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Study of Mn,Si; Silicide Alloys Produced Under Different Conditions
Using an X-ray Diffractometer

Mn,Si- silicide crystals obtained by hot isostatic pressing (HIP) and diffusion methods were studied. As a re-
sult of the research, 11 peaks were identified in the Mn,Si; crystal obtained by the HIP method, and 14 peaks
in the Mn,Si; crystal obtained by the diffusion method. The crystal size of Mn,Si; silicide (Dy;p) was estab-
lished from 8.8:10° m to 3.6:10° m, (Dpjr) from 6.2:10° m to 9.1-10® m. It has been established that the
lattice tension between the atoms of the Mn,Si; silicide crystal (eyp) varies from 0.01 to 0.41, (epj) from
0.31 to 3.71. The dislocation density on the crystal surface (8yp) turned out to be from 3.5-10*° to 3.2:10%,
(8pirr) from 1-10™ to 3.2:10™. The degree of crystallization of Mn,Si; silicide obtained by the (HIP) method is
7.02 %, the degree of amorphy is 92.98 %. It has been established that the Mn,Si5 silicide obtained by the dif-
fusion method has a degree of crystallization of 9.3 % and a degree of amorphism of 90.7 %. (COD-1530134)
(d). It has been established that the degree of crystallization of high-manganese silicide Mn,Si; is low, and the
degree of amorphy is high due to the fact that Mn and Si are bound in a non-stoichiometric state.

Keywords: diffusion, crystallization, nonstoichiometric, dislocation density, lattice tension, amorphous, ag-
glomeration
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Introduction

Currently, the demand for electricity is growing every day, so a number of scientists are conducting re-
search on the production of silicide materials with thermoelectric properties by various methods. As a result
of the introduction of Mn atoms in the vapor phase into silicon atoms by the diffusion method, a liquid solu-
tion is formed, and after solidification, a high-manganese silicide is formed [1, 2]. In addition to the diffusion
method, there are other methods, in which it is possible to form not only high manganese silicide, but also
other semiconductor structures in the state of a thin film [3-12].The diffusion coefficient D(T) on the man-
ganese-silicon surface is determined by (1) below.

D(7) = Do exp (—Em/KT), 1)
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where D(T) is the solubility of manganese in silicon. D(T) = 5:10?*exp [(6.94 — 2.78) /kT] cm>and diffusion
Do = (6.9 £2.2)'10* cm*s™, activation energy E,,= (0.63 = 0.03) ¢V, D(T) diffusion coefficient from 10 to
3-10° cm?/s [3]. Mn,Si; — Si film growth mechanism varies depending on the crystallization tempera-
ture [11]. A coating of manganese silicide Mn,Si; was obtained in an ampoule at high temperature [13]. It
was found that the distribution of Mn diffusion in Si sharply reduces the concentration of manganese at a
depth of 15-20 microns [14]. Using high-energy photoelectron spectroscopy and synchrotron radiation, it
was discovered that the growth of a manganese film on the Si(111)7x7 surface after the deposition of ~6 A
Mn leads to the formation of a manganese silicide film when a thin coating is applied, annealed at tempera-
tures up to 600 °C [15]. An increase in the germanium concentration to 1 % in Mn,Si- leads to the destruc-
tion of layered deposits and significant changes in thermoelectric properties [16]. The composition of Si_
»wMn, coatings grown using a pulsed laser must be chemically homogeneous [17]. In (MnSiy71-175) nickel
diffusion is reduced, the use of chromium for diffusion is effective [18]. The quality factor of Mn,Si,_/Si in
the temperature range T =300-600 K is ZT = 0.59+0.06 [19-23]. Our work examines the preparation of
high-manganese silicides Mn,Si; by the diffusion method and the study of the resulting samples using an X-
ray diffractometer (XRD-6100) SHIMADZU.

Experimental

As a result of the interdiffusion of Mn atoms with Si atoms at high temperature, a thin coating of high-
manganese silicide Mn,Si; was formed. The Py, calculation of the mass of manganese used to form Mn,Si;
during the diffusion process [1] is found from (2) below.

