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MACC-CHEKTPOMETPH‘IECKPIﬁ AHAJIN3
XUMHUYECKOI'O B3AUMOIENCTBUA MOHOOKCHUIA YIJVIEPOJA
C MOHOKPUCTAJUIMYECKOM MOBEPXHOCTHhIO KPEMHUSA

MeTo10M Macc-CHEKTPOMETPUH MPOBEICHO NpsiMoe (in situ) NCCIeJOBaHUE XUMHIECKOTO B3aUMOAEHCTBHUS ra3000-
pasHoro MoHookcua yriaepoaa (CO) ¢ MoBepXHOCTBI0O MOHOKPHCTAJUINYECKONH KPEMHHEBOH MOUIokKKH. Llens nan-
HOH paboThl — ompeneneHne NPUCYTCTBHS B Ta30BOi (pase MajbIX KOJMYECTB MOJIEKYJ MOHOOKCHJA KPEMHUS
(Si0), KoTOpBIC ABJISIOTCS MPOAYKTOM XHMHUYESCKON peakinuu B3aumoeiictus raza CO ¢ MOBEPXHOCTHIO KpeMHUE-
BOi mooKKku. Mosnekyna SiO sIBIsIeTCsl MapKepoM PEeakLUH ITOJIydeHHs! AIIUTAKCUAIIBHOM TNIEHKH KapOuaa Kpem-
HUS Ha KPEMHUU METOJIOM COTJIACOBAHHOTO 3aMEIIeHHsI aTOMOB U HMEET TaKoe ke MaccoBoe yucio, kak CO,. Jus
OJTHO3HAYHOTO OmpenaeneHus Bkiana Monekyn CO, Ha cnekTp ObIJIO MPOBEJECHO HCCIIEAOBAaHUE PA3JIOKEHHS ra3a
CO, B CO npu THIIUYHBIX YCIOBUSIX Npouecca. OnpeneneHo, 4To npyu temnepaTtypax oime 950 °C Hanuuue Mosie-
kyn CO, B peakTope MUHMMAJIBFHO, YTO IOATBEPXKIAET Npeobnananue Monekynsl SiO B Macc-crieKTpax, SKCIepH-
MEHTaJIbHO MOJITBEPIKAAsi TEOPETHUECKHE TTOJIOKEHHUS] METO/a.

Kniouesvie crosa: Macc-CIEKTpOMETpPUsl, MOHOOKCHUJL YTJI€pOa, KapOu KpeMHUs Ha KpeMHUH, razodasHoe

B3aNUMOJICUCTBHE

I"azoo6pazneiii MmoHookcua yriepoga (CO) sBis-
€TC4d KJIIOYCBBIM pEAarcHTOM B MCETOAC IMOJTYYCHUA
SMUTAKCUAJILHOW TUICHKH KapOupa kpemuus (SiC)
Ha KPEMHUH ITyTE€M BBIPAIIMBAHUS STHUTAKCHAIBHBIX
CJIOEB, HAa3BaHHOTO METOZOM COTJIACOBAHHOTO 3ame-
IeHnsT aTOMOB W TIpeio’keHHoro B paboTtax [1, 2].
B ocHOBe MaHHOTO METOAA JIEKUT XMMUYECKasi peak-
s B3ammozeicteuss CO ¢ KpeMHHEBOH TMOJTOXKKOH
CJIeIyIOIIEro BUA!

CO(g) + Si(er) = SiC(cr) + SiO(g)T, (1)
(3mecp g — ra3oBas (asa, cr — TBepnas ¢aza).

OcoOeHHOCTh JaHHOW pEaKUUH 3aKI0YaeTcs
B TOM, 4TO OHA MMPOTEKAeT B HECKOIBKO cTaawii [1, 2].

IMpu atom wyacte Monekyn SiO nuddyHaupyeT
BIUTYOb TTOMJIONKKH, & IPyTas 9YacTh yIAISIeTCS U3 30HBI
peaknuu B TazoByio ¢azy. [laBnenns kak CO, Tak
n SiO BecbMa HE3HAYUTEIBHBI, MMO3TOMY HHTEpPEC
MpeNICTaBIsIeT OOHApY)KEHHE MPHUCYTCTBUS MOJEKYI
SiO B ra30Boil (hase B paiioHEe PEaKIMOHHOW 30HBI,
MTOCKOJIBKY UMEHHO oOpa3zoBaHue Moiekyn SiO Hero-
CPEACTBEHHO CBUAETEIILCTBYET O MPOTEKAHUH XUMH-
yeckoii peakrud (1).

