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Abstract

The present study is the second part of our work on the current status of high-temperature kinetic mod-

els of silane. Except Slakman’s model, all the models tested in the first part of the study, restricted to

the pyrolysis dataset, are now compared against a large validation dataset (230 conditions) for silane

oxidation. This large validation dataset is composed of both new and literature data, mainly repre-

sentative of the highly-diluted and high-temperature oxidation of silane with different oxidizers (O2,

N2O, and NO) and diluents (Ar and N2) over an extensive range of temperature (T = [801 - 2955 K])

and pressure (P = [50 - 629 kPa]) conditions. The new experimental data are limited to SiH4-O2-Ar

mixtures, obtained in a double-diaphragm shock tube equipped with an Atomic Resonance Absorp-

tion Spectroscopy (ARAS) detection technique. Experimental results present the temporal evolution

of the total absorption signal, considering the absorption of O, Si, N2O, and SiH4. The performance

of the models is assessed based on the same five validation criteria and objective function calculation,

as presented in the first part of the study. The model of Chatelain and of Mével present good perfor-

mances with a global error of 2.4, i.e. meaning an average error of 2.4 fold above the experimental

uncertainty, and high fraction (70 %) of criteria predicted within two times the experimental uncer-

tainty. Although the reference reaction models performed better on the oxidation dataset compared to

the pyrolysis dataset (part I), their global error is still 50 to 125 % higher than the two most accurate

reaction models. Rate of production and sensitivity analyses revealed that the origin of the discrep-

ancy of the least performing models can be attributed to the reaction pathways consuming/producing

Si and O atoms and to some kinetic rates that must be updated.
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1. Introduction

Silane is a widely used source of silicon in material synthesis. It is employed as a silicon-atom

precursor to produce a variety of films [1] and materials [2, 3] in the fields of photovoltaic panels

manufacturing, sensor development, catalysis, or the manufacturing of electronics in general. It has

been employed with different techniques, such as the chemical vapor deposition with (PE-CVD) and

without plasma enhancement (CVD), a large number of combustion-driven synthesis techniques [4,

5, 6, 7]), and other methods [8]. Aside its critical role in materials science, silane and other silicon

hydrides oxidation kinetics are of interest in propulsion [9, 10, 11, 12, 13], enhanced oil recovery

(EOR) [14], and in risk assessment studies [13, 15, 16, 17, 18, 19, 20]. In addition, silicon hydrides

have the propensity to burn without emitting CO2, as well as hydrogen, ammonia [21], or any carbon-

free fuel. Nowadays, this property is of high interest for the global transition to low-carbon fuels with

the exploration of alternative fuels (i.e., non-conventional fuels). The recent combined interest in the

development of new advanced oxides nanomaterials and the seek for advanced and low-carbon fuels

regained the interest of developing comprehensive reaction models for silane oxidation kinetics.

The history of the different silane reaction models available in the literature was already discussed

in the first part of the study [22], starting from the early work of Jachimowski and McLain [23] to the

most recent model presented in [24]. The same conclusion can be drawn that a limited number of stud-

ies investigated the oxidation kinetics of silane and developed reaction models [25, 26, 27, 28, 29, 24]

compared to hydrocarbons studies that have been conducted for a large range of neat fuels and multi-

component surrogates [30, 31, 32, 33, 34, 35, 36, 37, 38]. In addition, no comprehensive validations

of the reaction models available in the literature were ever performed on an extensive pyrolysis and ox-

idation dataset. Thus, both nanomaterial synthesis and alternative fuel exploration need accurate and

predictive reaction models for silane kinetics to optimize their processes. For nanomaterial synthesis,

predictive modeling capabilities of nanomaterial synthesis rely on accurate modeling of the nanopar-

ticle precursor kinetics before the nucleation steps. This approach is similar to the one employed in

soot [39, 40, 41] or autoxidation [42, 43, 44] modeling.

