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Abstract—Experimental data on the kinetic regularities of aerosol SiO, formation in the course of dichlorosi-
lane oxidation by oxygen at different initial pressures, compositions of the reaction mixture, and temperatures
ranging from 380 to 578 K are presented. It is shown that the regularities of the process, including the specific
feature of the transition from the regime of solid phase formation in the form of afilm to the regime of aerosol
formation can be explained on the basis of the Vol mer—Weber—Frenkel—Zeldovich nucl eation theory taking into
account the branched chain nature of the reaction. The conditions for the transition of chain combustion into
the regime of chain—thermal explosion almost coincide with the conditions of intensive formation of aerosol.
The SF, additivesinhibit the process and thereby increase the dispersity of aerosol and the minimal pressure of

its formation.

INTRODUCTION

The broad applicability of thin and ultradispersed
powders is attributable to their unusual properties due
to tremendous specific surface area and specific fea
tures of their microstructure [1-3]. The most promising
method for the preparation of ultradispersed powders
of silicon oxide and oxynitride is deposition from the
gas phase using the oxidation and pyrolysis of silane
and itsderivatives (see, for instance, [4—11]). A distinc-
tive feature of these processes is the existence of two
regimes of solid phase formation, one of which leadsto
film formation, and the other leads to the formation of
aerosol [7-11]. The elucidation of the conditionsfor the
realization of these regimes and the specific features of
the process transition from one regime to the other is of
great interest for both the theory of heterophaseous
chemical processes and for practice. Each of the cited
formsof the solid product (aerosol and film) hasits own
applications, and this circumstance is responsible for
the high standards in the technologies of their prepara-
tion. For instance, in the preparation of solid dielectrics
and protective layers, the formation of aerosol particles
makes the film quality substantially worse.

A changein the regimes of phase formation occursin
narrow ranges of initial parameters (composition, tem-
perature, and pressure) of the reaction system [7-11].
These regimes differ both in the nature of the solid
product and in the kinetic characteristics of the reaction
[7]. Thetransfer to the regime of aerosol formation cor-
responds to a drastic acceleration of the process. The
occurrence of the process in each of the cited kinetic
regimes is determined by the concentrations of gas-
phase components, temperature, the composition of the
adsorption layer of the reactor surface, and by the pre-
liminary chemical treatment of the surface[7].

The mechanism of transfer from one regime of
phase formation to ancther is practically unknown. It
has been found [11] that it is chemical reaction rather
than nucleus growth that limits the process of aerosol
formation in both the oxidation of dichlorosilane
(DCS) and film formation in silane oxidation [7].

It has also been found [8] that the kinetic regimes of
phase formation, which accompanies the combustion
of dichlorosilane-oxygen mixtures at 293 K, differ
depending on whether spontaneous ignition occurs or
combustion is initiated artificially. However, the tem-
perature range for the conditions for the realization of
these regimes has not been studied. It followed from the
branched chain nature of the oxidation of volatile
hydrides, from the specific dependence of the rate of
this class of reactions on temperature, and from the
existence of various kinetic regimes of chain combus-
tion processes[12, 13] that the temperature dependence
of the rate of solid phase formation also has a specific
character. The chain nature of the reaction also indi-
cates the sensitivity of the kinetics of phase formation
and the properties of the solid phase to the effect of
inhibitors and promoters.

Thiswork had the following goals:

(a) To determine the nature of the dependence of the
rate of aerosol SiO, formation on the initial conditions
using DCS oxidation in the regime of self-ignition asan
example;

(b) To determine the specific features of the transi-
tion of DCS oxidation process from the regime of SiO,
film formation to the regime of aerosol formation;

(c) To determine kinetic factors responsible for the
transition of one regime of phase formation to another
and the aerosol dispersity based on the modern concep-
tion of nonisothermal radical chain process (RCP).
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Fig. 1. Schematic of the experimental setup. (/) He—Ne laser; (2) shopper; (3) reactor; (4) piezoelectric pressure transducer;
(5) spherical mirror; (6) optical windows; (7) FEU-39 equipped with an UFS-1 light filter; (8) collimator; (9) FEU-71; (10) ampli-
fiersUZ-29 and U2-8; (/1) microvoltameter F-136; (12) dectric furnace equipped with athermocouple and atemperature controller.

