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Combustion Reactions in Silane-Air Flames
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In this work the combustion mechanism of silane-air flames is elucidated through a simulation employing a

detailed chemical scheme.

Two different pathways for the consumption of silane were found: SiH;—SiHz—SiH20—

HSiO, which proceeds in low-temperature regions, and SiHs—SiHa—HSIO, occurring at high temperatures; this

supports results previously reported in the literature.

It was also found that some reactions occur over wide ranges

of temperature and that the governing step for the whole silane combustion is the reaction of silane with hydroxyl

radicals.

A least square fitting to the burning velocities and adiabatic flame temperatures obtained for the four

investigated mixtures, with equivalence ratios of 2.0, 1.43, 1.0, and 0.5, indicated that a mixture with equivalence
ratio of about 1.2 would have the largest burning velocity and the highest flame temperature.

The oxidation of silicon tetrachloride or silane yields
silicon dioxide in condensed states. The production of
solid or liquid phases from gases is a complicated phe-
nomenon comprising chemical reactions and physical
processes such as nucleation and crystal growth; it is
interesting and, at the same time, important to investi-
gate these processes from standpoints of both funda-
mental and applied researches on production of clusters
and fine particles or on the CVD methods.

Silane is widely used as a silicon-containing material
in semiconductor industries, for instance. This species
is, however, spontaneously explosive in the air or some-
times causes production of undesirable products
because of its high reactivity. The reaction between
silane and oxygen should be investigated in detail to
treat them safely and to maintain their efficient reac-
tions. This work aims to simulate flat premixed silane—
air flames using a model which neglects the physical
processes to avoid complexities, and to elucidate the
mechanisms of silane-oxygen combustion reactions
under various conditions.

Recently some experimental and theoretical works
have been done on the chemistry of silane. McLain et
al.12 have proposed the most reliable reaction schemes
at present for the combustion of silane, which has been
derived on the basis of the similarity to that of methane,
and compared the predicted ignition delay times with
the corresponding experimental values. Koda et al.3~7
have studied experimentally silane combustion reactions
by use of counterflow diffusion flames, and Tokuhashi
et al.® have experimentally and theoretically investi-
gated premixed silane flames. The explosion behavior
of silane-oxygen mixtures has been investigated by
Hartman et al.? in thermochemical discussion on the
reaction mechanism. In spite of these pioneering
works, the mechanism of silane combustion is still left
unknown in many points. At present it is inevitable to
accumulate the information in this field by both experi-
mental and theoretical approaches.

Simulation Model

We used the same assumptions as those made in a
previous work!® in constructing the simulation model.
Additional assumptions applicable only for this investi-
gation are that (1) silicon dioxide exists in condensed
phases over the temperature range considered here:
high-temperature cristobalite phase below 1996 K and
liquid phase above it; (2) only chemical processes are
considered in the formation of silicon dioxide and hence
the processes of condensation or crystallization such as
nucleation and crystal growth are neglected. Accord-
ing to these two assumptions the produced silicon diox-
ide is removed from the gaseous reaction system but its
amount is evaluated in terms of molar concentration
and not of the size or number of silica particles. As
thermochemical data for silicon dioxide, the data for
high-temperature cristobalite were used below 1996 K
and those corresponding to the liquid state were
employed above the melting point.

The governing equations are expressed as follows:

9p

0 p—
2 oy =0 O

d E]
Y (eppT)+ F (copTv)

3 (,9T o dwi
ox (Aax )+ 2, Dip Jdx OJx z,: hiei @)
9 ) 9 da;
= (po)+ 3 (pom) = o Do o)+ ()
Wi
= =t 4
p pRT%‘. " 4)

where w; and ¢; are the mass fraction and chemical
production rate of the i-th species. The other symbols
have their usual meanings.

