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Abstract

The laminar burning rate, the explosion peak pressure, and the pressure rise coefficient have been mea-
sured for the first time for silane-nitrous oxide-argon mixtures using the spherically expanding flame tech-
nique in a constant volume combustion chamber. For these three parameters, the values obtained were
higher than for hydrogen-nitrous oxide-argon and typical hydrocarbon-based mixtures. A maximum burn-
ing rate of 1800 g/m2 s was measured at 101 kPa, whereas under similar conditions, a maximum burning
rate around 950 g/m2 s has been reported for hydrogen-nitrous oxide-argon mixtures. To better understand
the chemical dynamics of flames propagating in SiH4-N2O-Ar mixtures, a detailed reaction model from
the literature was improved using collision limit violation analysis and updated thermodynamic properties
calculated with a high-level ab initio approach. The reaction model predicts the burning rate within 14% on
average but demonstrates error close to 50% for the richest mixtures. The chemistry of the H-O-N system is
important under all the conditions presently studied. The chemistry of the Si-H-O-N system demonstrates
an increasing importance under rich conditions. In particular, the reactions (i) forming SiOx(s); (ii) describ-
ing the interaction of Si-species with N2O; and (iii) involving silicon hydrides, have an important role for
the heat release dynamics. The condensed combustion products formed in the silane-nitrous oxide-argon
flames were sampled and characterized using electron micrograph, electronic diffraction, energy-dispersive
spectroscopy, and X-ray powder diffraction. For all equivalence ratios, silica spherical particles with a mean
diameter in the range 200-300 nm were observed. In addition, for mixtures with Φ≥2.2, silicon nanowires
were formed. X-ray diffraction experiments showed that the silicon nanowires are composed of metal sili-
con characterized by a cubic structure (lattice parameter: a=5.425 Å) with the Fm-3m space group.
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1. Introduction

Silane (SiH4) is a specialty gas widely employed
in the semi-conductor and electronic component
manufacturing industry [1]. Mixed with an oxi-
dant such as nitrous oxide (N2O), silane can lead
to the formation of insulating thin films of silicon
oxide which protect the semi-conductors and elec-
tronic components [2]. Several studies on SiH4-
N2O mixtures have mainly focused on the silica
film growth rate under chemical vapor deposition
conditions [2, 3]. In these studies, performed ei-
ther at atmospheric pressure or below, the tem-
perature was below 1000 K. A number of gas-
phase chemical kinetics studies related to SiH4-
N2O mixtures have been performed. Becerra et
al. [4] and Votintsev et al. [5] measured the rate
constant of SiH2+N2O=H2SiO+N2 in the tempera-
ture ranges 295-747 K and 1400-1800 K, respec-
tively. While Votintsev et al. derived their rate
constant from chemiluminescence of H2SiO∗, Be-
cerra et al. employed direct laser absorption spec-
troscopy of SiH2 at 579 nm. The chemical dynam-
ics of Si, N, and O atoms in reflected-shock heated
SiH4-N2O-Ar mixtures were studied by Mick and
Roth [6] and by Mevel et al. [7] using atomic res-
onance absorption spectroscopy (for N and O) and
direct absorption spectroscopy (for Si). To our
knowledge, only two studies have been performed
to characterize the combustion properties of SiH4-
N2O mixtures. Horiguchi et al. [8] have measu-
red the flammability limits of silane-nitrogen ox-
ides mixtures. For NO, NO2, and N2O as oxi-
dant, they reported flammability ranges of 2.14-
92.7, 7.08-95.8, 1.9-87.1% of SiH4, respectively,
for atmospheric pressure and ambient tempera-
ture. Thomas et al. [9] investigated the deflagra-
tion to detonation transition in silane-nitrous ox-
ide mixtures (equivalence ratio: Φ=1.11) diluted
with nitrogen (XN2=0-0.925). Pressure traces typ-
ical of detonation were observed for XN2≤0.62, at
P1=101 kPa and T1=283 K. Whereas many lami-
nar flame speed studies have been performed for
hydrocarbon-based mixtures [10], very few have
been made for silicon-containing compounds. De-
spite the pyrophoric nature of silane, Tokuhashi et
al. [11] were able to measure the burning velocity
of various SiH4-O2-N2 mixtures using a specially
designed burner. They reported a burning velocity
of 55 cm/s for a mixture of 2% of SiH4 in air. Us-
ing the constant volume explosion method, Chao
et al. [12] measured the flame speed of trichlorosi-
lane, trimethylchlorosilane, methyldichlorosilane,
dimethylchlorosilane, and tetramethylsilane, in air.
At atmospheric pressure and ambient temperature,
the fastest flame was observed for a rich (Φ = 1.4)

