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Abstract. In this work, we studied the surface morphology of a film of higher manganese silicide before and after
heating. The mechanism of formation of a film of higher manganese silicide has been studied. The resulting silicon film
was formed on the surface of SiO,/Si or mica by magnetron sputtering. The morphology, composition, electrical and
optical properties of bulk samples and Mn4Si7 vacuum coatings obtained by magnetron sputtering on the SiO2/Si
structure have been studied. It is shown that manganese silicide coatings with a thickness of about 150 nm are similar
in properties to bulk Mn4Si7 and have a homogeneous fine-grained semiconductor structure characterized by thermal
sensitivity up to 20-30 Mv per degree. In addition, the article presents the electrophysical properties of films of high
manganese silicide obtained by the authors by magnetron sputtering. Heated Mn4Si7-146 nm coated films have a
homogeneous structure with fine grains, which is due to the sufficient coating density. Since Mn4Si7 nanoclusters are
semiconductor materials, it can be assumed that energy barriers for charge carriers will exist at the interface of a
nanocluster with an amorphous phase separating this phase. The increase in thermal sensitivity from 0 mv/K to 20
MV/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 mv/K to 28 MV/K during cooling is
explained by the appearance of structural relaxation in the amorphous phase.
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Anoamna.byn oicymvicma 6i3  Kbl30blpy2a Oeuid JcoHe 00aH Keli Jco2apvl Mapeauey CUTUKUOIHIY
KabwviKuacelnvly Oemmix mopgonocusicoli 3epmmedix. Kozapvl mapeaney cunukudiniy KaObLIKWACLIHBIY MY3ITY
mexanusmi zepmmendi. Anvinean kpemnull nienkacst Maenemponoapovly wiawwipayst Homuocecinoe SiO2/Si nemece
cmoda bGeminde naida 6010vl. Cycvimanvl yacinepliy MOp@ONocUsCsl, KYpamvl, IAEKMPIIK HCIHE ONMUKATBIK
Kacuemmepi JKone SiO2/Si KypoLiblMblHOA MAZHEMPOHOAPObIH WAUBIPAYbL HIMUNCECIHOe Anbinean mn4si7 6aKyymMoblK
orcabvinOapvl  3epmmendi. Kanviyovizel wamamen 150 Hm  OonamvlH mapeaney CURUKUOMI  AHCAObIHOAPbIHBIH
Kacuemmepi OotiiHwia cycvimanvt Mn4Si7-ze yxcac scane 0ip epadycka 20-30 Me-ka Oeiiinei dcolny ce3immandvleblMeH
cunammanamuli Oipmexmi Ycax myuipwikmi sgcapmoliai omKizeiu Kypulivimbl b6ap exenoiei kopcemineet.. CoOHbLMeH
Kamap, MaxKaiaoa asmopiap MAcHempoHObl WAWBIPAMY apPKbLIblL  AleAH  HCOAPbl  MAP2AHEYmi  CUTUKUOMI
KabviKwanapovly  snekmpousukanvly  Kacuemmepi Keamipineen. Kvizovipviizan Mn4Si7-146 wm  xanmanean
KabvlKwanap ocyka myuipuwiikmepi 6ap 0ipmeKkmi KYpoliviMea ue, OY1 J#CAObIHHGIY JHCeMmKINIKmMi mulebl30bleblHd
batinanvicmol.  Mn4si7  nanokiacmepaepi  ocapmoliau  omkizeiut - mamepuanoap — O0JNEAHObIKMAH, — 3apso
MACIMAOAYWBLIAP YULIH IHEPLEMUKANbIK Kedepainep ocbl hazanvl 6o1emin amopghmul (hasacel 6ap Hanoxiacmepoiy
unmepgeiicinde 6onadvl den 6oaxcayea 601advi. Koiny cesimmandvievinviyy 0 me/K-oen 20 MB/K-2e oeuin 800 K-ze
Oellin JHco2apuliayvl HAHOKIACmepepOiy pemmenyine 6auIaHbICMbl HAHOKIACmep-amopdmul gazanvik unmepgeticme
3aps0 MaAcLIMAI0aAYWbIIAP YUK IHEPLeMUKAILIK Kedep2inepoin dcoubliybimen mycindipinedi. Carkvinoamy xezinde 20
me/K-oen 28 MB/K-zce Oetlinei o3zcepic amopghmuvl hazada KypulibiMObIK peiakcayusHvly nauoda 60xybimeH
MycCIHOIpineo.

