dependences of the resistivity (a) and electrical conductivity (b) of the Mn,Si,
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Fig. 5. Temperature dependences of the Seebeck coefficient for the Mn,Si, film
in amorphous (a) and polycrystalline (b) phases
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Fig. 6. Temperature dependence of ZT for the Mn,Si, film in polycrystalline phase
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corresponding curve for the Mn,Si, film exhibits the maximum ZT ((Z7) ), namely, about 0.5
at 800 K, and this is the highest value currently known and reported for thermoelectric systems
(Fig. 6).

As a result of the experiments conducted with the HMS film, it was found that the thermoelectric
properties of the film are better in the crystalline phase than in the amorphous one. This is due
to the fact that the bond between manganese and silicon atoms is very weak and there are surface
defects on the areas that are not completely covered of material. Surface defects of the film are
disappeared as a result of structural relaxation and forming new bonds between the manganese
and silicon atoms during the annealing, and the total structure acquires semiconductor properties.

Optical properties of the Mn,Si /SiO, film were measured using an HR-4000 high-precision
spectrometer according to the law of light reflection (Fig. 7). The graphs showed that the Mn,Si,
film had a high sensitivity in the visible and IR regions for the corresponding wavelengths. In
addition, it is possible to determine the band gap of the Mn,Si, silicide film from these data, using
the Kubelka — Munk equation. The band gap of the film is 0.66 ¢V. Here a is the absorption
coefficient, v (eV) is the photon energy, R (%) is the reflection coefficient, A (nm) is the light
wavelength [29, 30].
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Fig. 7. The Mn,Si, film: the graphs of the light reflection coefficient versus the light wavelength (a)
and of the absorbed photon energy versus the incident photon one (b)

The probability of absorbing a photon depends on the likelihood of having a photon and an
electron interact in such a way as to move from one energy band to another. For photons which
have an energy very close to that of the band gap, the absorption is relatively low since only those
electrons directly at the valence band edge can interact with the photon to cause absorption. As
the photon energy increases, not just the electrons already having energy close to that of the band
gap can interact with the photon. Therefore, a larger number of electrons can interact with the
photon and result in the photon being absorbed.

The absorption coefficient a is related to the extinction coefficient £ by the following formula:

o = 4nk/\, 2)
Electrophysical properties of the Mn,Si./SiO, film were measured on HMS-3000 Hall

Measurement System. Obtained electrophysical parameters of the Mn,Si, thin film are listed in
Table.
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|
Table

The obtained results on electrophysical properties of the Mn,Si, film

Parameter Unit Value
Volumetric
concentration of cm™ 4.5-10%

charged particles
Mobility of charged

cm?/(V-s) 1.65

particles

Surface resistance Q 313
Resistivity Q-cm 7.83-10*
Hall coefficient cm?®/C 1.28-1073
Magnetoresistance Q 1.73-107!
Surface concentration 5 1nl7
of charged particles cm 1210
Electrical conductivity S/cm 1.28-10°

Summary

The paper has been studied a formation of Mn,Si, (higher manganese silicide) films and their
electrophysical properties. It was established that the thermoelectric power (the Seebeck coefficient)
of the film increased during the transition from the amorphous phase to the nanocrystalline
one. This effect is associated with the selective scattering of charge carriers at the boundaries of
nanoclusters. The Seebeck coefficient of the film in the polycrystalline phase turned out to be
approximately 6 times higher than that in the amorphous phase. The thermoelectric efficiency of
Mn, Si, film exhibited the maximum value ZT _ of approximately 0.5 at 800 K.

Moreover, it was revealed that Mn Si_ films grown on a SiO,/Si substrate had the highest
conversion coefficient, and this is explained by the low thermal conductivity k = 149 W/mK of
Si0,/Si. The films of Mn,Si, on SiO,/Si exhibited the high response speed, high sensitivity.

'fhe results obtained indicate that the Mn Si_ films can be recommended for use in thermal
wave radiation detectors in the visible and infrared electromagnetic ranges.
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