EXPERIMENTAL

The static vacuum setup describe in [14] was used.
The reaction was carried out in the thermostated quartz
reactor with a diameter of 4 cm and alength of 20 cm
(Fig. 1) in the temperature range 383-573 K and pres-
sure ranging from 0.5 to 20.0 Torr. Temperature was
controlled and measured using a KVVA-501 tempera-
ture-sensing device with an accuracy of £0.5 K. The
optical quartz windows of the reactor were polished
after every 20 ignitions.

Aerosol formation was registered using laser beam
light scattering at an angle of 90° on the SiO, particles.
The scheme of registration was described in [11]. The
LGN-207A laser beam (632.8 nm) passing through a
reactor was reflected by a spherical mirror (R=2 m)
and focused back onto the laser cavity. The intensity of
laser radiation was modulated with amechanical chop-
per with afrequency of 3.3 kHz. The scattered light was
focused on the entrance dlit of a MDR-3 monochroma-
tor equipped with grating that had 600 grooves per
1 mm and registered with aFEU-71 photomultiplier tube
with aspectral sensitivity in the range 200800 nm. The
signal from FEU-71 was supplied to the inlet of UZ-29
and U2-8 dternating current amplifiers. Then, the alter-
nating signal passed from the U2-8 amplifier to an S9-6
double-beam memory oscilloscope. The envelope of
the sinusoidal signal with a frequency of 3.3 kHz was
the kinetic curve describing changes in the amount of
aerosol, which scattered radiation in the region of the
reaction volume cut off by the monochromator dit. A
signal from a PD-7 piezoelectric transducer was sup-
plied to the second beam of the oscill oscope. The oscil-
loscope was triggered in the anticipatory mode using

FEU-39 (with a spectral sensitivity of 200600 nm)
equipped with UFS-1 light filters. The U2-8 amplifier
also made it possible to obtain the envel ope of the alter-
nating signal at the output; that is, adirect signal with a
time constant of ~0.1 s was obtained in this case. This
amplifier also enabled synchronous signal detection.
The light intensity of probing radiation scattered by
aerosol served as a measure of the amount of aerosol
formed asin [11]. With this goal, the direct signal was
supplied from U2-8 to an F-136 microvoltameter and
then to an Endim 620.02 plotter.

The distribution of aerosol particles over sizes was
determined using a Fritsch particle sizer (Germany)
after aerosol discharging from the reactor.

The lower limit of self-ignition (P,) was determined
by the crossover method as a mean of two pressures, at
the higher of which the mixtureignited and at the lower
of which it did not.

The reactor was evacuated to 6 x 10 Torr and con-
trolled the residual pressure with a VIT-2 vacuum
gauge. O, and SF, were of chemical purity grade. The
purity of DCS was controlled by spectrophotometry.
The preliminarily prepared mixture of DCS with oxy-
gen (and, if necessary, with SF,) was admitted from the
bypass header into the reactor while controlling the
pressure with a VDG-1 gas-discharge vacuum gauge.
The mixtures 11, 13, and 14% DCS + O, were used, as
well as the mixtures 11% DCS + 4.8% SF, + O, and
11% DCS + 10% SF; + O,.
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RESULTS AND DISCUSSION

