NIR investigation of the rarefied flame of dichlorosilane oxidation at low pressures
and 293 K
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Electronically excited radicals HO, (AZA' — X2A""), vibrationally excited OH (v = 2-0 ), HCI (v = 3-0), combined vibrational bands
of H,O (0.823 pm) and H,0, (0.854 pm) have been detected in the emission spectra of rarefied flame of dichlorosilane oxidation
at 293 K and low pressures over the range 0.8—1.6 pum.

The application of thin Sigfilms in integrated circuit processihg . HE XS (00
has evoked an increasing interest to the oxidation of silanes.  H¢XZ (0 @0 /\ (o) HO,(AZA'-X2A") (0-0)
Reacting with Fand Cl, silanes form vibrationally excited HF

and HCI, which are of interest to infrared chemical lasérhe ORXLE0)
synthesis of nanosized particles based on the branching chain

processes involving inorganic hydrides is also of considerable .

interest* The branching chain nature of dichlorosilane (DCS) ’71
oxidation has been establisHel,t the kinetic mechanisms have _

not been yet assigned. Radicals OHXA,6 SiO (AN — X1%),
SiCl, (A1B,, &B, — X1A,),” and Cl atoms have been detected in
DCS oxidatiorp the overall reaction for a stoichiometric mixture
obeys the equatiérsiH,Cl, + O, - SiO, + 2HCI. The additives -
of SK; were found to act as an inhibitor on self-ignition and
flame propagation in DCS +Onixtures? PRIV S D SRR VY L. SRV | WHI I AP R S VPR
The aim of this work was tzc?getect vibrationally excited species 1112 13 ) 1.4 15080 9'?5 (_)'90
in a rarefied flame of DCS oxidation and to elucidate the mech- NIRregion  A/um Far-visible region
anism of action of SFadditives on this reaction by NIR emis- Figure 1 NIR emission spectra of rarified flames of DCS oxide
sion spectroscopy. (intensities are given in arbitrary unitsg) (thin solid line, a mixture

f - : P 5% DCS + @ in the NIR region; thick solid line, a mixture of 2
The experiments were carried out under static conditions %@CZ 6 18C°/§ SEQ'* Oztirfthe Nlagrc(’ag*ign;‘i@ ;ﬁndsolid e e
293 K and total pressures in the range of 2-15Torr. A cylinsse pes'+ 18% SF+ O,; thick solid line, a mixture of 22% DCS + 1
drical quartz reactor (12 cm in height and 12 cm in diameter) hagr, + 0,, P=3 Tor, slit, 1 mm; {) spectral sensitivity of an FD-
inlets for power supply and gas evacuation and optical windowghotodiode; 2) background emission of an aerosa); the NIR emissio
The ignition was provided by a rapidly heated nichrome wire coispectrum simulated according to refs. 11-13.
placed at the centre of the reactor. The reactor was evacuated to
4x104 Torr before each experiment. The mixtures of DCS,+ O of SF; [Figure 1), thick solid curve]. The emission intensity
and Sk (if necessary) were prepared prior to an experimentof HO, (A2A" — X2A") and OH X1, (v = 2-0) decreases in the
The NIR emission was modulated on a frequency of 3.3 kHzange 1.34-1.5um. Therefore, the SFadditives efficiently
and detected through a silicon filter with an FD-10 photodiodejuench electronically excited H@adicals.
sensitive in the range 0.8—1uf, supplied with high-frequency The mean temperature of combustion products (during the
amplifiers. The resulting signal recorded by an oscilloscope wasmission) can be estimated from the distribution of intensities
alternating (and symmetric about thaxis) with a frequency of of HCI X1Z (v=3-0) and HF X (v = 2-0) under the assump-
3.3 kHz. The intensity of emissiahat a specified wavelength  tion that the rotational temperatufeis close to the vibrational
was defined as the mean of the maximum signal amplitudes feemperatureT,. Figure 1 suggeststhat for HCI ¢ = 3-0) the
5-7 ignitions in the rangesi = 0.005um; the dependence df  rotational quantum numbgr,, ~ 12 and for HF(= 2—0)j ...~ 8,
onA was constructed. A grating (300 slits per millimetre) mono-which correspond to the maximum emission intensity. From the
chromator was calibrated using §F, absorption band®.The  relationship! j,,.~ (KT/B,)Y/2, wherek is the Boltzmann con-
spectral width of the slit was 0.0@8n. Visible emission was stant, B, is the rotational constanB(.;=9.365 orB,_,=
recorded with a UV-VIS photomultiplier; it was also used for=19.028 cm? for HCI or HF, respectively), we haveTl, ~ T, ~
the start-up of recording. ~ 2000 K. This value is close to the experimental 8ata.