Hezizzi co30ep: mopgonozus, scwiny, Mn, Si, cnekmpomemp.

Annomayusn.B oannou pabome Mol uzyuuIu MopghoI02uo NOGEPXHOCMU NICHKU CUTUYUOA MAP2AHYA C 8bICOKUM
cooepoicanuem mapaanya 00 U NOcie Hazpesanusi. M3yuen mexanusm 00pa306aHust WICHKU CUIUYUOA MAP2AHYA C
8bICOKUM coOepacanuem mapeanya. Tlonyyennyro nienky kpemnus gopmuposanu na nogepxuocmu SiO2/Si unu cioowv
MEMOOOM MAcHempOHHO20 pacnwvlienus. M3yuenvt mopgonozus, cocmas, djiekmpuyeckue U ONMuyeckue Ceolcmed
00veMHbIX 00pA3y08 U BaKYYMHLIX NoKpuimuil Mn4Si7, noayyennvix MemoooM MAZHEMPOHHO20 PACHLLIEHUS HA
cmpykmypy SiO2/Si. Ilokazano, umo noxpulmus u3 CUIUYUOA Mapeanya moawurol oxkoao 150 um no ceoticmeam
ananocuynbl 06vemHbiM Mn4Si7 u umelom 00OHOPOOHYIO MENKOZEPHUCIMYIO NOIYRAPOBOOHUKOBYIO CMPYKMYPY,
xapaxmepu3syrowyrocs mepmouygcmeaumenvuocmoio 0o 20-30 Meé na epadyc. Kpome moeo, 6 cmamve npedcmasienvi
NEKMPopusUUecKue ceolUcmea WIEHOK CUTUYUOL MAP2AHYA C BbICOKUM COOEPICAHUEM MAP2AHYA, NOTYYEHHbIX
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asmopamu mMemooom MmacHemponnoco pacnviienus. Ilienxu c¢ noxpvimuem Mn4Si7 monwunoi 146 wm umerom
OOHOPOOHYIO CIMPYKMYPY ¢ MEIKUMU 3ePHAMU, YMO 00YCI06TIEHO 00CMAMOYHOU NIOMHOCMbI0 ROKpbimus. Tlockonbky
Hanokaacmepvl  Mn4Si7  aensiomcs  NOAYRPOGOOHUKOBLIMU — MAMEPUANAMU,  MOJICHO — NPEOnONONCUMb,  HMO
9Hepeemuueckue Oapbepvl 015 Hocumenell 3apada OyOym cyuecmeosams Ha cpanuye pazoend HAHOKIAcmepd ¢
amopuotl pasoi, pazdensioweri smy ¢azy. Veenuuenue mennogou uyscmeumenvhocmu ¢ 0 mB/K oo 20 MB/K u
enioms 00 800 K 06vscHaemcs ucue3HO8eHUeM IHepeemuieckux 6apbepog 0Jisi Hocumeinel 3apsaoa Ha epanuye pazoend
Hanokaacmep-amop@Has ¢paza 3a cuem ynopsoouenus Hanokiacmepog. Mzmenenue ¢ 20 mB/K 0o 28 MB/K npu
OXAAANCOEHUU 0OBACHACMCS NOABIEHUEM CIPYKIMYPHOU peakcayuu 8 amop@uoll gase.

Knrwouesvie cnosa: mopgonocus, mepmuveckuii ananus, Mn, Si, cnexmpomemp.