Pwmn = Gt'S. @)

Here G — evaporation rate (mg/(cm®s), S — evaporation surface (cm?), t — evaporation time
(minutes). Taking this ratio into account, the mass of manganese consumed for evaporation was calculated
(Pwmn = mg). Growth temperature of fine Mn,Si; coating was chosen to be 1100 °C. The growth rate of a thin
Mn,Si; layer is determined by Mn and Si diffusion (Fig. 1A). As a result of experiments, it was established
that on a Si surface with a size of 1 cm? and a thickness of 0.5 cm, a thin layer of Mn,Si; is formed, the
thickness of which depends on temperature. HIP (hot isostatic pressing) was carried out under isostatic pres-
sure at a temperature of 1100 °C in an argon atmosphere [2] (Fig. 1B).

Figure 1. Mn,Si; crystals obtained by diffusion and HIP methods

Results and Discussion

As a result of studying Mn,Si; silicide crystals obtained by diffusion and (HIP) hot isostatic pressing on
an X-ray diffractometer (XRD-6100) SHIMADZU, peaks corresponding to Mn,Si; silicide crystals (COD-
1530134) were found in the database [21]. 14 peaks from the Mn,Si; silicide crystal obtained by the diffu-
sion method (Fig. 2A) and 11 peaks from the Mn,Si- silicide obtained by the hot isostatic pressing (HIP)
method (Fig. 2B) were defined. The results obtained using an X-ray diffractometer may be due to the effect
of mutual agglomeration Mn and Si atoms at high temperature.
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A — obtained by the diffusion method; B — obtained by the hot isostatic pressing (HIP)
Figure 2. X-ray diffraction analysis

The difference in interatomic distance (4d) of Mn,Si, obtained by diffusion method is small from
0.01 A to 0.14 A compared to the interatomic distance (d) reported in the database (COD-1530134). The dif-
ference in interatomic distances (4d) of Mn,Si; obtained by hot isostatic pressing was found to be in the
range from 0.01 A to 0.05 A (Table). This is apparently due to the influence of agglomeration and non-
stoichiometric bonds at high temperatures, which can lead to an expansion or reduction of the distance be-
tween the atoms of the silicide Mn,Si; (d) [20].

Table

The difference in interatomic distances of Mn,Si; obtained by hot isostatic pressing
and obtained by the diffusion method

COD-1530134 () A | Diff(d)A | Diff(Ad)A | HIP(d)A | HIP(Ad)A

3.42 3.39 —0.03 3.43 +0.01
3.24 3.10 ~0.14

2.76 2.74 ~0.02 2.77 +0.01
2.44 2.39 —0.05 2.39 +0.05
2.27 2.26 ~0.01 2.28 +0.01
2.15 2.14 ~0.01 2.15

1.94 1.94 1.95 +0.01
1.85 1.86 +0.01
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Based on X-ray diffraction analysis of Mn,Si; silicide samples, the size of Mn,Si; crystals was deter-
mined using the Scherrer equation [10] (3).

Kx
~ BcosO

Here K-0.9 is a constant depending on the shape of the crystallites, the angle at the center of the ®-peak,
L — 0.15406 (nm) is the X-ray wavelength. In the p-half, the peak width of the diffraction profile is deter-
mined by calculating the maximum height of the D-size of the crystallites, which is influenced by their small
size. FWHM or By (full width at half maximum) respectively is a mathematical way of defining a peak. This
method is used to generate “peaks” which can be used to calculate the resolution of the mass spectrometer
determining the spectrum being analyzed. B,,, = B: + Ba p: — linewidth obtained from the external dimension

of the crystal (4), B, is the line broadening due to interatomic lattice tension (5) [11].

©)

K
Bt = LCCOS(G) , (4)
B. =4etg(6) . ®)

This line broadening can be used to measure crystal size and lattice voltage. The size (D) of crystals of
high-manganese silicide Mn,Si; obtained by the diffusion method ranges from 6210 m to 9.1:10 % m.
(HIP) The size (D) of Mn,Si; silicide crystals obtained by hot isostatic pressing has been established to be
from 8.8:10°m to 3.6:10°m.