trichlorosilane-air mixture, with a flame speed of
124 cm/s. To the best of our knowledge, no data
on the laminar flame speed nor on the explosion
parameters of SiH4-N2O mixtures are available in
the literature. In addition, the nature of the con-
densed combustion products has not been studied
under flame conditions for these mixtures whereas
Babushok et al. [13] showed that the formation
of condensed combustion products was a dominant
process for laminar flame propagation in SiH4-O2
mixtures. Because severe accidents have been at-
tributed to silane-nitrous oxide mixtures [14], the
determination of fundamental combustion proper-
ties, such as the laminar flame speed, the explosion
peak pressure, and the pressure rise coefficient, is
of primary importance to ensure their safe usage.

In the present study, we seek at (i) studying
experimentally and numerically the laminar flame
speed of silane-nitrous oxide-argon mixtures; (ii)
determining the explosion parameters of these
mixtures; and (iii) characterizing the condensed
products formed during the combustion process.

2. Materials and methods

2.1. Experimental approach

The combustion vessel employed is made of
stainless steel and has a spherical geometry with
250 mm inner diameter. Two opposite quartz win-
dows, 70 mm in diameter and 30 mm thick, en-
able flame visualization using a Z-type schlieren
arrangement. To protect the quartz windows from
the impact of hot silica particles formed in the
silane-based flame, glass plates were placed onto
the main windows. Two high-speed cameras (Ko-
dak and Photron), with a maximum framing rate
of 24,000 fps were employed to record the flame
propagation. Ignition was achieved by focusing
the beam of a pulsed Nd-YAG laser onto a thin
molybdenum electrode. Figure 1 shows typical ex-
amples of flame propagation in SiH4-N2O-Ar mix-
tures with different Φ. The vessel pressure was
measured using a Kistler piezo-electric pressure
sensor (uncertainty of ±3%). During the period
of the flame speed measurement, the pressure in-
crease was below 2% of P1. An in-house Matlab
script, see [15], was employed to obtain the tem-
poral evolution of the flame radius (R f ). The re-
sulting R f =f(t) data were used to extract S 0

b, the
unstretched flame speed with respect to the burned
gas. The Linear Curvature (LC)

S b = S 0
b − 2

(
S 0

bLB

)
/R f , (1)

and Non-linear Quasi-steady (NQ)

ln (S b) = ln
(
S 0

b

)
− 2
(
S 0

bLB

)
/
(
R f S b

)
, (2)

2



equations were employed, respectively for mix-
tures with low and high Lewis numbers (or neg-
ative and positive Markstein length (LB)), see [16].
In Eq. 1 and 2, S b is the stretched flame speed
with respect to the burned gas. By dividing S 0

b
by the expansion ratio (σ = ρu/ρb, where ρu and
ρb are the unburned and burned gas densities), the
unstretched laminar flame speed with respect to
the unburned gas, S 0

u, was obtained. The difficult
preparation and handling of silane-based mixtures
led to an uncertainty on S 0

u of ±15% for lean and
rich mixtures, and of ±10% around stoichiometry.
This high uncertainty is due to (i) the difficulty
in precisely controlling XS iH4 because of a small
dead-volume which could not be suppressed in the
pipeline (see next paragraphs); (ii) the reduced im-
age quality induced by the glass plates put onto the
quartz windows; (iii) the uncertainty on σ; and (iv)
the impact of radiation by the condensed combus-
tion products.

t=5.11 ms t=1.27 ms

t=8.89 ms t=1.93 ms

(a): Φ=0.31 (b): Φ=1.5

Figure 1: Schlieren images of flames in SiH4-H2-N2O-Ar mix-
tures. XAr=0.6; T1=300 K; P1=51 kPa.

