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FORMATION OF CRYSTALLINE SiC IN NEAR-SURFACE SILICON LAYERS
BY METHOD OF COORDINATED SUBSTITUTION OF ATOMS

Abstract. In this work, monocrystalline films of silicon carbide were synthesized on the surface of a Si(100) silicon wafer
using the method of coordinated substitution of atoms. The films were synthesized at temperatures of 1200 °C and 1300 °C
for 20 minutes in a CO gas flow at a pressure of 0.8 Pa. The effect of 1200-1300 °C temperatures on the formation of
single- and polycrystalline layers, as well as nanostructured SiC phases in the near-surface region of silicon by the method
of atom substitution, is analyzed. The formation of a high-quality crystalline silicon carbide film and the influence of
synthesis conditions on the total volume of SiC structural phases, microstructure and nanostructure of the surface are
shown. It was found that an increase in temperature from 1200 °C to 1300 °C led to a more intensive formation of silicon
carbide and an increase in the number of Si—C bonds by 1.9 times due to an increase in the thickness of the synthesized
silicon carbide layer. There is an increase in the proportion of the crystalline phase due to a more intense transformation
of the nuclei of nanocrystals into micro- and nanocrystals. Intense processes of penetration of carbon atoms deep into
silicon at a temperature of 1300 °C with amorphization of its structure and the formation of Si-C, which can transform
into crystalline phases at temperatures above 1300 °C, are assumed. The proportion of the SiC crystalline phase increases
to 50.2% of the film volume due to the intensive transformation of nanocrystal nuclei into micro- and nanocrystals. It has
been experimentally shown that the formation of various SiC structures on Si (100) occurs in full accordance with the
main principles of the method of coordinated substitution of atoms.
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ATOMIAPIBI COMKEC AJIMACTBIPY 91ICI APKbIJIBI KPEMHUI KABATTAPBIHBIH,
BETYCTIHE KPUCTAJIABIK SiC TY3LJIVYI

Angarna: byn xymeicta Si(100) xpemHmii TimiriHiH OeTiHIE aroMIapAbl COWKEC alIMAacTBIPy OMICIMEH KpEeMHHMA
KapOMIiHIH MOHOKPHCTANABl KaOBIKmamapsl cuHTe3nenni. Kaosikmiamap 0,8 Ila kpiceimmarsr CO Ta3 arbIHBIHIA
20 munayT imiame 1200 °C xome 1300 °C temmeparypamapaa cuaTtesfenmi. 1200-1300 °C temmneparyparapbIHBIH
aToMIapIbl aJIMaCTHIPY SIICIMEH KPEMHHUHUIIH OeTKe yKaKbIH aiiMaFbIHIAFbl MOHO JKOHE TTOMUKPHUCTANIB KabaTTapIbH,
coHpaif-ak HaHOKYpeUIBIMABI SiC (a3amapbIHBIH Ty3iTyiHe ocepi TammanraH. JKOFaphl camaiibl KPHCTANIBl KPEeMHUH
KapOMATI KaOBIPIIAKTHIH TY31Tyl JKOHE CHHTE3 KargaimapblHbH SiC KYpBUIBIMIBIK (ha3amapbIHBIH KBl KeJeMiHe,
0eTiHIH MUKPOKYPBUIBIMBI MEH HAHOKYPBUTBIMBIHA dcepi kopceTinreH. TemmeparypansiH 1200 °C-tan 1300 °C-ka geiiin
YKOFapbLUIayhl KpeMHH KapOnIiHIH KapKBIHBI TY31TyiHE )KoOHE CHHTE3IeNTeH KpeMHIH KapOuIi KaOaThIHBIH KaIbIH/IbIFbI-
HBIH YIFarobiHa 0aimanbeIc Tl Si—C OafimaHbICTapbIHBIH CAaHBIHBIH 1,9 ece apTybIHa OKeJIeTiHi aHbIKTaabl. HanokpucTangap
SAPOJIAPBIHBIH, MUKPO XKOHE HAaHOKPHCTAJapFa HEFYPIIBIM KapKbIHIbI TYPJICHYiHe OaillIaHBICTBl KPHCTAIIBIK (ha3aHbIH
yllec calMaFrbIHBIH apTyhl Oaiikanmanbl. Kemiprek arommapeiHbH KpemHuiire 1300 °C Temmeparypama TepeH €HYiHiH
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KapKBIHJIBI TIPOIIECTEPi OHBIH KYPBUTBIMBIHBIH amopu3anusuianybl xaHe 1300 °C sxorapbl TeMIeparypajia KpUCTaIIbIK
(hazamapra aitHamysl MyMKiH Si-C OaiimaHpIcTapbIHBIH TY311yi Oombin Tabbumaabl. SiC KpuUCTANIBIK (pa3achIHBIH yIeci
HAaHOKPHUCTAIIBIK SAPOJIAPIbIH MUKPO KOHE HAHOKPHCTAJIapFa KapKbIHIBI TpaHCc(HOpMaLUsIChl eceOiHeH KaObIPIIaKThIH
keneminig 50,2% neitin aprazapl. Si (100) 6erinae aprypii SiC KypbUIBIMAAPBIHBIH TY31Tyl aTOMIapAbI COHKeC aIMacThIpy
OMiCiHIH HETI3T1 MPUHIMITEPIHE TONBIK COUKEC KeNeTiHI TOKIpHOe KY3iHIe KOPCETIITEeH.