Points in Figs. 2-5 show experimental data on the
dependence of the maximal intensity of light scattering
(Ip) on the initial pressure of the mixture (P,) in the
course of DCS combustion at different initial tempera-
tures(T,). Thedirect signal wasregistered (the constant
of the registration channel was 0.1 s). The values of 1
are divided by the partial pressure of DCS (¢@P,, where
@isthe molar fraction of DCS) to reduce data to iden-
tical conditions. The curves in the figures show the
results of calculations of the maximal rate of phase for-
mation (Yg ..« iS the dimensionless concentration of
aerosol). Figure 4 shows the values of the increase in
the temperature (AT) due to self-heating. In the case of
the complex shape of the scattering signal due to mix-
ing the aerosol cloud with convective gas flows (see
[11]), thefirst-appeared maximum of the scattering sig-
nal, which characterizes the amount of aerosol in the
volume immediately before ignition, was taken as a
maximum value |, Note that the maximal intensities
obtained in the registration of the alternating current
(with a time constant equal to 300 us) correlate with
those shown in Figs. 2-5 (similarly to the case of initi-
ated ignition [11]). Specia runs were carried out to
show that the chemiluminescence of DCS oxidation
reaction cannot be observed using this method in this
spectral range, because chemiluminescenceis not mod-
ulated and the registered signa completely refers to
light scattered by aerosol.

Comparison of data presented in Figs. 2 and 3 and
those presented in [11] suggests that the dependence of
I, on the total pressure at the instant of self-ignition is
sharper than in the case of initiated ignition when this
dependence had the form of an S-shaped curve. With an
increase in the initial temperature (T,), the amount of
aerosol formed in the volume noticeably decreased
both in the absence and in the presence of SF, additives
(Figs. 2, 3, 5). With an increase in the amount of SF;
additive, the initial pressure (P,) corresponding to the
beginning of aerosol formation increases.

Because AP/P, = AT/T, in a closed volume when
moles of the gaseous mixture change insignificantly,
AT =APT,/P, (where AT and AP are changesin temper-
ature due to self-heating and pressure, respectively, in
self-ignition). Therefore, the signal from the pressure
transducer characterizes the value of self-heating.
Figure 4 shows that a drastic increase in the tempera-
ture due to self-heating and an increase in the amount
of aerosol formed is observed in the same interval of P,
values, and this interval corresponds to the transfer
from chain combustion with low self-heating to the
regime of chain—thermal explosion characterized by
abrupt intensification of combustion (AP increasesin a
step and ignition starts to be accompanied with a dis-
tinctive flick).
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Fig. 2. Dependence of the maximal concentration of aerosol
on P for the mixture 14% DCS in O,. Points refer to the

experiment and solid lines refer to the calculation of Yg .
Parameters (for dimensions, see text) ky = 1075, k(l) =
4x 1071, £=3300, k3 = 10712, kg = 10712, kg =5x 10713,

ks=4x10%t)=0,t; = N = 6000, ty and t; are limits of
integration, and N isthe number of integration steps. Theval-

ues of Py (Torr) used in calculations of kﬁ; areP; (380K) =
15 (KM =817, P, (461K) = 1.1 (KT =20557), and
P, (533K) = 0.9 (k™ =380,
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Fig. 3. Dependences of I on P for the mixture 10.5% DCS
in O,. Pointsrefer to the experiment and solid lines refer to
the caculation of Yg .. The values of parameters are the
same asin Fig. 2. The values of P, (Torr) are P; (393 K) =

255 (kM =120, P, (418 K) = 1.7 (k& =131 57,
P, (468 K) = 1.4 (k& = 175 ), and P, (598 K) =
1.05 (ki = 36057,
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Fig. 4. Dependences of AT (1) and Ip (2) on Py, for the mix-
ture 13% DCS+ O, at 473 K. Pointsrefer to the experiment
and solid lines refer to the calculation of Yg .., and AT. The
values of parameters arethe same asin Fig. 2. P; (473K) =

1.01 Torr (k& =180 s7%).
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Fig. 5. Dependences of | on Py, for the mixture 11% DCS +
O, + 4.8% SF¢. Points refer to the experiment and solid
linesrefer to the calculation of Yg . The values of param-
eters are the same as in Fig. 2. The values of P (Torr) are

P, (423K)=2.05 (kX =170s7), P, (473K) = 1.61 (K =

270sY), P, (531K) = 1.34 (K =400s7), and P, (573K) =
eff !

1.4 (Kpg =550s7Y).