Hccnenopanus cocraBa ra3oBoit (as3sl B mporiecce
cuHTe3a THOpHAHBIX cTpykTyp SiC/Si mpoBoAMIHCH
B KBapLEBOM peaKkTope ¢ TpapuUTOBOI SUEHKOM.
BHyTpp peakTopa momMemanuch o0paslbsl MOHOKpH-
CTAIUTMYECKOTO  KPEMHHUS  KpUCTAIOrpadudecKon
opuenrtanuu (111). HarpeB 00pa3iioB oCymecTBIIsIICs
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WHAYKIMOHHBIM HarpeBaTesIeM IpH MOLIEePKUBaeMOi
momHocti 4 kBt. I'az CO mopaBancss B peaxTop
¢ pacxoaoM Qco = 12 mMi/MHH nipu AaBiIeHun 2 MOap.
Temneparypa momaum raza CO cocramsma 900 °C.
[psamoii oTOop mpoObl ObIT MPOH3BENEH Yepe3 KBap-
[IEByI0 TpyOKy jamameTpoM 1 MM © JIWHOU
100 cm. H3mepeHuss mpoOBOAMINCH MpPHU TOMOIIU
KBaJIPYIIOILHOTO  Macc-criektpomerpa  MC7-200
C MOHU3ALUEN 2IEKTPOHHBIM YIaPOM U IPSIMBIM BBO-
noM TpoOsl, paspaboranHoro B MAIlI PAH [3, 4].
Macc-cnexktpomeTp umeeT auanazoH macc 2—200 Jla
U paspelnaomnyto cnocoonocts 1 Jla.

B momentr moctymmenuss CO Ha MOBEpPXHOCTH
KPEMHHEBOW TUIACTHHBI TpoucxoauT peakmus (1),
B X0Jie KOTOpO#i, cormacHo pabotam [1, 2], BezensieT-
cs rta3z SiO. Jlnsg yCTaHOBJICHHS TPUCYTCTBUS MOJIC-
kyn SiO B razoBoil ¢aze METOJAOM MacC-CIIEKTPO-
METPHUH HCCIEJOBANINCH 3HAUEHUSI MOJIEKYJI C Macco-
BBIMH unciamu m/z = 28 [la u m/z = 44 Jla. Otu nan-
HbIE€ NPHUBEICHBI HA pHUC. 1, HA KOTOPOM MOXXHO BH-
ACTH JIBa XapaKTCPHBIX ITUKA. OZ[I/IH U3 HUX, C rn/z =
=28 [la, o0yciOBJIeH MPUCYTCTBHEM B Ta30BOH ¢aze
mosiekyn CO. Bropoil mMk, cOOTBETCTBYIOIIMN 3HA-
yeHnro m/z = 44 Jla, MoxxeT ObITh CBA3aH KaK C MPH-
cyrctBueM mojiekys SiO, tak u mosiekyn CO,. Tem-
nepaTypHyo 3aBucuMocTh curtaga CO ypamoch yc-
TaHOBUTHh OIHO3HA4YHO, MOCKOIbKy mpu 900 °C Ha-
OJIrOJTaeTCS €r0 PE3KUi pOCT, CBS3aHHBIA C Mojauei
3TOrO rasa.
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Puc. 1. 3aBucuMocTs napuuanbHbIX JaBICHUMA
OT TEMIIEPATYPHI.
1 — CO (ymenbuieH B 5000 pa3), 2 — CO, u SiO

OnHako pa3nenuTh BKJIasl, o0ycioBieHHble CO,
u Si0, B 00muii curHAM MOJIEKYJ C MACCOBBIM YHCIIOM
m/z = 44 u onpeAeIuTh UX NaplUaIbHbIC ABICHHS
UCKIIIOYUTENBHO METOJaMHU  MAacC-CIIEKTPOMETPHUH
TIpeJICTaBIsIeT co0O0M cloXHYyI0 3anmady. Habmromae-
MBI/ HE3HAUUTEIIbHBIA MUK IIPU MaJIbIX TEMIIEpaTypax
CHHTE3a OJHO3HAYHO MOXKHO OIPEIENUTh KaK BBIXOA
raza CO, u3 creHok rpadura. OgHAKO yXKe MPH JI0C-
txernn Temmepatypsl 900 °C curHan yMmMeHbIIaeTcs
JI0 HyJEBBIX 3HaueHul. Jlanee ciieyeTr pe3Koe MOBbI-
IIIeHNe CUTHaJIa HerocpencTBeHHo ¢ mogadeit CO.