The following experimental procedure was em-
ployed to prepare the mixtures. After vacuuming
the vessel to below 2 Pa, the mixtures were pre-
pared using the partial pressure method. All gases
were pure and from research-grade. The dilution
by Ar was 60%, and Φ was in the range 0.3-2.6.
The initial temperature was between 296 and 305
K, and the pressure was 51 or 101 kPa. Φ was de-
fined using

S iH4 + 4N2O = S iO2(s) + 2H2O + 4N2. (3)

Because silane is pyrophoric, the filling line could
not be vacuumed after silane introduction in the

vessel. Consequently, the desired silane pres-
sure was reached by introducing successive small
amounts. The residual silane in the pipeline was
flushed out using several streams of nitrogen. This
arrangement enabled to decrease the silane con-
centration below its lower flammability limit and
safely evacuate it through a 1mm in diameter hole
to avoid flash back. Following each experiments,
the spherical bomb was opened and the solid par-
ticles formed during combustion were removed
from the electrode, the walls, and the windows.

2.2. Particle sampling and analysis

After evacuation of the gaseous combustion
product, the vessel was put at atmospheric pres-
sure and opened. The condensed products formed
a powder whose amount increases with Φ. Part
of the powder was sampled using a square stain-
less steel plate (2x2 cm) maintained on the com-
bustion vessel inner wall using a magnet. As the
flame touched the wall, a layer of powder was de-
posited onto the plate. Some of the powder was
also collected using a metal spatula and placed in
small glass tubes. The samples were placed in a
desiccated argon bath to avoid contamination.
Bright-field transmission electron microscope
(TEM) images were obtained using a Philips
CM20 instrument operating at 200 kV. The sam-
ples were finely crushed in ethanol, and then a
drop of the solution was deposited onto a carbon-
coated copper grid. Selected area electron diffrac-
tion (SAED) patterns, and energy-dispersive spec-
troscopy (EDS) were also performed with this fa-
cility. X-ray powder diffraction (XRPD) spec-
tra were recorded with a Bruker D8 Advance
Bragg-Brentano diffractometer (Cu-Kα radiation)
equipped with a Linear Vantec detector over the
10-110◦ (2θ) angular range with a 0.032◦ step size.

2.3. Modeling approach

The detailed kinetic scheme used was an up-
dated version of the reaction model of Mevel et al.
[7, 17]. It is composed of 86 species and 425 reac-
tions. It combines the reactions from [18] for the
H-O-N system and from several studies [13, 19–
21] for the silicon-containing species. The inter-
actions between the Si-compounds and the NOx

come from Mick et al. [6, 22] and from Becerra
et al. [4]. The formation of silicon-containing con-
densed combustion products, SiO(s) and SiO2(s),
is described using the reaction pathways proposed
by Suh et al. [23]. Some of the thermodynamic
data were updated based on calculations performed
using the high theory composite G4 method. Reac-
tion rates above the collision limit were corrected.

3



The transport properties were taken from Konnov
[24] for the H-N-O system. For the Si-compounds,
the transport properties were taken from Donovan
et al. [25] or calculated using the semi-empirical
relationships implemented in FlameMaster [26].
Further details about the reaction model are avail-
able in Chatelain et al. [27].
Cantera [28] was employed to perform adiabatic
constant pressure, constant enthalpy (CP) and con-
stant volume, constant internal energy (CV) equi-
librium calculations. Three cases were considered:
(i) all species were treated as gases and SiO1,2(s)
were the final products; (ii) all species were treated
as gases and SiO1,2(g) were the final products;
and (iii) all species were treated as gases except
SiO1,2(s) which were considered as solids. The dif-
ference between case (i) and case (ii) corresponds
to a difference in thermodynamic properties be-
tween the final products SiO1,2(s) and SiO1,2(g).
The difference between case (i) and case (iii) cor-
responds to the different phases (gas or condensed)
used to describe SiO1,2(s). The flame speed simu-
lations were performed using the LLNL code [30]
with the mixture-averaged diffusion model and
Soret effect. The number of grid points was kept
above 1000 to ensure grid-independent results. All
species were treated as gases because this code,
like other flame speed codes such as those avail-
able in Chemkin or Cantera, do not describe multi-
phase media.
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Figure 2: Experimental and calculated laminar burning rate for
SiH4-N2O-Ar mixtures. XAr=0.6; T1=300 K. Solid and dashed
lines: predictions with and without SiO1,2(s) formation.