Below, when we interpret the regularities of phase
formation in the course of silane and DCS combustion,
we will take into account that aerosol formation is a
three-dimensional process and film formation is a two
dimensional process (as was done in the Volmer—
Weber—Frenkel-Zeldovich theory of nucleus growth
[4, 15-17]). This approach leads to the following equa-
tions of the rates of aerosol formation J; and film for-
mation J, of condensing particles C and B, respectively
[4, 15-17] (see dls0[18, 19)):

AZATYAN et al.

J, = —dC/dt = a(pS;)(20Mm)Y*(C/RT)?
x exp[-17.6(M/p)*(a/T)*/In’S] = K, exp(-A/TY),

J, = —dB/dt = K,B
x exp[-8TX MNA/(pT,(RT)?/InS;] )
= K,Bexp(-3/T?),

where S; = C/p,(T) isthe degree of oversaturation of C
inthevolume (Cisthe partial pressureof C, p,(T) isthe
equilibrium pressure of C vapors), S, is the degree of
oversaturation of two-dimensional gas, B is the surface
concentration of B, g, is the width of the two-dimen-

sional nucleus (107 cm), a is the condensation coeffi-
cient (the probability that the vapor molecule sticks to
the surface of the complex upon colliding with it), p is
the density (pg = pc = 2 g/cm?®), o isthe surface tension
(400 erg/cm? [20]), X is the specific peripheral energy
(4 x 107 erglcm?® [21, 22]), M is the molecular weight
(200 g/mal), and N, is the Avogadro number. The
numeric coefficient in the exponent of Eq. (1) corre-
sponds to the spherical form of the nucleus (a = 1), K, =

KZ® [11]. In Egs. (1) and (2), condensing products are
generally considered as different substances. A specific

case is the same chemical composition of the aerosol
and film.

Equations (1) and (2) of the condensation rate were
obtained without considering the possibility of chain
processesin the system. However, this does not exclude
the applicability of these expressions to condensation
occurring in the course of abranched chain reaction. In
such a system, the dependence of the rate of phase for-
mation on temperature and reactant concentrations is
much stronger. Indeed, it is known [12, 23] that, in the
course of developing chain combustion, the concentra-
tions of intermediate species (in this case, C and B) and
the rate of the overall process exponentially increase
with an increase in the pressure of the reaction mixture
even if the temperature is congtant. In the case of the
branched chain mechanism, the dependence of the process
rate on temperatureis much stronger aswell [12, 13]. This
isdueto thefact that, in the regime of developing chain
combustion, the concentrations of intermediate species
C and B increase with temperature according to the
double exponent law; that is, the temperature depen-
dence of these values is the exponent containing the
Boltzmann factor in the positive exponent.

The above specific character of the dependence of C
and B on the initid pressure and temperature, as well as
strong positive feedback between each of these concentra:
tions and the temperature, is the reason for the apparent
drastic enhancement of phaseformation withanincreasein
P, inthe narrow interva of its values (Figs. 2-5).
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Let us consider the reason behind the abrupt transi-
tion of the phase formation process from the regime of
phase formation to the regime of aerosol formation
withanincreasein Pyand T, [7, 11]. Therate of aerosol
formation, which is a three-dimensional process,
depends on the concentration of phase-forming inter-
mediate product and on pressure more strongly than the
rate of the two-dimension process of film formation.
Equations (1) and (2) also show this. Therefore, at low
degrees of oversaturation, the J; value is lower than J,,
and above a certain critical oversaturation it is higher
than J;. At the same time, because the dependence of
the rates of aerosol and film formation is enhanced by
the branched chain character of the reaction, the differ-
ence between the dependences of J; and J, on theinitial
conditions is dso enhanced. Therefore, with an
increase in P, above a certain vaue, film formation
abruptly changes for aerosol formation. The same is
also true of the effect of T,: withanincreasein T,, J;
increases more rapidly than J,. As aresult, film forma
tion is replaced by aerosol formation above a certain
value of T,,.