The partial differential terms were discretized into the
corresponding finite difference terms according to the
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Table 1. SiHs,~Hs-O; Reaction Scheme”
k=ATrexp(—E/T)
No. Reaction A n E Ref.
R1 He+0:—> OH+OH 2.50E06 0.0 19630 12
R2 H+02— OH+O 1.20E11 —0.91 8310 13
R3 O+H;—> OH+H 1.50E01 2.0 3800 13
R4 OH+OH — O+H:0 1.50E03 1.14 0 13
R5 OH+H:— H+H2:0 1.00E02 1.6 1660 13
R6 H+H+M — Ho+M 9.70E04 —0.6 0 13
R7 O+0+M —> Ox+M 2.86E05 —1.0 0 13
R8 H+O0+M — OH+M 3.60E06 —1.0 0 14
R9 OH+H+M— H20+M 2.15E10 —2.0 0 13
R10 H+02+M — HO2+M 2.00E06 —0.8 0 13
R11 H+HO;—> Ho+0: 2.50E07 0.0 350 13
R12 H+HO;— OH+OH 1.50E08 0.0 500 13
R13 H+HO;—> O+H20 5.00E07 0.0 500 12
R14 OH+HO;—> H20+02 2.00E07 0.0 0 13
R15 0+HO;— OH+0O. 2.00E07 0.0 0 13
R16 HOz+Hz —> H+H20; 7.30E05 0.0 9390 13
R17 HO:+HOz; —> H202+02 2.00E06 0.0 0 13
R18 OH-+H20; — HO,+H:0 7.00E06 0.0 720 13
R19 H+H20;—> OH+H20 1.00E07 0.0 1800 13
R20 0O+H202—> OH+HO: 2.80E07 0.0 3220 13
R21 OH+OH+M — Hz0:+M 3.25E10 —2.0 0 13
R22 SiHs— SiH2t+H, 3.30E12 0.0 25720 2
R23 SiH4++02—> SiHs+HO: 2.00E05 0.0 22150 2
R24 SiH4+HO; —> SiH3;+H>0: 3.00E06 0.0 2820 2
R25 SiHs+H — SiHsz+Hs 1.50E07 0.0 1260 2
R26 SiH«+0 —> SiHs+O0OH 4.20E06 0.0 810 2
R27 SiH;+0OH — SiH3z+H:0 8.40E06 0.0 50 2
R28 SiHs+H — SiH>+H: 1.50E07 0.0 1260 2
R29 SiHs+0 — SiH:0+H 1.30E08 0.0 1010 2
R30 SiHs+OH — SiH:0+Hs 5.00E06 0.0 0 2
R31 SiHs+02; —> SiH.0+0OH 8.60E08 0.0 5750 2
R32 SiH2+0; —> HSiO+OH 1.00E08 0.0 1860 2
R33 SiH20+M — HSiO+H+M 5.00E10 0.0 38570 2
R34 SiH20+H — HSiO+H; 3.30E08 0.0 5290 2
R35 SiH20+0 — HSiO+0OH 1.80E07 0.0 1550 2
R36 SiH:O+O0OH — HSiO+H:0 7.50E06 0.0 90 2
R37 SiH20+HO; — HSiO+H20, 1.00E06 0.0 4030 2
R38 HSiO+M — SiO+H+M 5.00E08 0.0 14600 2
R39 HSiO+H — SiO+H; 2.00E08 0.0 0 2
R40 HSi0+0 — SiO+0H 1.00E08 0.0 0 2
R41 HSiO+0OH — SiO+H:20 1.00E08 0.0 0 2
R42 HSiO+0;—> SiO+HO; 1.20E08 0.0 2000 2
R43 SiO+0+M —> SiOz+M 2.50E03 0.0 2200 2
R44 SiO+0OH —> SiO:+H 4.00E06 0.0 2870 2
R45 SiO+0; —> SiO+0 1.00E07 0.0 3270 2

a) The rate constants are expressed in m, mol, s units.

control-volume method;!? the meshes have unequal
sizes being roughly proportional to the product of the
temperature and its gradient so that even fast reactions
occurring there can be simulated with accuracy.

The boundary conditions at the unburned side are
that the gas mixture is at 298 K and has given composi-
tion and velocity, and those at the burned side are that
all the gradients of the dependent variables are zero.

A reaction scheme composed of forty-five pairs of
elementary reactions was used for silane combustion;
the first twenty-one pairs of reactions belong to hydro-
gen combustion, and the rest are reactions of silicon-
containing species, which are SiH4, SiHs, SiHs, SiH20,

HSIiO, SiO, and SiO., and were selected from the most
reliable scheme at present (Table 1).

Since produced silicon dioxide is extinguished from
the system the reverse reactions of (R43), (R44), and
(R45) are neglected; in the actual system, however, the
chemical equilibrium is reached between the gaseous
and the condensed phases of silicon dioxide at high
temperatures, and these reactions have their reverse
partners.