Introduction

The purpose of this work is to study changes in the electronic structure of the silicon surface
during the implantation of Va ions and subsequent thermal annealing. The surface electronic
properties of semiconductors, in particular Si, are in the focus of many researchers. It should be
noted that proper surface states are inherent in the free surface of the crystal, in contrast to improper
surface states due to the presence of foreign atoms on the surface or marginal surface states caused
by the presence of a defective structure in the near-surface region of the crystal. Defects occur in
ion-implanted silicon layers at low doses of ion implantation. In this case, the appearance of donor
or acceptor impurity levels in the silicon band gap should be expected. lon implantation leads to a
violation of the crystal structure of the initial silicon up to amorphization. Of the variety of
processes occurring during the implantation of ions into silicon, our main attention was paid to the
study of the effect of implantation of high-dose ions on the electron-band structure of silicon.
Silicon single crystals Si(111) and Si(100), a type with a resistivity of p=3000 ohmsxcm, were
chosen as the substrate. The purification of the initial crystal was carried out by thermal heating in
an ultrahigh vacuum p = 10-7 Pa in two stages: for a long time (for 60-120 minutes) at a
temperature of T = 1000 K and for a short time (for 30-60 seconds) at T = 1550 K.

Slow electron diffraction (DME), electron auger spectrometry (EOS), spectroscopy of
characteristic electron energy losses ((SHAPE), photoelectron spectroscopy (FES), raster electron
high-resolution microscopy (SEM), X-ray energy dispersive spectroscopy.

Materials and Methods

Silicon single crystals Si(111) and Si(100), a type with a resistivity of p=3000 ohmsxcm,
were selected as the substrate. Purification of the initial crystal was carried out by thermal heating
in an ultrahigh vacuum p = 10-7 Pa in two stages: for a long time (for 60-120 minutes) at a
temperature of T = 1000 K and for a short time (for 30-60 seconds) at T = 1550 K.

Slow electron diffraction (DME), electron auger spectrometry (EOS), spectroscopy of
characteristic electron energy losses (SHPE), photoelectron spectroscopy (FES), raster electronic
high-resolution microscopy (SEM), X-ray energy dispersive spectroscopy.

Scanning electron microscopy allows obtaining general and local information about the
microstructure of a sample with high accuracy. The resolution of a scanning electron microscope
depends on the diameter of the electron beam and on the size of the interaction area of the electron
probe with the sample. Thus, depending on the average atomic number of a substance, by changing
the accelerating voltage from 30 to 1 kV, it is possible to obtain data on the microstructure of a
sample from a depth of several microns to hundreds of nanometers. To achieve the best resolution, a
high signal-to-noise ratio is required with the smallest possible size of the scanning probe. The
minimum beam size for a thermocathode is ~5 microns, while for a cathode with field emission ~5-
25 nm [5]. The best resolution in scanning electron microscopy to date has been obtained using an
electron gun with field emission and reaches several angstroms. Image registration takes place
either in secondary or in backscattered electrons. The contrast in electron microscopic images
obtained in secondary electrons (energy less than 50 eV) depends most strongly on the surface
relief. Whereas the contrast in the SEM images obtained in the registration mode of backscattered
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electrons with an energy from 50 eV up to the energy of the primary beam is mainly associated with
a change in the average atomic number of the substance over the sample area. Thus, a
compositional or "2-contrast" is formed. Using various modes of recording SEM images, it is
possible to obtain information about the morphology of the sample and identify the release of other
phases.

Modern scanning electron microscopes make it possible to analyze the chemical composition
of a sample by registering the characteristic X-ray radiation that occurs when an electron beam
interacts with a sample (the method of energy dispersive spectroscopy (EMF)). The method allows
for qualitative and quantitative analysis of the chemical composition and determination of the
concentration practically any elements from beryllium to california in the concentration range from
tenths of a percentage by weight to 100%. For massive crystals, the resolution is limited to 1
micron, while in thin sections, the resolution of the method reaches units of a nanometer.

Currently, the use of scanning electron microscopy together with energy dispersive
spectroscopy is an integral part of every complex structural study.