It has been established that the size of Mn,Si; crystals obtained by the (HIP) method is approximately
3 times smaller than that of Mn,Si; silicide crystals obtained by the diffusion method. Lattice deformation or
strain between Mn and Si atoms during crystal formation occurs due to high temperature and agglomera-
tion (6).

— Bhkl
4*tg0

Here () lattice strain [3] between the atoms of Mn,Si; silicide crystals obtained by the diffusion method
varies from 0.31 to 3.71. It was found that the lattice strain (g) between the atoms of Mn,Si; silicide crystals
obtained by hot isostatic pressing (HIP) varies from 0.01 to 0.41 (Fig. 3).
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Figure 3. Dependence of Mn,Si; crystal size on lattice strain obtained by the diffusion (A)
and obtained by hot isostatic pressing method (B)

By comparing the results obtained in cases where high temperature alone was not sufficient to minimize
lattice deformation, it was found that lattice deformation was greatest for silicides prepared by the diffusion
method. It has been established that for silicides produced together with high temperature and high pressure,
lattice deformation is 15-20 times less. Lattice dislocations arise as a result of the formation of crystals of
high-manganese silicide Mn,Si,, which have different sizes during formation and deformation in the crystal
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lattice. Types of dislocations include edge and screw dislocations. The density of dislocations is determined
(7) [4].

1
=2 7)

The dislocation can be moved by the sliding method and the diffusion method; Dislocations perpen-
dicular to the displacement vector move by diffusion, causing growth or compression of the plane as a result
of expulsion by diffusion. The dislocation density (8) on the surface of high-manganese silicide Mn,Si; ob-
tained by the diffusion method ranges from 1-10™ to 3.2:10™. It has been established that the dislocation
density of Mn,Si; silicide (8), obtained by the (HIP) method, ranges from 3.5-10" to 3.2-10" (Fig. 4).

S

3,50E+014 T T T T 5.00E+012
—(5,58523E-10, 3,20566E14)
A) B)

3.00E+014 i 4.00E+012 4 m HIP Mn,Si, i
““E @ —(6:20105E-10. 2.60056E14) E
= 2,50E+014 4 ® Diff Mn,Si; =
‘>:‘ 1 > 3.00E+012 4 |
‘% 2,00E+014 4 ‘@
c =
3 3
S 1.50E+014 ls Z00F¥012 |
= = (8.80952E 9 3
8 S =
5 100E+014 (1.52435E-0, 4 30356E13) % 1.00E+012 (18300628, 9,95505E 1

a 1.83304E-8. 2 07325E1T

o / (2. T7B68E-9. 120 ) 4@ S (2 787E-8 N

5.00E+013 (5.70069E-8, 3.07712E10) m S ~

/(9 78183E-9, 1,0 12) 0,00E+000 4 =
(3.39469E-8. © \
0.00E+000 ; 36353E-8 '» E10
0,00E+000 2,00E-008 4,00E-008 6,00E-008 8,00E-008 1,00E-007 0,00E+000 2,00E-008 4,00E-008
crystall size (m) crystall size (m)

Figure 4. Established that the dislocation density of Mn,Si silicide,
obtained by the diffusion method (A) and obtained by the (HIP) method (B)

The degree of crystallinity of the Mn,Si; was calculated using the program (Match-3!). Calculations
showed that the degree of crystallization of Mn,Si; obtained by the diffusion method is 9.3 %, the degree of
amorphism is 90.7 %, the degree of crystallization of Mn,Si; obtained by the (HIP) method is 7.02 %, degree
of amorphy 92.98 %. Mn,Si; has five positions for Mn atoms and four for Si atoms as indicated by (mp-
680339), which is the reason for its high degree of amorphism. 1) Mn®*" is bonded to ten Si+1.71 atoms. Mn—
Si bond distances range from 2.27-2.71 A.

Mn** is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn-Si bond distances range from
2.27-2.56 A. Mn** is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. Mn-Si bond distances
range from 2.28-2.52 A. Mn*" is bonded to eight Si+1.71- atoms in an 8-coordinate geometry. There are four
shorter (2.36 A) and four longer (2.38 A) Mn-Si bonds. 5) Mn®** is bonded to eight Si+1.71- atoms in an
8-coordinate geometry. There is a spread of Mn—Si bond distances within the range of 2.32-2.44 A. For Si
there are four equivalent states Si+1.71.