3. Results and discussion

3.1. Combustion properties
Figure 2 shows the experimental laminar burn-

ing rate (S 0
u×ρu) along with the model predictions.

Laminar burning rate was plotted rather than S 0
u

to avoid the overlap of the data obtained at P1=51
and 101 kPa. The maximum burning rate mea-
sured is on the order of 1800 g/m2 s at 101 kPa,

which is significantly larger than that of hydrogen-
nitrous oxide mixtures in the same conditions for
which a maximum burning rate around 950 g/m2

s was found [15]. The reaction model reproduces
the experimental data within 14% on average but
the error reaches 48% at Φ=2.6 and P1=51 kPa.
These discrepancies might be partly related to ra-
diative heat losses which are not included in the
simulations and are likely increasingly important
as silane content increases. Ngai et al. [1] reported
3.5 to 5 times higher radiative heat flux for silane-
air than for ethylene-air diffusion jet flames. As Φ

increases, the contribution of the reactions involv-
ing Si-species increases. Thus, the large differ-
ence between the experimental and calculated S 0

u
for the rich mixtures could also be due to missing
chemical pathways or inadequate reaction rates. It
is noted that many rate constants available for the
reactions of silicon-species were estimated in pre-
vious studies [29] but never measured nor calcu-
lated. In Fig. 2, the dashed lines correspond to
the model predictions when considering SiO1,2(g)
as the final products. In this case, the burning
rate is much lower, 4.5 times on average, than if
SiO1,2(s) are taken as the final products. In accor-
dance with the study of Babushok et al. [13], it
is concluded that the formation of the condensed
SiOx products is of primary importance for flame
propagation in silane-based mixtures. This aspect
also leads to a larger uncertainty on the calculated
flame speed since the precise nature and composi-
tion of the condensed products is not known from
previous studies.
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Figure 3: CV peak pressure for SiH4-N2O-Ar mixtures.
XAr=0.6; T1=300 K. Solid, and dotted lines are respectively the
calculated Pmax obtained when considering SiO1,2(s) as gaseous
and condensed species. The dashed line is the calculated Pmax
obtained when considering SiO1,2(g) as the final products.

Figure 3 shows the experimental peak pressure
during the constant volume silane explosion as
well as the corresponding CV calculations. The
peak pressures are on the order of ten times P1,
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which is higher than typically observed for hydro-
carbons combustion in air [31]. It is noted that a
second peak of Pmax seems present around Φ=2.4.
It might be related to a change of composition
of the combustion products which is discussed in
the next section. When considering SiO1,2(s) as
gases, the difference between the experimental and
the calculated peak pressure increases from less
than 10% for lean mixtures, to more than 40% for
rich mixtures. When considering SiO1,2(s) as con-
densed species, the difference decreases to 3% at
Φ=0.3 and to 25% at Φ=2.56. The CV explosion
peak pressure calculated when neglecting the for-
mation of SiO1,2(s) agrees within 5% with the ex-
perimental data.
We employed the method of [32] to determine the
experimental pressure rise coefficient (Kg) which
is defined as

Kg = (dP/dt)max V1/3, (4)

where V is the volume of the combustion vessel.
The uncertainty on Kg is ±12%. The normaliza-
tion of (dP/dt)max using the V1/3 enables future
comparison with data obtained on a different ex-
perimental set-up. Figure 4 shows the evolution of
Kg as a function of Φ at P1=51 and 101 kPa. Max-
imum Kg is approximately 80 and 220 MPa m/s,
respectively for P1=51 and 101 kPa. A Kg of 75
MPa m/s was reported for a lean silane-air mixture
(3.7% SiH4 in air) [33].
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Figure 4: Kg for SiH4-N2O-Ar mixtures. XAr=0.6; T1=300 K.