Results and Discussion

Stoichiometric Flame. Figure 1 shows the profiles
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of the temperature and the stable species mole fractions
in a stoichiometric silane-air premixed flame and Figs. 2
and 3 show those of active species. The abscissas of
these figures are, strictly speaking, the distance from an
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Fig. 1. Profiles of the temperature and the concentra-
tions of stable species in the stoichiometric silane
flame.
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Fig. 2. Profiles of the temperature and the concentra-
tions of intermediate silicon-containing species in the
stoichiometric silane flame.
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arbitrary origin. As described above, silicon dioxide is
not a gaseous component, but, for convenience’ sake, it
is referred to with the mole fraction defined as the
quotient of its concentration over the total concentra-
tion of the gaseous phase.

The reaction zone is about 0.05 mm thick and very
thin in comparison with those of hydrogen and methane
premixed flames; the combustion reaction is confined
within this thin area. The second last and the last
oxidation products of silane, that is, SiO and SiOs,
appear at fairly high temperatures, but hydrogen and
water are present even at room temperature; their pres-
ence at low temperatures suggests that these species are
produced at an early stage of silane combustion though
hydrogen, in particular, has a large diffusion coefficient
and diffuses from the high-temperature region to
extremely upstream zones.

The intermediate species of silane combustion reac-
tions, SiHs, SiHg, SiH20, and HSiO, are not distributed
in a common region; SiHs appears in a low-temperature
region, both SiHz and HSiO in a high-temperature
region, and SiH0 over a wide temperature range.

The three active species of the hydrogen-oxygen sys-
tem, OH radicals and H and O atoms, increase above
1000 K. Hydroxyl radicals are particularly present in a
large amount even in the low-temperature region com-
paring with that in hydrogen premixed flames.1®
Hydroperoxyl radicals are scattered widely and clearly
have a shoulder in their profile suggesting that different
reaction mechanisms contribute to their production
depending on temperature.
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Fig. 3. Profiles of the temperature and the concentra-
tions of intermediate hydrogen-oxygen-containing
species in the stoichiometric silane flame.
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Koda et al.” has already pointed out that the reaction 20
scheme proposed by McLain gives two alternative path-
ways in the silane reaction from SiH4 to HSiO: one via
SiHs and the other via SiHz. Our simulation also
supports their result.

Figures 4 and 5 show, respectively, the reaction rates
and the heat release rates for the predominant silicon-
containing species reactions as functions of temperature.
The profiles indicate that those reactions can be classi-
fied into three different groups based on the temperature
range of their activation: low-temperature reactions,

=
(St

Reaction Rate / 10* mol-m~3.s7!

high-temperature reactions and wide-temperature-range 10
reactions.
Reactions

SiHs+ OH — SiHs + H20, (R27)

SiHs+ H — SiHs + Hp, (R25) 5

SiHz+ Oz — SiH20 + OH, (R31)

SiHs+ O — SiH:0+H, (R29)
and

SiHz0 + OH — HSiO + H:0 (R36)

. S 0 1 ;

are low-temperature reactions. They oxidize silane fol- 500 1000 1500 2000 2500
lowing the sequence SiH4s—SiHs—SiHO0—HSiO. Hy-
droxyl radicals hold a particularly important role at the Temperature / K

first step of this series of reactions due to their cyclic
consumption and production by reactions (R27) and
(R31). Since reaction (R27) is already activated and
also begins to release considerable amounts of heat at
temperatures as low as 500 K, it can be considered the
most important of the governing elementary steps 60
for the low-temperature combustion mechanism. At

temperatures higher than 700 K, SiHs is oxidized by R31
oxygen to SiH3O through reaction (R31) with formation
of hydroxyl radicals, and the SiH20 is dehydrogenated
with hydroxyl radicals by reaction (R36); reactions
(R31) and (R36) are also exothermic, leading to a steep
temperature increase and allowing the activation of
reactions with higher activation energies, like the silane
decomposition.

The activation of the silane decomposition reaction is
the origin of an alternative reaction pathway, that is,
SiH4s—SiH2—HSiO, which predominates at tempera-
tures higher than 1500 K. The overall silane consump-
tion rate has then two peaks, one being located at about
1000 K and other at about 2000 K, and the fuel remain-
ing from the low-temperature region is completely
exhausted at the second pathway. The initiation reac-
tion of the high-temperature route,

Fig. 4. Reaction rates in the stoichiometric silane
flame as functions of temperature. The numbers in
the figure correspond to those in Table 1.
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SiHi—> SiHz + Ha, (R22)

is a spontaneous unimolecular dissociation which, how-

ever, cannot occur at low temperatures because of its —40—- L 1 L 1
large activation temperature (see Table 1) and endother- 500 1000 1500 2000 2500

mic character, as shown by Fig. 5. This is actually the
only route for the production of SiH: though the
assumed reaction scheme gives another possible step for Fig. 5. Rates of heat release due to reactions in the
the production of SiHz (R28). The formed SiH: is stoichiometric silane flame.