The NIR emission spectra of the initiated ignition of the On the basis that HCI is the main stable final proth$eind
mixtures 24% DCS + ©(thin solid curve) and 22% DCS + using known values of the probabilities of vibrational transi-
+18% Sk + O, (thick solid curve) are shown in Figureal( tions in emission equal to 0.0379 (H@k 3-0) and 29.31%

The XX HCI transitions ¥ = 3-0, band centre 1.2m,!! R-  (HF, v=2-0}7 and estimates of JO* and HO} (~10 s1),18

and P-branches), electronically excited H@ansition ARA' — we can assess the amount of the particles from the ratio bet-
—X2A" (v=0-0 at 1.43im,v=1-1 at 1.4&m12 and OH X1, ween intensities in spectra [Figurea)]( These fractions make
(v=2-0, band centre 1.43iin R-, Q- and P-branch&p are  up (relative to HCI) for HF ~ 0.2%; for J@* and HO} ~ 4.5%.
observed in the spectrum. The estimated fraction of J@ vapour is close to the calculated

In the far-visible region [0.7—049m, recording by a photo- (~1.72 mol%}° equilibrium value in hot products of combustion
diode without a silicon filter, Figure )] strong combined vibra- of DCS + Q + 3.76N,.

(b)

tional bands of KHO* (A = 0.823um) and HO5 (A = 0.854 mm}4 It was found by high-speed schlieren cinematography that
are observed. This emission is probably due to the followinghe ignition at the centre of reactor gives rise to propagation of a
reactions of H and HO spherical flame. The spectra (Figure 1) makes up either the

H + 0, + H,0 = HO, + H,0* + 47 kcal mott emission of final products from the volume of this sphere or
o, } the emission from a narrow zone of the propagating spherical
HO, + HO, = H,0; + 0, + 33.5 keal mot front of a branching chain reaction. In this case, the temperature
The emission of HF (%) (v=2-0, band centre 1.28n, R-  of final products is close to adiabatic with a specific heat of
and P-branchég is observed in DCS oxidation in the presence~ 170 kcal mot18.16 To estimate the contribution from either
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conductivity. From (1), we have for the characteristic time of
coolingz,

77t = kE Do(T/T) L (P/Pg) (2

whereD, is the diffusivity factor under standard conditions (300 K,

760 Torr) for combustion product®,andT are the pressure and

temperature, respectively. For= 1500 K,Dy= 1.6 cn¥ s, Py =

=3 Torr, R=6 cm, andr;! is ~220 st. This value is really

close to the experimental time ~200 & igure 2, curved-3).

It means that either V and T degrees of freedom come to
t/ms equilibrium,i.e., T, = T or the time lag before the beginning of

Figure 2 Kinetics of emission on initiated ignition1)(26.5% DCS + 7% (?OOImg results from Snergy -tranSfer from the reservo_ir of vibra-

SF, + Oy, (2) 23% DCS + 12% SF+ Oy, (3) 22% DCS +18% SF+ O, tional energy of the SFadditive. As can be seen in Figuret 2,

(4) 22% DCS + 18% SF+ O, P =3 Torr, 293 K. )—(3) Integral NiR increases as a fraction of Stcreases. Thus, gfnolecules
emission (silicon filter),4) integral visible emission (0.2—-0p8n). passing through the front of a branching chain reaction would

acquire the excess of energy over equilibrium. The transforma-

emitting areas to the total emission, the time dependenkimof tion of this energy to heat energy occurs almost without losses.
the visible and NIR regions was examined. This is supported by the fact that the resulting degree of expan-