An example of the successful application of scanning electron microscopy to the study of the
structure of SCM is the work of Luo and co-authors [1], in which polycrystalline samples of SCM
were synthesized by arc plasma melting. An important structural feature of the samples of higher
manganese silicides is the formation of secretions of the cubic phase of manganese monosilicide
MnSi. In [3], the structure of the samples was first investigated by powder X-ray diffractometry,
which did not reveal the presence of MnSi in the HCM crystal. However, using the SEM method in
the mode of backscattered electrons, micron-scale MnSi phase separations were detected. The
absence of reflexes on radiographs from the manganese monosilicide phase was explained by its
low concentration.

The morphology of the samples was analyzed using a scanning electron bi-beam microscope
Scios FEI. The images were taken from all six samples at different magnifications and using
different sensors. First, to have a general idea of the morphology, consider the surface of the
samples at a small magnification. The first series of images was obtained with a magnification of 15
thousand times. For the convenience of comparing samples with annealing and without annealing,
the images will be in pairs (A-Al, B-B1, C-C1). Figures 1 and 2 show SEM images of the surface
of the film A. It can be seen that after annealing (Fig.2), the sample acquired a noticeably denser
structure, the pores disappeared, and the surface became much more homogeneous. Apparently, this
is due to the crystallization of the film as a result of annealing. When analyzing the morphology of
the film surface, it is clearly visible that the sample turned out to be less successful — it is covered
with bubbles (Fig.3). And even though the bubbles shrank noticeably after exposure to temperature
(Fig.4), unfortunately, this did not correct the overall picture. The origin of bubbles will be analyzed
in more detail in the next experiment [1-5].

Results

Currently, much attention is being paid to the problem of saving energy resources, therefore,
interest in materials with thermoelectric properties is growing again. Among such materials, the
highest manganese silicide Mi811.75 (HSM) is among the most promising, since its thermoelectric
efficiency reaches 0.4 in the temperature range of 20-800 °C. One of the significant advantages of
higher manganese silicide is the environmental friendliness of the initial components and the low
cost of production. HCM films and crystals are important for practical applications in micro- and
nanoelectronics, optoelectronics, microsensory, as well as for the creation of thermogenerators,
thermal batteries and other thermoelements based on them. The transition from bulk BCM crystals
to thin films makes it possible to obtain thermoelements with different physical properties due to
the influence of dimensional factors, the appearance of quantum effects, and the possibility of
creating nanoheterostructures. The creation of new devices based on films of higher manganese
silicide with specified properties requires a detailed study of their micro- and nanostructure, phase
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and chemical composition, as well as solid-phase reactions occurring in the Mp-81 system at
elevated temperatures [6].

To obtain the most complete and statistically reliable information about the structure of HSM
films, as well as about the phase and chemical composition at the macro and nanoscale, it is
possible to use a complex of modern methods of analytical electron microscopy. Thus, scanning
electron microscopy together with energy dispersive spectrometry allows us to obtain integral
information about the microstructure and chemical composition of the material; diffraction of
backscattered electrons is necessary to determine the phase composition, blockiness, orientation
analysis; transmission electron microscopy (TEM) and high-resolution electron microscopy
(HREM) are used for local analysis of the phase and chemical composition of the matrix crystal and
secretions and to study the structure of the interface between the secretions and the matrix crystal

[7].

For samples C and C1, the difference in the morphology of the film surface before and after
annealing is very large (Fig. 5, Fig.6). The surface of the unburned sample is even more uniform
than that of the corresponding sample A. This is obviously due to the fact that the citall is more
homogeneous than mica [8]. The damage on the surface is of mechanical rather than chemical
origin. After thermal annealing, an inhomogeneous “island" structure appears on the surface.
Moreover, massive clusters form in some places on the surface (Fig.6). For a more detailed study of
changes in the morphology of the surface of selected films as a result of thermal annealing, let's
consider SEM images obtained with an increase of 60 thousand times [9].

0KV 27.6 ym 4.9 mm 15 000 x_ETD

Fig. 2. REM image.

Fig. 1. SEM image of the sample surface A

Fig. 3. SEM image of the surface of the Fig. 4. SEM image
sample B. of the sample surface in 1.
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Fig. 5. SEM image Fig. 6. SEM image
of the surface of sample B1. of the sample surface from 1.

image a image
of the surface of sample A. of the surface of sample Al

A ' image | iage
of the sample surface B. of the surface of the sample B1.