Temperature / K
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Fig. 6. Predominant reaction pathways in the stoichiometric silane flame at three

temperatures.
sponding routes.

immediately oxidized by reaction

SiHz+ 0z — HSiO+ OH (R32)

so that this species is not considerably accumulated in
the system.
The final product SiOq is produced by two reactions:

HSiO + 02— Si0 + HO; (R42)
and

Si0O+ 02— SiO2 + O. (R45)

Both reactions, corresponding to the last steps of the
oxidation, are activated through a wide range of temper-
ature and constitute direct oxidation with oxygen; there-
fore an insufficient amount of oxygen would hinder the
progression of these steps. Above 1000 K, two addi-
tional reactions,

HSiO+H—-SiO+ He (R39)

and

HSiO+ OH — SiO + H:20, (R41)

contribute to the consumption of HSiO so that HSiO
does not remain in appreciable amounts, as shown in
Fig. 2.

Although the reaction scheme gives many possible
ways for the silane dehydrogenation, only the reactions
(R27) and (R22) are promoted around 1000 K and 2000
K, respectively. Thus, the silane consumption clearly
occurs by two alternative routes, each one being well
identified by the temperature activation and the inter-
mediate species. Figure 6 illustrates the obtained re-
action pathways at three temperatures in the stoichio-
metric silane-air flame.

Since hydroxyl radicals contribute to a great extent to

The widths of the arrows are proportional to the rates of the corre-

the initial step of the low-temperature mechanism of
silane combustion, the chemical behavior of the species
which contain hydrogen and/or oxygen will be dis-
cussed. Change in a species concentration is deter-
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Fig. 7. Increase rates of hydroxyl radicals due to reac-

tions (React), diffusion (Diff), and convection
(Conv).
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mined according to the governing equation for each
species, Eq. 3. Figure 7 shows the rates of the individ-
ual terms constituting Eq. 3 for hydroxyl radicals. The
reaction term expresses the net rate for the elementary
reactions in which that species participates. According
to the figure, hydroxyl radicals are supplied by diffusion
to the low-temperature region and decrease mostly by
reactions; reaction (R27) keeps the largest contribution
to their consumption.
On the other hand, the reactions

H+0:+M—-HO:+M (R10)

and

H+HO:— OH+ OH (R12)

proceed with fairly large rates among hydrogen—oxygen
reactions, particularly at low temperatures, though their
rates are only about 1/5 of that of reaction (R27), for
instance. Hydroxyl radicals are thus produced via
hydroperoxyl radicals by this pair of reactions, which
start from diffused hydrogen atoms supplied with a rate
similar to the diffusion rate of hydroxyl radicals.
Hydroperoxyl radicals, which have an interesting profile
at low temperatures as shown in Fig. 3, are produced by
reaction (R10) and then consumed by reaction (R12),
and above 800 K are also produced by reaction (R42).

The starting point of the hydrogen-oxygen reactions
in this flame is the liberation of hydrogen by reaction
(R22) at high temperatures. The hydrogen is trans-
formed into hydroxyl radicals and hydrogen atoms by
the chain-branching reaction (R3) at temperatures
around 2000 K, and then is oxidized by reaction (RS5)
also producing hydrogen atoms. The hydrogen atoms
are oxidized into hydroxyl radicals by reaction (R12)
reacting with the hydroperoxyl radicals. These hy-
droxyl radicals and hydrogen atoms are carried toward
the low-temperature region by diffusion and used as the
reactant of the initiation reaction (R27). Water, on the
other hand, is produced in a large amount by reaction
(R5) and also by the dehydrogenation reactions of the
silicon-containing species with hydroxyl radicals over a
wide range of temperature so that it exists widely in the
flame, as shown in Fig. 1.

Rich and Lean Flames. We simulated also rich and
lean silane premixed flames with equivalence ratios (¢)
equal to 2.0, 1.43, and 0.5 to discuss the reaction mecha-
nisms under various conditions. The calculated burn-
ing velocities are 1.8 m s~ for the flame with ¢$=2.0, 2.2
ms~! for $=1.43, 2.2 m s~ for ¢$=1.0, and 0.9 ms™ for
¢=0.5. The least square method approximating them
with a cubic function of the silane content gives the
maximum burning velocity of 2.6 ms™! at 11%, which
corresponds to an equivalence ratio of 1.2. The adia-
batic flame temperature changes similarly to the burning
velocity.