Results presented in Figs. 24, which show a
decreasein the final amount of aerosol with an increase
inT,, can be explained by anincreasein the equilibrium
pressure of vapors of the forming solid phase and by
condensation abatement. Thisisillustrated by Eq. (1):
with an increase in T,, py(T) increases resulting in a
decrease in the value S; = C/p,(T) involved in the
denominator of the exponential factor in Eqg. (1). Corre-
spondingly, the rate of critical nucleus formation (i.e.,
phase formation) decreases.

It follows from the branched chain character of the
process that its kinetics can be controlled by inhibition
and promation. SF, was used as an inhibitor in this
work [24]. Because inhibition leads to adecrease in the
intensity of combustion and diminishes self-heating, it
should be expected that the dispersity of aerosol will
increase when SF; is added. Indeed, the dispersity of
aerosol obtained in the presence of SF; ishigher thanin
the absence of SF,, other conditions being the same. As
can be seen from a comparison of Figs. 6a and 6b, the
maximum of aerosol distribution is shifted toward
lower sizes and the concentration of submicron parti-
clesincreases in the presence of SF.

Thus, when the specific features of nonisothermal
branched chain processes are taken into account
together with the dependences of the saturated vapor
pressure on temperature and reactant concentrations,
the main regularities of phase formation accompanying
silane and DCS combustion can be explained. This
approach is also applicable to phase formation in other
process of chain combustion.

Taking into account the radical chain nature of DCS
oxidation makes it possible to model the quantitative
pattern of phase formation. The block of homogeneous
reactions and their rate constants in the kinetic scheme
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Fig. 6. Sedimentation patternsfor the powder samples. Py =
5Torr, Ty =573 K; (a) the mixture 20% DCSin O, and (b)
11% DCS + O, + 4.8% SFg.

involving aerosol formation is analogous to that
reported in [11].

In calculations, we used dimensionless concentra-
tions'Y; of the reaction components A; normalized to the
initial concentration of the initial substance (DCS)
A(Y, ). ThevalueT = k? Y, , t was taken as the dimen-

sionless time. Together with the reaction, we provide
the values of the rate constants adopted in this work.
Theact of initiation is

A=A, k,=10°s™ (0)

Thelimiting step in the chain unit is the reaction of lin-
ear chain branching

Aot A —=2Apt Ay, @

k = Klexp(-€/T), kI =4x10""" cm® molecule™! s,
€ =6.6/Rkca mol-! K- [14].

The equation of heat balance was written in the fol-
lowing form [25]:

dT/dt = (Q/c,P)W(T) —a(L/c,p)(T-Tp), (3)

where Q is the thermal effect (170 kcal/mol [26]), ¢, is
the heat capacity of the mixture (8 cal mol~' K-! for O,
[27]), a, is heat-transfer factor, L istheratio of the sur-

face areato the volume (cm '), w(T) isthereaction rate,
and T, is the initial temperature. The value of a, was
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determined as described in [25]: a, = (L/r>)d,Ae, where
r isthe reactor radius (4 cm), eisthe natural logarithm
base, 9, is the critical parameter (2.00), and A is the
thermal conductivity coefficient of the mixture (we
assumed A = Ao, [27]). Since we considered only the

qualitative pattern of phase formation, changes in c,
and Q in the course of the reaction were not considered.
Condensation on noncharged species formed in the
course of chemiionization [28] plays an important role
in the formation of a new phase. We assumed that
chemiionization occurs in the exothermic reaction
between active intermediate species A, and A,

Aog+A,— As+e,

k, = k3 e2290T cm3 s~ molecule™, (D)
k9 = 1012 cm3 s~! molecule™,
A,+A; — A, +A (vaiable Y),
2 3 4 ( ) (III)

ks = 10 cm® s molecule™,

where A} | isthe center of condensation. We took into

account that the activation energy of exothermic ion—
molecular reaction (I11) is close to zero. The amount of
substance condensed into aerosol is described by the
variable Y;. The rate of aerosol accumulation, propor-
tional to the specific rate of formation of three-dimen-
siona nuclei Y,, isdescribed by Eq. (1).

The scheme also involves nonlinear chain
branching:

Ay, +A — 2A, + products,
—12 -3000/T 3 -1 -1 (IV)
k, = 2x10 e cm” S molecule .