To understand the laminar flame dynamics in
SiH4-N2O-Ar mixtures, we analyzed the rate of
production (OH and H ROP), Fig. 5, the heat re-
lease rate per reaction (HRR), Fig. 6, and the sen-
sitivity coefficient on S 0

u, Fig. 7. The sensitivity
coefficient for reaction i was defined as CS (i) =

(ki/S 0
u)(∂S 0

u/∂ki) with k being the rate constant.
We have integrated the ROP and HRR over the do-
main used to calculate S 0

u. All these parameters
were normalized with respect to the highest abso-
lute value. In Fig. 5 to 7, the reactions were classi-

fied as: (i) reactions belonging to the H-O-N sys-
tem; (ii) reaction producing SiOx(s) species; (iii)
the oxidation reactions for Si-species; and (iv) py-
rolysis reactions for silicon hydrides.
In group (i), the most important reactions are R1:
N2O+H=N2+OH and R10: N2O(+M)=N2+O(+M).
R1 is a dominant pathway for OH and H ROP, one
of the most important reaction in term of heat re-
lease, and one of the most sensitive reaction. R10
is an important heat sink and the most sensitive re-
action for S 0

u. R2: OH+H2=H2O+H significantly
contributes to the OH and H ROP and to heat re-
lease but is not among the most sensitive reactions.
Overall, these reactions from the H-O-N system
seems to largely dominate the flame dynamics but
they are less important for rich mixtures.
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Figure 5: Normalized OH (top) and H (bottom) ROP for SiH4-
N2O-Ar flames. XAr=0.6; T1=300 K; P1=51 kPa.

Among the reactions forming SiOx(s),
group (ii), R4: SiO+OH=SiO2(s)+H and R11:
2SiO=2SiO(s) are the most important. Except for
the H ROP, the contribution of R4 is more impor-
tant for lean and stoichiometric mixtures, see OH
ROP, HRR, and CS . R11 has a higher contribution
to HRR in rich mixtures but presents a higher nor-
malized CS for Φ=0.5 and 1. The most important
reactions in group (iii) are R12: Si+N2O=SiO+N2
and R13: SiH2+N2O=H2SiO+N2. R12 is among
the two most important reactions for HRR at Φ=2.
The importance of R12 and R13 increases with Φ
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and both reactions have positive CS . On the other
hand, R19: Si+N2O=SiN+NO demonstrates a neg-
ative CS because it competes with R12 and forms
less reactive species. The pyrolytic reactions of
the silicon hydrides, group (iv), become more and
more important as Φ increases. Silane thermal
decomposition, R14: SiH4+M=SiH2+H2+M,
constitutes an important heat sink. Nevertheless,
it exhibits a positive CS because it enables to
produce SiH2 which reacts with N2O (R13),
or form Si atom which also reacts with N2O
(R12). Reactions R15: Si3H8=H3SiSiH+SiH4, R16:
Si3H8=SiH2+Si2H6, and R17: Si2H6=SiH2+SiH4,
which involve Si3H8 and Si2H6 have significant
HRR contributions but do not appear among the
most sensitive reactions. R8: SiH+H2=SiH2+H
essentially proceeds in the backward direction and
is an important sink of H atom, which explains its
negative CS , despite its exothermicity.
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Figure 6: Normalized HRR for SiH4-N2O-Ar flames. XAr=0.6;
T1=300 K; P1=51 kPa.
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Figure 7: Normalized sensitivity coefficients on S 0
u for SiH4-

N2O-Ar flames. XAr=0.6; T1=300 K; P1=51 kPa.

3.2. Condensed combustion products
As the energy released during the formation of

condensed combustion products is important for
flame propagation in SiH4-N2O-Ar mixtures, we
performed a number of analyses to characterize
them. For mixtures with Φ≤2, the powder had

an overall white color, while for mixtures with
Φ≥2.2, the color of the powder appeared rather
brownish. Figure 8 shows typical electron micro-
graphs and electronic diffraction patterns obtained
at Φ=1 and 2.2. At all Φ, nano-metric spheres
were observed as in Fig. 8 top-left, whereas for
Φ≥2.2, both the spheres and curved nanowires
were seen as in Fig. 8 top-right. In all the mi-
crographs, the nanowires were located around the
spheres. In the absence of the nanowires, the elec-
tron diffraction patterns demonstrated no diffrac-
tion features, as in Fig. 8 bottom-left, which is
characteristic of an amorphous material. When
nanowires were observed, a crystalline structure
was demonstrated with the presence of diffrac-
tion spots, see Fig. 8 bottom-right. The analysis
of the energy-dispersive spectra indicated that the
samples contained Si and O atoms. In addition
to these analyses, XRPD experiments were per-
formed for the samples in which nanowires were
present. It indicated that the diffraction pattern
corresponds to metal silicon characterized by a cu-
bic structure (lattice parameter: a=5.425 Å) with
the Fm-3m space group. Providing a detailed
explanation of the formation of the nanospheres
and nanowires is beyond the scope of the present
study and would require additional analyses to bet-
ter characterize the condensed products. Never-
theless, few comments can be made. At all Φ,
the spheres formed correspond to amorphous SiOx