B nameMm aHanu3ze Mbl IpeArogaraeM, 4Yro Ipu mo-
naue CO oOpa3zyercsi mpeHeOPEKUMO MaJioe KOJIHYe-
ctBo CO,, TOSTOMY OCHOBHOW BKJIaJ B CHUTHAJ TpH
m/z = 44 BHocuT uMeHHO Mojekyna SiO. C nenbio
NPOBEPKU JAHHOTO YTBEPKICHHS OBIJIO NPOBEAEHO
UCCIIeIOBaHNE, B KOTOPOM M3HAYaIBLHO B Kamepy ObLI
nonad ra3 CO, npu ganeHnn 2 MOap M peakTop pas-
HOMEPHO HarpeBalicsi P MOCTOSHHON MOIIHOCTH 0e3
KPEMHUCBBIX IIJIACTHH. 3aBHCHUMOCTH napuuaibHBbIX
nmasiennit raza CO, u CO oT TemrepaTypsl IpeacTaB-
neHa Ha puc. 2. CorjacHO JaHHBIM, IOJYYEHHBIM
3 okcnepumenta, HaumHas c¢ 800 °C HaumHaercs
npespatienre CO, B CO, KoTopoe MOTHOCTBIO 3aKaH-
yuBaeTcs mpu goctmwxernn 1050 °C.

JaHHO€ mpeBpallleHHne, ONMCHIBAEMOE peaKUuen

C+CO, =2CO0, @)

W3BECTHOU Kak peakuust bynyapa, sBisercs Tepmo-
KaTaJIUTHYeCKUM MpeBpaienueM [5, 6]. Tepmokara-
JUTHYECKass TPUPOJNA O3TOW pEaKIUu 3aKITI0YaeTcs
B TOM, YTO PaBHOBECHBIH BBIXOJ MOHOOKCHIA YIJIEPO-
na (CO) cuibHO 3aBUCHT OT TeMIepaTypbl, a CKO-
POCTb AOCTHKEHHUSI 3TOT0 PABHOBECUS 3HAYUTEIILHO
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Puc. 2. INapruansHoe pasienue razoB CO u CO,
IIPY PaBHOMEPHOM Harpese.

1 — mapuuansHoe nasiaeHue CO,,

2 — napruansHoe nasienue CO

MOBBIIACTCA B IMPUCYTCTBUH KaTaJINM3aTOPOB, TaKUX
KaK MeTaJUTbI TPYIIITBI JKeJie3a WM OKCH/IBI HEKOTOPBIX
MeTtayioB |7, 8]. PaBHOBecHBIN cocTaB ra30Boi (a3bl
M0 3TOM pEeaKknuH 3aBHCUT OT TEMIIEPATyphl U JaB-
nenus [9]. Ipu temnepatypax g0 700 °C ra3osas ¢a-
3a mpencTtaBieHa B ocHOBHOM (CO,, Torma Kak mpu
temneparypax cBbime 1000 °C — B ocHoBHOM CO.
B CjIydyac€ U3MCHCHHA HaBJICHUA CUTyalllusd MCHACTCA.
[lpn yBenW4YeHWUHW MABICHUS pPEAKIHS CMeIIaeTcs
BrpaBo (B cropoHy obOpasoBanus CO,), mnpuBojs
K yBenmueHHOW Temmeparype mpeBpamierans CO,
B CO. Ilpu naBnenusx CO, TUNUYHBIX N7 CUHTE3a
KapOHJa KpeMHUS Ha KPEMHUH METOJOM COTJIaCOBaH-
HOTO 3aMeIleHHsI aTOMOB, T.€. OKOJO 2 M0Oap, paBHO-
Becue peakiuu (1) cMemeHo B CTOPOHY HCXOIHOTO
Bemectna, T.€. CO.