Tipek ce31ep: kpeMHMIt KapOu/i, KYPBUIBIM, KPUCTAJIAHY, CHHTE3/IEY, aTOMAAP/BI CIlKec alIMacThIpy SJicCi.
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OOPMUPOBAHUE KPUCTAJJIMYECKOI'O SiC B ITPUITIOBEPXHOCTHBIX CJI0AX
KPEMHUA METOA0OM COINTACOBAHHOI'O 3BAMEIIEHUS ATOMOB

AnHoTanusi. B pabore Ha moBepxHOCTH KpeMHHEBOHW muracTuHBI Si(100) METOmOM COTTACOBAaHHOTO 3aMEIICHHS
aTOMOB CHHTE3MPOBAaHBl MOHOKPHCTAJUIMYECKHE IUICHKNH KapOuma kpemuus. CHHTE3 IJICHOK OCYIIECTBICH IIpH
temreparypax 1200 °C u 1300 °C B teuenue 20 munyt B noroke raza CO npu naBinenuu 0.8 Ila. AHanmuzupyercs
BiusgHAe Temrepatyp 1200—1300 °C ra ¢popMupoBaHHEe METOIOM 3aMEIICHUS aTOMOB MOHO- H TTIOJIMKPHCTALTHIESCKOTO
CJIOEB, A TaK)Ke HAHOCTPYKTYpHpOBaHHBIX (a3 SiC B mpHrIoBepXHOCTHON obOnactn kpemHuwus. [lokazano ¢opmupoBanme
BBICOKOKAQUECTBEHHOM KPHCTAJUINYECKON IIJICHKM KapOWaa KpPEeMHHS M BIMSHHE YCIOBMH CHHTE3a Ha oOmuil o0beM
cTpyKTypHBIX (ha3 SiC, MUKPOCTPYKTYpY ¥ HAHOCTPYKTYpy MoBepXHOCTH. OOHApYKEHO, YTO YBEIHMUCHNE TEMITEPATyphl
¢ 1200 °C go 1300 °C mpuBeno k Oojee WHTCHCHBHOMY (OpMUpPOBaHUIO KapOWma KPEMHHS U POCTY KOIHYeCTBa Si-
C-cBsizeit B 1,9 pasza BeieacTBHE yBETMUYCHUS TOJIIMHBI CHHTE3MPOBAHHOTO CiI0si KapOmma kpemuus. [Ipomcxoant
YBEIMUYCHUE JI0THM KPUCTAIIIMYECKON (Da3bl 3a cueT Oosiee MHTEHCHUBHOW TpaHC(OpManuy 3apoAblliel HAHOKPUCTAIIIOB
B MHKPO- M HAHOKpUCTAIBl. [IpearnonoskeHbl MHTEHCHUBHBIE MPOIECCH MPOHUKHOBEHMS aTOMOB YIIEposia BIIyOb
kpemuns nipu temmeparype 1300 °C ¢ amopduzanueii ero cTpyKTyphl u oOpa3oBanueM Si-C-cBsi3elf, KOTOpBIE MOTYT
TparchopMupoBaTscs B KpucTaummdeckue (aspl mpu temmeparypax Beime 1300 °C. Jloms kpucTammndeckon ¢a3sl
SiC yBemmumBaercst 10 50,2% oObeMa IUIEHKH 32 CYET MHTCHCHBHOW TpaHC(HOPMAIWHU 3apOJbIICH HaHOKPHCTAIIOB
B MHKPO- W HAaHOKPHUCTAIUIBI. DKCIEPUMEHTAIBHO MOKA3aHo, 4T0 (JOPMUpPOBaHHE pazHooOpa3HbIX cTpykTyp SiC Ha Si
(100) mpomcxXoauT B MOTHOM COOTBETCTBHU C OCHOBHBIMH MOJIOKEHUSIMH METO/Ia COTTIACOBAHHOTO 3aMEIICHHSI aTOMOB.