Figures 7 and 8 show SEM images of the surface of sample A and Al without annealing and
after annealing, obtained with an increase of 60,000 times. It can be seen that the surface without
heat treatment (Fig.7) is smooth, and after heat treatment it becomes dense, homogeneous with a
granular structure (Fig.8).

From a comparison of the SEM images of samples B and B1 shown in Fig.9 and Fig.10, it can
be seen that the bubbles after annealing have a smaller diameter and they protrude less above the
surface. Thermal annealing of the sample leads to a compaction of the film structure and to a
significant narrowing of the pores.
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Figures 11 and 12 show SEM images of the surface of the sample C and C1 without annealing
and after annealing, obtained with an increase of 60,000 times. It can be seen that the surface of the
film before annealing is the densest, if you do not take into account the presence of small clumps of
matter and furrows. Film C is the most promising in comparison with other films. After annealing,
the film structure changed significantly, Fig.12. Apparently, the film, and possibly the substrate,
began to bubble and boil in places when heated, then the bubbles burst, forming craters at the
bottom of which the substrate is visible. Figures 12, 13, and 14 show SEM images of the film
surface, crater boundary, and substrate surface, respectively.

Conclusion

In this work, a comprehensive investigation of the morphology, structure, and electrophysical
properties of thin films of high-manganese silicide MnaSi- deposited by magnetron sputtering on
Si0-/Si and mica substrates before and after thermal annealing was carried out. The obtained results
allow a number of fundamentally important conclusions to be drawn, which are significant both
from fundamental and applied perspectives.

It was established that the initial state of MnaSi- films is characterized by a strong dependence
of surface morphology on the substrate type and deposition conditions. In the as-deposited samples,
pores, bubbles, and local inhomogeneities are observed, which are associated with incomplete
crystallization, residual mechanical stresses, and trapped gaseous inclusions. These effects are
particularly pronounced in films deposited on less homogeneous substrates, where the formation of
a defective structure is caused by differences in thermal expansion coefficients and weak adhesion
at the film—substrate interface.

Thermal annealing leads to a qualitative modification of the film surface morphology. It is
shown that heating results in structural densification, elimination of pores, and the formation of a
homogeneous fine-grained morphology, indicating the occurrence of recrystallization and structural
relaxation processes. The increase in the degree of crystallinity is accompanied by a reduction in the
fraction of the amorphous phase and a more uniform grain size distribution, which is crucial for
stabilizing the electronic and thermal properties of the material.

Special attention should be paid to the revealed role of the nanocluster structure of MnaSi-.
The films represent a system of semiconducting nanoclusters separated by thin interlayers of an
amorphous phase. In the initial state, energy barriers for charge carriers are formed at the
“nanocluster—amorphous matrix” interfaces, leading to low thermoelectric voltage and suppressed
electrical conductivity. During heating, ordering of the nanoclusters and a reduction in the height of
the potential barriers occur, which explains the sharp increase in thermal sensitivity up to 20-30
mV/K at temperatures up to 800 K.

The change in thermoelectric characteristics during cooling is irreversible in nature and is
associated with structural relaxation effects in the amorphous phase. The emergence of internal
stresses and local atomic rearrangements leads to a further increase in thermal sensitivity up to 28
mV/K, indicating a complex interplay between microstructure, phase state, and charge transport in
MnaSi films.

A comparative analysis of different samples showed that the best properties are exhibited by
films with the highest density and the minimum number of morphological defects prior to
annealing. This allows the conclusion that not only thermal treatment but also the initial deposition
parameters play a key role in the formation of the functional characteristics of the material.

Overall, the results confirm that MnaSi- thin films with a thickness of approximately 150 nm
are close to bulk samples in terms of their structural and electrophysical properties, while
possessing additional advantages associated with size effects and the possibility of nanostructure
control. The obtained data deepen the understanding of morphology formation and charge transport
mechanisms in high-manganese silicides and provide a scientific basis for the targeted design of
thermoelectric elements, microsensors, and micro- and nanoelectronic devices based on MnaSi-.
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