JaHHbIE, MOJTyYEeHHBIE U3 3KCIIEPUMEHTa IO IIpe-
Bpamenuto CO, B CO (2), moarBepkaaer ¢axT, 4To
oOmwmii Bkiag Mosekyn raza CO,, 00pa3yronmxcs npu
nmonade CO, B UK, IPUBEIEHHBIA HAa puc. 1 M COOT-
BETCTBYIOIIMI MaccoBOMYy 4yHcly m/z = 44, MUHUMA-
nmeH. Kak BumHO Ha puc. 1, MHTEHCHMBHOCTH IHKa
m/z = 44 HE3HAUYNTEIIbHO YMEHBIIIAETCS C TTOBBIIICHH-
eM TeMmIepaTypsl, Torna kak curHan CO, u3 puc. 2
umeeT Oojee pe3Koe MajieHue M 3TOT CHTHAJI COOTBET-
CTBYET MaplUabHOMY JAaBJICHUIO ra3000pa3Hoil Mo-
nekynbel SiO (1). C yBennyeHneM TeMIiepaTypsl map-
nuanbHoe nasienue SiO ymeHbIaeTcs 3a cyetr oOpa-
30BaHUS TUIOTHOTO ciosi  SiC, TepeKphIBArOIIero
noctyn raza CO k momioxke Si. OgHAKO peakmus
MOJTHOCTBIO HE MpeKpamiaeTcs 3a cH4eT B3auMOoJIeicT-
Busa CO B riybmne mommoxkku Si. Momekynbsr SiO,
oOpasyrouecst B 00beMe MOATI0KKH, AMQOYHIUPYIOT
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BIIIyOb Si, 00pasyst HanonHeHHbIe SiO Mophl B KpeM-
Huu [1, 2].

Takum oOpa3zoMm, B JaHHOH paboTe OBLIO HCCIIeno-
BaHO B3ammojeiicteue raza CO ¢ KpeMHHEBOW MOJ-
JOXXKKOM B YCIOBHSX CHHTe3a KapOWma KpeMHHS
Ha KPEMHHH METOJIOM COTJIACOBAHHOTO 3aMeIICHUs
aToMOB. BmepBble SKCIepUMEHTaIbHO OOHAPYKEHO
nosiBJieHHe ra3000pa3Hoii monekynbl SiO, sBmsIO-
mIeicss MapKepoM IPOTEKAHHMsSI OCHOBHOM peakluu
METO/a COTJIACOBAHHOTO 3aMEIICHUs aTOMOB.
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MASS SPECTROMETRIC STUDY OF THE CHEMICAL INTERACTION
OF CARBON MONOXIDE WITH A MONOCRYSTALLINE
SILICON SURFACE

M. G. Vorobevl, O. L Konkovz, A. G. Kuzmin3, S. A. Kukushkinl, Yu. A. Tit0v3, S. V. Razumov'

'Institute for Problems in Mechanical Engineering of the RAS, Saint-Petersburg, Russia
2Joffe Physical-Technical Institute of the RAS, Saint-Petersburg, Russia
3Institute for Analytical Instrumentation of the RAS, Saint-Petersburg, Russia

A direct in-situ mass spectrometric study of the chemical interaction of gaseous carbon monoxide (CO) with
the surface of a monocrystalline silicon substrate was carried out. The aim of this work was to detect the pres-
ence of small amounts of silicon monoxide (SiO) molecules in the gas phase, which are the product of the chem-
ical reaction between CO gas and the silicon substrate surface. The SiO molecule is a marker for the reaction of
epitaxial silicon carbide film growth on silicon by the method of coordinated substitution of atoms and has the
same mass number as CO,. To unambiguously determine the contribution of CO, molecules to the mass spec-
trum, a study of the decomposition of CO, gas into CO under typical process conditions was conducted. It was
determined that at temperatures above 950 °C, the presence of CO, molecules in the reactor is minimal, which
confirms the predominance of SiO molecules in the mass spectra, thus experimentally confirming the theoretical
foundations of the method.

Keywords: mass spectrometry, carbon monoxide, silicon carbide on silicon, gas-phase
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Gaseous carbon monoxide (CO) is a key reagent in
a method for producing epitaxial silicon carbide (SiC)
films on silicon by growing epitaxial layers, a tech-
nique called coordinated atomic substitution and pro-
posed in [1, 2]. This method is based on a chemical
reaction between CO and a silicon substrate of the
following type:

CO(g) + Si(er) = SiC(er) + SiO(g)T, (1)

(here g is the gas phase, cr is the solid phase).

A distinctive feature of this reaction is that it oc-
curs in several stages [1, 2].

In this process, some SiO molecules diffuse deep
into the substrate, while others are removed from the
reaction zone into the gas phase. The pressures of both
CO and SiO are very low, so detecting the presence of
SiO molecules in the gas phase near the reaction zone
is of considerable interest, since the formation of SiO
molecules directly indicates the occurrence of chemi-
cal reaction (1).

Studies of the gas phase composition during the
synthesis of SiC/Si hybrid structures were conducted
in a quartz reactor with a graphite cell. Samples of
single-crystal silicon with a crystallographic orienta-
tion of (111) were placed inside the reactor. The sam-
ples were heated with an induction heater at a main-
tained power of 4 kW. CO gas was supplied to the
reactor at a flow rate of Oco = 12 ml/min under
a pressure of 2 mbar. The temperature at the begin-
ning of the CO gas supply was 900 °C. Direct sam-
pling was performed through a quartz tube with a di-
ameter of 1 mm and a length of 100 cm. Measure-
ments were performed using an MS7-200 quadrupole
mass spectrometer with electron impact ionization and
direct sample injection, developed at the Institute for
Analytical Instrumentation of the Russian Academy of
Sciences [3, 4]. The mass spectrometer has a mass
range of 2-200 Da and a resolving power of 1 Da.