In contrast to [11], we assumed that the surface is uni-
form with respect to A,, whose adsorption and desorp-

tion are characterized by kS = 102 cm3sand k s = 4 x
10* cm?/s, respectively [29];
A]_‘—' A5 . (V)

Species A interact with A, from the volume. We
also assumed that the flow of A, determining the heter-
ogeneous chain termination is limited by the kinetics of
their trapping by the surface. Film formation is repre-
sented by the steps whose sequence ends with A, con-
densation:

A5 + AO I A6’ ks = kge_?)ooorr CmZ/S, (VI)

The growth rate of the layer of deposited coating is
considered proportional to the specific rate of forma-
tion of two-dimensional nuclei Y; and described by
Eq. (2). The concentration of A, on the surfaceis deter-
mined by the variable Y.

AZATYAN et al.

The following set of equations corresponds to the
above reaction scheme:

dY,/dt = Y, Tko/(K@P x 10%) + 2Y,Y,e "

—Y, TR (kP x 10%) + Ko ™ Ty, Y, “b
dY,/dt = —ko/(K@P x 10°)Y, T - Y,Y,e " w2
—ks Y, (1= Yo) /K + K TYs/ (KpP x 10™),
dT/dt = 10°pY,Y,e ™" @3
—1200T(T = To)/(K2pP x 10%),
dY,/dt
= YY1 T K3 T Y, K — ks Y, Yo K, @4
dYo/dT = koe PP TY Y, /K — kY, Yok,  (4.5)
dY,/dt = 2K;Y,Ya/K; — Js. (4.6)
InJ; from (1) C = Y,, S; = 0.98Y,
x QP x 10°/(exp(—16 500/T)T) [11],
dYo/dt = kY, (1—Y)/K @7
—KsTYs/ (KPP x 10™) —k2e Y, Y, /K,
dYe/dt = Y, YTk /(KpP x 10™) “s)
e R AN
dY,/dt = kee " TYY(/KS - J,, (4.9)
dYg/dt = J, (4.10)
dYy/dt = J,. (4.11)

Here, @ is the molar fraction of fuel, P is pressure in

Torr, kf; isthe effective rate constant of heterogeneous

chain termination whose value was determined from
the values of P, and k, by analogy with [23]. The effect
of solid phase formation on the process was neglected.
Thisisone of theimportant reasonswhy thismodel and
the model reported in [11] cannot pretend to describe
the process characteristics quantitatively. The above
statement is also applicable to the effect of soot on the
oxidation and oxidative cracking of organic com-
pounds, which is necessary for the quantitative descrip-
tion of the process.

In expression for J, from Eq. (2),B=Y,,S, =Y, x
10'%xp (-1500/T) [11].

As calculation shows, varying the values of kg and
k; leads to changes in the Y; .., value.

The set of equations was integrated by the fourth-
order Runge—Kutta method with the initial conditions
KINETICS AND CATALYSIS  Vol. 43
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Y, =0 and Y, = 1. The calculations were carried out for
¢=0.10-0.14, T, = 400-598 K, and P, = 0.4-20.0 Torr.

It is seen from Figs. 2-5 that the calculated depen-
dences of the parameter Y; ..., Which characterizes the
maximal concentration of aerosol, on P, and T, qualita-
tively agree with the experiment. Analogously to the
experiment, the calculation shows that the inhibitor
additivesthat increase P, and decrease therate of flame
propagation [24] also increase the initial pressure of
aerosol formation and narrow the region of chain-ther-
mal explosion. The calculation describes the nature of
the dependence of the relative self-heating value on P,
This means that, in the heterophaseous branched chain
process, the conditions for the transition of isothermal
ignition to the chain—thermal process in self-ignition
and the transition from heterogeneous to three-dimen-
sional phase formation are practically equivalent.

Thus, in thiswork, using DCS oxidation asasample
reaction, we determined the specific features of transi-
tion of RCP from the regime of film formation to the
regime of aerosol formation and kinetic factors respon-
sible for these specific features.
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