In the Si+1.71- state, Si+1.71- is bonded to five Mn** atoms in a 4-coordinate geometry. In the Si+1.71-
state, Si+1.71- is bonded to four Mn** atoms in a 4-coordinate geometry. In the Si+1.71- state, Si+1.71- is
bonded to five Mn3* atoms in a 5-coordinate geometry. In the Si+1.71- state, Si+1.71- is bonded to five Mn?*
atoms in a 5-coordinate geometry. According to the data obtained, Mn,Si; silicides are formed using non-
stoichiometric Mn and Si bonds. Based on this, the Mn,Si;, obtained by the diffusion and (HIP) method, has
a high degree of amorphism and a low degree of crystallization, therefore the Mn,Si; silicide alloy has a gen-
erally polycrystalline structure. Consequently, Mn,Si; polycrystals are isotropic due to the random orienta-
tion of individual crystals and have the characteristics of an amorphous material [8]. This is shown by X-ray
diffraction analysis (XRD-6100) (Fig. 5).
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Figure 5. Degree of crystallization of silicide Mn,Si; obtained by the (HIP) method (A)
and obtained by the diffusion method (B)

Crystallization requires the interaction of Mn and Si particles and the formation of crystalline bridges
between the particles as a result of agglomeration at high temperature. After this process, a stable particle or
agglomerate is formed. Due to the formation of Mn,Si silicides using non-stoichiometric bonds, they exhibit
electrophysical properties characteristic of semiconductors.

Conclusions

A study of Mn,Si5 silicide crystals obtained by (HIP) and diffusion methods showed that there are 11
peaks of Mn,Si; obtained by the (HIP) method and 14 peaks of Mn,Si; obtained by the diffusion method. It
has been established that the size of Mn,Si; silicide crystals (Dyp) is from 8.8:10° m to 3.6:10° m, (Dpir)
from 6.2:10™° m to 9.1-10°° m. It has been determined that lattice tension between the atoms of the Mn,Si-
silicide crystal (eqp) varies from 0.01 to 0.41, (gpir) from 0.31 to 3.71. The dislocation density on the crystal
surface (Syip) turned out to be in the range from 3.5:10" to 3.2:10™, (8pi) from 1-10™ to 3.2:10™. The degree
of crystallization of Mn,Si- silicide obtained by the (HIP) method is 7.02 %, degree of amorphy — 92.98 %.
(COD-1530134) Compared with the interatomic distance (d) in Mn,Si- silicide obtained by diffusion meth-
od, the interatomic distance difference (Ad) is shorter from 0.01 A to 0.14 A. (HIP) Interatomic distance dif-
ference (Ad) of Mn,Si,, obtained by hot isostatic pressing was found to be in the range from 0.01 A to
0.05 A. It has been established that the degree of crystallization of high-manganese silicide Mn,Si; is low,
and the degree of amorphy is high due to the fact that Mn and Si are bound in a non-stoichiometric state.
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Pentrenaik AupakromMerp apKbLIbI TYPJII KarJaijiapaa eHaipijarex
Mn,Si; cHIIMIUATIH KOPBITHAJAPBIH 3€PTTEY