KaroueBble cjioBa: Kap61/m KpEMHHs, CTPYKTYpPA, KpUCTAJUIN3alUA, CHHTE3, MCTO/] COITIACOBAHHOIO 3aMCIIICHU aTOMOB

Introduction

In 2008, a method was discovered for synthesizing thin SiC epitaxial films on Si based on the coordinated
substitution of a part of silicon atoms for carbon atoms inside the near-surface Si layer [1]. The term "the
coordinated substitution" means that new chemical bonds between Si and C atoms are formed simultaneously
and in coordination with the destruction of old Si-Si bonds in silicon, which leads to the preservation of the
overall structure of chemical bonds. The Method of Coordinated Substitution of Atoms (MCSA) is based on
the use of the chemical reaction 2Si_ . + CO,,= SiC_ .+ SiOgaS, proposed in [1], which proceeds in two stages.

At the first stage of the reaction, the CO molecule interacts with the surface of the silicon substrate and
decomposes into a carbon atom and an oxygen atom. The oxygen atom enters a chemical reaction with the
Si atom, which results in the formation of SiO gas. The SiO gas is removed from the system, and a vacancy
is formed in place of the silicon atom of the substrate, which was included in the composition of the SiO gas.
The active carbon atom released because of a chemical reaction from a CO molecule is shifted to an interstitial
position in the silicon lattice. As a result of the shift of carbon to the interstitial position, an intermediate phase
of the so-called “pre-carbide” silicon is formed. This phase is silicon saturated with defect pairs C + V, [2,3],
where C is a carbon atom in the interstitial position in silicon, V; is a silicon vacancy formed because of the
removal of a silicon atom in the composition of the SiOgas gas. One Si cell contains 4 pairs of C + V. dilatation
defects, i.e. in "pre-carbide" silicon, everything is ready for the transformation of silicon into silicon carbide.
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At this stage, the carbon atoms move in a coordinated manner towards the silicon vacancies, forming silicon
carbide [1]. A detailed analysis of these processes is described in a series of works summarized in reviews
[1,2,4].

The method of coordinated substitution of atoms in the synthesis of epitaxial SiC films has such advantages
as the possibility of obtaining high-quality crystalline films on the surface of single-crystal silicon.

Main provisions

In this experiment, silicon carbide SiC is synthesized on the (100) Si face at low CO pressure by the
method of coordinated substitution of atoms.

As is known [5,6], the slip planes in crystals with a diamond lattice at temperatures exceeding 0.5 of
the melting point of the crystal are the family of (111) planes, and the sliding occurs along [110] directions.
Therefore, on a smooth (100) silicon surface, SiC of the (100) orientation cannot be nucleated during growth
by the MCSA method. The (100) Si face upon conversion transforms into a SiC face consisting of many facets
resembling sawtooth structures, the side faces of which are covered with the (111), (110), and (210) planes.