When CO enters the silicon wafer surface, reaction
(1) occurs, which, according to [1, 2], releases SiO
gas. To determine the presence of SiO molecules in
the gas phase, mass spectrometry was used to study
molecules with the molecular masses m/z = 28 Da and
m/z = 44 Da. These data are shown in Fig. 1, which
shows two characteristic peaks. One of these, with
m/z = 28 Da, is due to the presence of CO molecules
in the gas phase. The second peak, corresponding to
m/z = 44 Da, may be associated with the presence of
both SiO molecules and CO, molecules. The tempera-
ture dependence of the CO signal was clearly estab-
lished, as a sharp increase associated with the addition
of this gas was observed at 900 °C. However, separat-
ing the contributions of CO, and SiO to the overall
signal of molecules with m/z = 44 and determining
their partial pressures solely by mass spectrometry is
a complex task. The observed insignificant peak at
low synthesis temperatures can be clearly identified as

the release of CO, gas from the graphite walls. How-
ever, upon reaching 900 °C, the signal decreases to
zero. This is followed by a sharp increase in the signal
directly with the addition of CO.

Fig. 1. Partial pressures versus temperature.
1 — CO (reduced by a factor of 5000),
2 — CO,and SiO

In our analysis, we assume that the addition of CO
produces a negligible amount of CO,, so the SiO mo-
lecule is the main contributor to the signal at m/z = 44.
To test this assumption, we conducted a study in
which CO, was initially introduced into the chamber
at a pressure of 2 mbar and the reactor was uniformly
heated at a constant power without silicon wafers. The
temperature dependence of the partial pressures of
CO; and CO is shown in Fig. 2. According to the ex-
perimental data, the conversion of CO, to CO begins
at 800 °C and is complete by 1050 °C.

This transformation, described by reaction

C+CO, =2CO )

known as the Boudoir reaction, is a thermocatalytic
conversion [5, 6]. The thermocatalytic nature of this
reaction lies in the fact that the equilibrium yield of
carbon monoxide (CO) is strongly dependent on tem-
perature, and the rate of reaching this equilibrium in-
creases significantly in the presence of catalysts, such
as iron group metals or oxides of certain metals [7, 8].
The equilibrium composition of the gas phase in this
reaction depends on temperature and pressure [9]. At
temperatures up to 700 °C, the gas phase is
represented mainly by CO,, while at temperatures
above 1000 °C it is mainly CO. The situation changes
with changes in pressure. With increasing pressure,
the reaction shifts to the right (towards the formation
of CO,), leading to an increased temperature of CO,
conversion to CO. At CO pressures typical for the
synthesis of silicon carbide on silicon by the method
of concerted substitution of atoms, i.e., at approx-
imately 2 mbar, the equilibrium of reaction (1) is
shifted toward the starting material, i.e., CO.

Fig. 2. Partial pressure of CO and CO, gases under
uniform heating.

1 — partial pressure of CO,,

2 — partial pressure of CO

The data obtained from the experiment on the con-
version of CO, to CO (2) confirm the fact that the to-
tal contribution of CO, gas molecules formed upon
the introduction of CO to the peak shown in Fig. 1 and



corresponding to the mass number m/z = 44 is minim-
al. As can be seen in Fig. 1, the intensity of the peak
m/z = 44 decreases slightly with increasing tempera-
ture, while the CO, signal from Fig. 2 has a sharper
drop and corresponds to the partial pressure of the
gaseous SiO molecule (1). With increasing tempera-
ture, the partial pressure of SiO decreases due to the
formation of a dense SiC layer, blocking the access of
CO gas to the Si substrate. However, the reaction does
not completely cease due to the interaction of CO
deep within the Si substrate. SiO molecules formed

within the substrate diffuse deep into the silicon,
creating SiO-filled pores in the silicon [1, 2].

Thus, in this study, the interaction of CO gas with
a silicon substrate under conditions of silicon carbide
synthesis on silicon using the coordinated atomic
substitution method was investigated. For the first
time, the appearance of a gaseous SiO molecule,
which serves as a marker for the main reaction of the
coordinated atomic substitution method, was experi-
mentally detected.