blereik m3ocrarukansik npecrey (BIAIT) xoxe auddy3usiabik omicrepmer anbiaFaH MngSi; crmunug
KpUCTangapsl 3eprrenai. 3eprrey Hotmkecinge bIMII omicimen amsiuraH MnySi; kpucransiaga 11 mibiH,
T Qy3USUIBIK 9fictieH anbiHFad MnySi; kpucranbiga 14 mibiH aHelkTaaasl. Mn,Si; cumanuainin (Dyp)
kpucTanuek ommemi 8,8:10° M-zen 3,6:10° m-re neitin, (Dpiy) 6,2:10° m-nen 9,1-10 mre neitin
Gernrinenai. MnySi; CHIMIN KPUCTAIBIHBIH (€Hp) ATOMAAPHI apachIHAars! TOpbIH KepHeyi 0,01-men 0,41-re
neiiin, (epjfr) 0,31-men 3,71-re nmeiiin o3reperini alkpiHmansl. Kpucramn GeTiHaeri AUCIOKAIUS THIFBI3IBIFBI
(BHip) 3,5:10"%-nan 3,2-10%%-re neiiin, (3pif) 1-10"-nen 3,2:10%-ke peiiin 6ommpL (bIUIT) omiciMeH anmbIHFAH
Mn,Si; cumuimainin kpucrangany aopexeci 7,02 %, amopdus mopexeci 92,98 %. dubdysus onicimen
anbiHFaH Mn,Si; cumMIuAiHiH KpucTangany aopexeci 9,3 % xoHe amopdusm nopexeci 90,7 % GonaThHbI
assikTanasl. (KOJ-1530134) (x.). Mn,Si; skorapsl Mapraser| CHIHIHIIHIH KPUCTAIIaHy JI9peKeci TOMEH
KoHe Mn skoHE Si CTEXHOMETPHSUIBIK eMec Ky#ae OaillaHbICKaHIBIKTaH aMOP(TBUIBIK IOPEKECi JKOFaphI
eKeH1 aKbIHIAJIbI.

Kinm co30ep: nuddysus, KpucTaiaHy, CTeXHOMETPUSIIBIK €MEC, TUCIOKAIHS THIFbI3BIFBI, TOP/BIH Kepinyi,
amop(ThI, arJoMeparys
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b.J1. Uramos, A.W. Kamapaun, /I.X. Ha6bues, I'.T. FimaHoBa,
N.P. beknynatos, U.X. Typamos, H.E. HopGyraes

HccaenoBanue criaBoB cuimnuaa Mn,Si;, oJlydeHHBIX B Pa3jJHYHBIX YCJIOBHSIX,
¢ IOMOIIIbI0 PEHTTeHOBCKOT0 AudpaKkToMeTpa

VcenenoBadbl KPUCTAILTBI CHTMIAAA Mn,Siz, MONyYeHHbIE METOJAMH TOPSYEr0 H30CTATHYECKOTO MPeCccoBa-
Hus (TUIT) u nuddysun. B pesynbrare uccienoBanus B Kpucrawie MnySi;, monyderHom meromom T'UIL,
obHapyxeHo 11 mukoB, a B kpuctaiuie MnySi;, nonydensnoM metonom aubdysuu, — 14 nukos. OnpeneneH
pasmep kpuctaiuioB cunimaa Mn,Si; (Dyp) oT 8,8:10° M 10 3,610 m, (Dpiff) oT 6,210 M 10 9,1-107 m.
VCTaHOBIEHO, YTO PEIICTOYHOE HAIPSDKEHHE MEXKIY aTOMaMH KpHCTaia cinimaa MnySi; (yp) U3MeHsICT-
cst ot 0,01 10 0,41, (epirr) — ot 0,31 1o 3,71. TLIOTHOCTH TUCITOKAIMI HA TIOBEPXHOCTH KpHCTaa (Syp) co-
crasuia ot 3,5-10%° no 3,2:10%, a (8piff) — otT 1-10% mo 3,2-10%. Crenens KPUCTAUIM3AINH CHIHLINAA
Mn,Si;, monyuensoro merogom ([UIT), cocrasiser 7,02 %, a crenens amopdroctH — 92,98 %. Vcranos-
JIEHO, YTO CTEIEHb KPUCTAJUTM3AINH CHIHIIAa MnySi;, monydeHHOro Aud(y3HOHHBIM METOJOM, COCTaBHIIA
9,3 %, a crenenn amopduoctu — 90,7 %. (KO-1530134) (r). YcTaHOBIICHO, YTO CTENCHb KPUCTAILTH3ALUH
BBICOKOMApTaHIIeBOTro cHinimaa Mn,Si; HU3Kas, a cTeleHb aMOP(HOCTH BBICOKasl M3-3a TOro, 4To Mn u Si
CBSI3aHBI B HECTEXHOMETPUIECKOM COOTHOILICHUH.

Kniouesvie cnosa: nuddysus, KpUCTALIA3AINS, HECTEXUOMETPHUYCCKUHN, IIIOTHOCTh TUCIIOKAIH, AehopMma-
IUSI PEHICTKY, aMOP(HEBIHA, arIoMepaIus
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