The theory of growth of SiC on Si (100) by the MCSA method was constructed in [7]. In this paper, a
formula was derived that relates the pressure of the CO gas to the synthesis temperature of the SiC layer.
According to this formula, only at a high CO pressure, about 3-10° Pa and, for example, at a temperature of
1250°C, is it possible to form a SiC film of orientation (100), i.e. at this CO gas pressure, only the SiC(100)
face on Si(100) will form. However, at such a high pressure, according to [8], the thickness of the SiC layer
cannot grow more than a few nanometers. At lower pressures, (111), (110), (210) and other faces will form.
Various nanostructures and SiC polytypes will form on the Si(100) surface. In this case, the film structure will
be mainly polycrystalline, although there will also be epitaxial facets of SiC orientations (111) of the cubic SiC
modification or hexagonal SiC polytypes, but having a nonpolar orientation (not the 0001 orientation). The
formation of this kind of nanocrystals is of interest for various applications. That is why the purpose of this
work was to study the processes of formation of various SiC structures on the (100) Si face at low CO pressure,
at which CO intensively penetrates deep into Si and is intensively converted into Si.

Materials and Methods

The structure of SiC nanolayers synthesized by the atom substitution method on the surface of c-Si (100)
wafers 7 x 7 x 0.3 mm in size and with a resistivity of 4-5 Q cm was studied using IR spectroscopy and
scanning electron microscopy. The SiC films were synthesized in a special electric furnace at a temperature of
1200 and 1300°C for 20 minutes in a CO gas flow at a pressure of 0.8 Pa [9].

To analyze the composition and structure of silicon carbide films, IR absorption spectra were obtained
using a Nicolet iS-50 IR spectrometer (ThermoScientific, USA). The software for the spectrometer makes it
possible to decompose infrared spectra into components and determine the position, amplitude, and area of the
maxima. Main technical characteristics of Nicolet iS50: signal-to-noise ratio - 55000, wavenumber scale error
limits - £ 0.01 cm™'; resolution - 0.09 cm'; beam splitter: XT-KBr (11000-375 cm™) [10-12].

The surface of the samples was studied using a Quanta 200i 3D scanning electron microscope (FEI
Company) with a directly heated tungsten cathode designed for qualitative and quantitative analysis of
nanosized objects. The microscope is equipped with a thermionic gun and a station with a focused ion beam
with a built-in system for energy dispersive microanalysis and analysis of the structure and texture of materials.
Electronic optics: accelerating voltage from 200 V to 30 kV and high vacuum resolution of 3 nm. lon optics:
accelerating voltage from 2 to 30 kV and resolution at 30 kV - 9 nm.

Results and discussion

To analyze the structural quality of the films, the IR absorption spectra of the films were decomposed
into components. The position of the component maxima in the spectrum was determined and their area was
calculated. These data can be used to estimate the degree of crystallinity and phase composition of the films.
The data obtained for a film synthesized at a temperature of 1200°C, a pressure of 0.8 Pa for 20 min are shown
in Figure 1.
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Figure 1 — Mathematical decomposition of the IR spectrum of the SiC film synthesized in an atmosphere of CO gas
(1200 °C, 0.8 Pa, 20 min)
by the method of atom substitution

As indicated in [13], the theoretical values of the infrared absorption peaks for cubic, hexagonal and
rhombic modifications are 795.9 cm™! for B-SiC (3C-SiC), 799.5 cm™ for 2H-SiC, 797.6 cm™ for 4H-SiC,
797.0 cm™ for 6H-SiC, 797.5 ecm for 15R-SiC. Since the values obtained in the experiment may have
insignificant differences, it can be assumed that the sample contains a monocrystalline phase of SiC (maximum
at 796.64cm™).

The total area of the SiC peak of the IR spectrum was 266 a.u. (Figure 1). If intense IR maxima, namely,
intense peaks at 792.12-807.64 cm™!, are identified with the crystalline, micro- and nanocrystalline phases, then
their total area is ~81 a.u., or 30.4% of the IR- spectrum and volume of the SiC phase. The amorphous phase,
close to the defective crystalline phase (peak 786.85 cm™) [10,11,14], is 8.48 a.u., or 3.2% of the volume of
the SiC phase. There are also nanocrystal nuclei and carbon-vacancy structures (spectrum components in the
range 814.90-949.94 cm'), which total 176 a.u., or 66.4% of the SiC phase [11].