The oxidation of Si and H takes place in parallel in
silane flames; therefore it is important to determine
which oxidation takes precedence particularly under the

Combustion Reactions in Silane Flames 1
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conditions of insufficient oxygen.

Concentration profiles of silicon-containing species
indicated clearly that SiH, remains in rich flames, and at
the richest investigated condition SiHs increases mono-
tonically up to 2.8% in mole fraction showing no over-
shoot; this species holds 19% of the silicon atoms at the
final state. The rest of them are shared by SiO (59%)
and SiOz (22%). Hydrogen atoms, on the contrary, are
shared by H20 (50%), Hz (41%), and SiHz2 (9%). Atthe
final state of the flame with ¢=1.43, unburned SiH; still
remains in a small amount, and 62% and 609% of the
silicon and hydrogen atoms are kept in SiOz and HzO,
respectively. In the stoichiometric flame, all the silicon
atoms are contained in silicon dioxide and water shares
829% of the hydrogen atoms at the final state.

Water is produced already at very early stages of
combustion by reactions such as (R27) and (R31)
throughout the four flames so that the oxidation of H
proceeds fast at first. In the highest temperature region
of the rich and stoichiometric flames, however, the
produced water is reduced by the reverse reactions of

(R5) and
OH+ OH — O+ H:0, (R4)

and the formed hydroxyl radicals are used by the final
oxidation toward SiOg

Si0+ OH — Si0, + H. (R44)
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Fig. 8. Rates of reactions (R27) and (R22) in four
silane premixed flames with equivalence ratio of 2.0
(dashed lines), 1.43 (dashed-dotted lines), 1.0 (solid
lines), and 0.5 (dotted lines).
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Formation of SiO; through free oxygen (reaction (R45))
is also promoted in this stage.

The rich and stoichiometric flames possess a similar
low-temperature reaction mechanism, indicating that
the product between the concentrations of silane and
hydroxyl radicals, which determine the rate of the initia-
tion reaction of this mechanism (R27), are almost equal
one another: the maximum rates of reaction (R27) are
1.63X105 molm—3s~! in the flame with ¢=2.0 (at 1000
K), 1.77X105 molm™3s~! at ¢=1.43 (at 930 K) and
1.51X105 molm—3s~1 at ¢=1.0 (at 870 K); and those of
reaction (R31) are 1.89X105 molm=3s~1 at ¢=2.0 (at
1210 K), 2.15X10° molm—3s~1 at ¢=1.43 (at 1190 K)
and 1.89X10°5 molm—3s! at ¢=1.0 (at 1130 K). In the
leanest flame, both rates are only about 1/5 of those in
the above flame because of insufficient amounts of
silane and hydroxyl radicals.

As for the high-temperature mechanism, on the con-
trary, the rates of reaction (R22) are remarkably differ-
ent since this is a unimolecular reaction and its rate is
simply proportional to the concentration of silane. Its
maximum rate, however, becomes the largest at $=1.43
but not at $=2.0. The reason is that the flame temper-
ature of the latter flame is much lower than that of the
former one.

The rates of reactions (R27) and (R22) are conse-
quently a good index for the reaction mechanisms in
silane flames as shown in Fig. 8.

Conclusions

The simulation of silane-air flat premixed flames
using a detailed reaction scheme and the analyses of the
obtained results led to the following conclusions:

(I) In the flames with equivalence ratio around 1.0
the combustion reactions take place very intensely, and
consequently are confined within thin areas of about
0.05 mm thick. The burning velocity of the stoichio-
metric flame is 2.2 ms~1, Which is a little smaller than
that of the hydrogen flame.

(2) Two mechanisms are provided for the reaction
from SiH4 to HSiO: one proceeds along SiHs—SiHz—

Seishiro Fukurani, Yasuhiro UopowMg, Nilson Kuniosui, and Hiroshi Jinnvo
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SiH2O—HSIiO and the other along SiH4+—SiHz—HSIiO.
These pathways are activated in different temperature
ranges. The former starts even at low temperatures
because it progresses as chain reactions having hydroxyl
radicals as chain carriers, which are produced in a large
amount even at low temperatures. The latter is acti-
vated at high temperatures because the initiation reac-
tion of this route has a large activation temperature.
The second mechanism is also accelerated under rich
conditions since it starts with dissociation of silane.
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