These functions for the mixtures of similar composition insion of products is close to adiab&#¢at different contents of
visible J, (Figure 2, curvel) and NIRJ, (Figure 2, curve&-3) SF; even with regard to a change in the overall heat capacity of
regions differ from one another. The timeit takes for the final productsC, However, a marked decreasely in the
attainment ofJ, max is shorter than that for the attainment ofpresence of Sﬁzz (Figure 2, curves8 and 4) cannot be ex-
J max AN estimation of the visible velocity, of the flame  plained only by the thermal nature of flame propagation because
propagation till the moment of the attainmentJpf,,, from  of U, ~C;1/221
Figure 2 ¥ ~R/r, where R is the reactor radius) gives ~ Processes that may be responsible for the decredsgiim
~20 m st This value is close ttJ, measured by schlieren the presence of GRre considered below. It is well known that
cinematograph$. Thus, J, (curve 4) accounts for an intense in the presence of Gfhe upper limit of the self-ignition of the
reaction within the front of a branching chain procdesgrewith  H, + O, reactio® decreases because of the termolecular reac-
J. (curves1-3) accounts for further emission due to stable andion H + O, + SR, = HO, + SR~V (the resulting HQis slightly
slightly reactive final products. The characteristic times of decagctive). The Sgadditives to H+ O, + Ar flames over the tem-
of NIR emission are independent of the nature of the emittingperature range 1300-1940 K react with H atéfm$he rate
species (HCI, HF, OH, H®. Therefore, Figure 1 represents the constant of H + Sf— HF + Sk (chain termination) is 2x18x
emission spectrum of combustion products from the volume. xexp(-30000RT) cm® mol-1s1. SF;is also an efficient inhibitor

It follows from curvesl-3 (Figure 2) that the time of occur- in rich H—air flames? leading to a marked decrease lf
rence of the excess vibrational excitation increases in the pretherewith its thermal dissociation occurs onlyTat 1500 K,
ence of SE, probably, due to the transfer of an excess of energgince the S—F bond strength is ~60 kcal+h# The inhibitory
of SF; to the vibrational degrees of freedom of the productseffect of Sk on the propagation of the sphericgl+O, flame
Thus, Sk additives make an extra reservoir of vibrational energywas observed previoustylt was found that the visible emission
The fact that the kinetic curves of NIR emission of HCI, HF,is caused by processes involving O and H atoms and OH radi-
OH and HQ have almost equal characteristic times of decay ircals; the NIR emission with longer characteristic times is due to
the presence of $Fsuggests that energy transfer to the vibra-H,0, H,0, and HQ, emitting at the resulting temperature of
tional modes of HCI, HF, 0 and HQ occurs from the same combustion. The kO formation is accompanied by the emission
energy reservoir. The heat losses by emission can be neglectad = 0.823um, and HQ formation in the reaction HG HO, -
because the probabilities of IR emission are lewy, for HCI - H,0; + O,, by the emission at = 0.852um?4 (Figure 1).
in the ground state ¥ andv=1-0, 2-0, 3-0, these values These data suggest either the parallels between the impact of
make up 33.9, 2.32 and 0.49;% for combined transitions of SF; on the reactions of Hand DCS oxidation or the influence
H,O (101-000) and (111-000), 26.4 and 2:25&The losses of the chemical nature of the additive dp even when a con-
can also occur through the emission of condensed partictgs ( siderable warming-up occurs. The influence is caused by a change
SiO,). However (Figure 1), the intensity of the backgroundin the rate of the termolecular chain termination H+® -
emission decreases, and the characteristic time of the decay #fHO, + M in the developing combustiéd.Thus, the inhibi-
NIR emission increases in the presence of (SBe ref. 7). The tory effect of Sk is due to reactions providing the change-over
excess of energy is not also related to overheategdiifficles, from the active centre of reaction chains (namely, H atoms) to
because Sfadditives markedly reduce the amount of an aerososlightly active species: H + g HF + Sk, or HF-V + SFK;; and
formed? H + O, + SK; - HO, + SR/-V. The latter reaction is also accom-

The characteristic times of deactivation were estimated. Thpanied by the transfer of an excess of energy ga&ffecules.
rate constants of vibrational deactivation, frem 3,2,1 tov = We are grateful to V. V. Azatyan, corresponding member of
=2,1,0 for HCI and @predominantly inherent in the gas at the the RAS, for many useful discussions.
end of the reaction make up about#910-12cm3 s over a This work was supported by the Russian Foundation for Basic
range of 300-2000 RQ Thus, the characteristic times of V-V Research (grant nos. 99-03-32250a and 00-03-32979a).
deactivation make up,_,, ~ 10-3-10-5s at a pressure of 3 Torr.
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