It was found that an increase in temperature to 1300 °C led to a more intense formation of silicon carbide and
an increase in the number of Si—C bonds by a factor of 1.9 (from 266 to 499 a.u.). These data do not contradict
the provisions of review [4] on an increase in the thickness of silicon carbide layers with an increase in the
synthesis temperature. All components grew (Figure 2). As is known [14], even in the case of crystallization
of amorphous silicon carbide layers obtained by ion implantation, an increase in the fraction of the crystalline
phase is observed from 40-50% at 900°C to 70—80% at 1200°C.

An increase in the volume and proportion of the amorphous component of SiC from ~8.5 a.u. (3.2%) to ~93
a.u. (18.7%) indicates a more intense absorption of carbon atoms and the formation of amorphous structures in
the "film-substrate" transition layer. This temperature turned out to be insufficient for the crystallization of these
structures. The presence of an intense sharp peak at 785 cm™ (Figure 2) indicates the absorption of radiation
by elongated Si—C bonds corresponding to the defective SiC phase, which is transitional between amorphous
and crystalline in terms of its structural quality. The presence of a broad component with a maximum at 748.77
cm’ may indicate intense processes of penetration of carbon atoms deep into silicon with amorphization of
its structure and the formation of Si-C bonds in addition to dilatation dipoles. However, it should be taken
into account that the results of studies of silicon carbide films synthesized by ion implantation indicate the
impossibility of obtaining single-crystal layers at temperatures up to 1400 °C. This is due to the formation of
superstrong carbon clusters during energetic ion implantation.

These results well confirm the conclusions of [7] about the features of the formation of SiC on the Si (100)
surface and about the decisive role of the orientation of dilatation dipoles in the process of formation of the
symmetry of the SiC film.

At the same time, the number of sharp maxima in the spectrum increased significantly up to 864.95 cm™.
This may indicate the intense formation of nano- and microcrystals of various sizes [13,15].

If in Figure 2 we identify intense IR maxima from 794.74 to 864.95 cm™ with the crystalline phase,
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then their integrated intensity is 251 a.u., or 50.2% of the volume of the SiC phase, i.e. share is increasing
significantly. Thus, an intensive transformation of the nuclei of nanocrystals into micro- and nanocrystals is
observed. The total number of nanocrystal nuclei and carbon-vacancy structures (spectrum components in the
range 874.48-958.92 cm™) add up to 155 a.u., and the fraction is halved to 31.1% of the film volume. However,
the high amplitude of the peaks of crystalline SiC suggests a possibility of higher content of the single-crystal
component of silicon carbide.
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Figure 2 — Mathematical decomposition of the IR spectrum of the SiC film synthesized in an atmosphere of CO gas
(1300 °C, 0.8 Pa, 20 min)
by the method of atom substitution

Studies on a Quanta 200i 3D scanning electron microscope showed that with a synthesis duration of 20
minutes, a temperature of 1300°C and a pressure of 0.8 Pa, a microcrystalline surface structure is formed
(Figure 3) with grain sizes of 3-20 um.

Figure 3 — Scanning electron microscopy (1300 °C, 0.8 Pa, 20 min) of the surface of the SiC film synthesized in a CO
gas atmosphere by atom substitution method

Conclusions

The crystalline silicon carbide films containing mono- and microcrystalline phases of SiC were synthesized
by the method of coordinated substitution of atoms in a special electric furnace at temperatures of 1200 °C and
1300 °C for 20 minutes in a CO gas flow at a pressure of 0.8 Pa in the near-surface region of a Si(100) wafer.

It was found that an increase in temperature from 1200 °C to 1300 °C led to a more intensive formation
of silicon carbide and an increase in the number of Si—C bonds by 1.9 times due to an increase in the thickness

31



o BECTHUK KA3AXCTAHCKO-BPUTAHCKOIO TEXHNYECKOIO YHUBEPCUTETA, N92 (65), 2023 o

of the synthesized silicon carbide layer. The proportion of the SiC crystalline phase increases to 50.2% of the
film volume due to the intensive transformation of nanocrystal nuclei into micro- and nanocrystals. However,
the high amplitude of the peaks of crystalline SiC suggests a possibility of higher content of the single-crystal
component of silicon carbide.
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