particles whose precise stoichiometry cannot be
determined from the analyses made. The highly
spherical shape tends to indicate the importance of
coalescence in the formation of the particles [34].
This process may be facilitated by the fact that the
condensed products are likely in the liquid phase
at the flame temperature. The liquefaction tem-
perature of silicon oxide is below 2000 K [35],
which is similar or lower than the flame temper-
ature (T f ) predicted from constant pressure equi-
librium calculations, i.e. at P1=51 kPa, T f =2024,
2865, and 2822 K for Φ=0.3, 1.8, and 2.6, respec-
tively. As commonly done for oxide particles [34],
the formation of SiOx particle is attributed to the
clustering/polymerization of monomers, including
SiO, SiO2, H2SiO, and HSiOOH, which eventually
leads to particle nucleation [23]. At high equiva-
lence ratios, Φ≥2.2, silicon nanowires are formed
due to the large excess of silane in the reactive mix-
ture. The formation of these nanowires may be at-
tributed to the clustering of cyclic/polycyclic sili-
con hydrides [36, 37]. Since the silicon nanowires
are mostly located around the silica spheres, it
might be argued that the spheres could act as a
catalytic surface from which the nanowires are
growing. In addition, since silicon nanomaterial is

6



likely liquid at T f [38], it could be argued that their
formation is taking place after significant cooling
of the burned gas has taken place, possibly after
flame extinction. Otherwise, a spherical shape of
the silicon material would have been favored over
the elongated nanowire shape.

Φ=0.98; T1=291 K Φ=2.20; T1=299 K

Figure 8: Bright field TEM (top) and corresponding SAED
(bottom) patterns of particles formed in SiH4-N2O-Ar flames.
XAr=0.6; P1=51 kPa

Figure 9: Diameter distribution for spherical particles formed
in SiH4-N2O-Ar flames. XAr=0.6; T1=300 K; P1=51 (left) and
101 (right) kPa.

In addition to the analysis of the overall com-
position and structure of the condensed products,
we have characterized the size of the amorphous
silicon oxide spheres. Due to the highly convo-
luted shape of the silicon nanowires, we have not
attempted to characterize their dimensions. Fig-
ure 9 shows the distribution of diameter of the sil-
ica spheres for several Φ. Under all conditions,
mono-dispersed distributions were observed. The
standard deviation is large since it ranges between
30 and 45% of the mean diameter, depending on Φ.
Figure 10 shows the evolution of the mean diame-
ter with Φ where the vertical bars correspond to the
standard deviation of the particle diameter distribu-
tion. Given the large standard deviation, the sphere
diameter seems to be relatively independent of the
initial mixture composition.

4. Conclusion

The present study shows that SiH4-N2O-Ar mix-
tures have higher laminar burning rate, explo-

Figure 10: Evolution of the mean diameter with Φ for spherical
particles formed in SiH4-N2O-Ar flames. Vertical bars corre-
spond to the standard deviation of the particle diameter distri-
bution. XAr=0.6; T1=300 K.

sion peak pressure, and pressure rise coefficient
than hydrogen-nitrous oxide and hydrocarbon-
based mixtures. Some reactions of the H-O-N sys-
tem, R1, R2, and R10 appears important for the
flame propagation at all Φ. For rich mixtures, an
increased influence of the reactions of the Si-H-O-
N system was observed. These latter reactions in-
clude: (i) the reactions forming SiOx(s) (R4 and
R11); (ii) the reactions describing the interaction
of Si-species with N2O (R12 and R13); and (iii)
the pyrolytic reactions of the silicon hydrides (R8
and R14). The analysis of the condensed combus-
tion products showed that both silica spherical par-
ticles and silicon nanowires were formed during
the combustion process. Future work should focus
on performing a more detailed characterization of
these condensed products to enable a better model-
ing of the complex chemical dynamics taking place
in silane-based flames .
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silane-hydrogen-nitrous oxide mixtures behind reflected
shock waves, Chem. Phys. Lett. 500 (2010) 223–228.
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