This comprehensive study aims at evidencing the current status of silane chemical models on

both pyrolytic and oxidative conditions. While the results relative to silane pyrolysis are presented

in a companion paper [22], this second part of the study is devoted to (i) providing new experimen-
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tal data relevant to the high-temperature and highly-diluted oxidation kinetics SiH4-O2-Ar mixtures;

(ii) providing a comprehensive validation of six reaction models for silane oxidation kinetics based

on validation criteria and quantitative analyses of their performances; and (iii) comparing the per-

formance of the reaction models on pyrolysis and oxidation dataset. This comprehensive evaluation

of the reaction model performance is more effective than those employed in previous silane model

validations [29, 45] or in other kinetic model validation studies [29, 35, 36, 38, 45]. Up to now, such

comparison has never been performed to evaluate silane reaction models and could also benefit to the

development of larger silicon hydrides reaction models [46, 47, 48].

2. Experimental setup and numerical methods

2.1. Experimental setup

New experimental data relevant to the high-temperature kinetics of silane by molecular oxy-

gen were obtained at Institut de Combustion, Aérothermique, Réactivité et Environnement - CNRS

Orléans (ICARE) using a double-diaphragm shock tube facility, equipped with an Atomic Resonance

Absorption Spectroscopy (ARAS) detection technique. Complete details on the experimental setup,

mixture preparation, and operation procedure are available in [28, 49], while only a brief description

is presented here.

All gases used for the mixture preparation were research grade from Air Liquide. The different

SiH4-O2-Ar mixtures investigated in this study are summarized in Table 1. The mixtures were prepared

based on the partial pressure method from pure oxygen, pure argon, and pre-diluted silane mixture in

argon (1 % SiH4). The time-resolved evolution of the absorption signal, mainly due to the atomic

oxygen absorption, was recorded for each experimental condition. In line with the work done in [49],

the contribution of O, Si, and SiH4 species to the total absorption signal were observed and taken into

account. All the experimental signals are available in supplementary materials, along with all the other

validation figures.

2.2. Validation dataset

Table 2 summarizes the different validation datasets used to evaluate the reaction models. This

validation dataset is composed of 230 individual experimental conditions, including both literature

and new experimental data. All these data were divided into seven sub-datasets based on the mix-

ture composition. Except a limited number of conditions which are restricted to H2-O2-Ar mixtures
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Table 1: List of the new experimental conditions investigated in the present work for SiH4-O2-Ar mixtures. X, T , and P
stands for the species mole fraction, the temperature, and the pressure. The mole fraction balance is argon.

Condition # XSiH4 [ppm] XO2 [ppm] T [K] P [kPa]

1 14.8 47.5 1748 296
2 14.8 47.5 1742 295
3 14.8 47.5 1545 306
4 14.8 47.5 1666 303
5 14.9 50 1488 307
6 14.9 50 1791 283
7 14.9 50 1624 307
8 14.9 50 1688 295
9 15.1 40.4 1925 258
10 15.1 40.4 2151 249
11 15.1 40.4 2072 261
12 15.1 40.4 2266 243

(set 1), the large majority of the validation data are representative of the highly-diluted and high-

temperature oxidation of silane by different oxidizers (O2, NO, N2O) and diluents (Ar and N2). The

experimental data cover a large range of experimental conditions: XSiH4 = 0 - 20000 ppm, XH2 = 0 -

8 %, XO2 = 0 - 200 ppm, XNO = 0 - 6.74 %, XN2O = 0 - 300 ppm, XAr = 0 - 99.9989 %, XN2 = 0 - 85.99 %,

T = 801 - 2955 K, P = 50 - 629 kPa. Note that only McLain et al.’s experiments [50] were performed

with N2. The validation dataset is mainly composed of highly-diluted conditions, except McLain et

al’s experiments [50]. Such validation dataset is then more appropriated to validate the first silane

decomposition steps rather than secondary product formation, which is in line with our objective of

validating the models on solid particle precursors. These 230 conditions include temporal evolution

of different validation parameters (such as OH?, SiH4, SiH2, O, N, Si species profiles or the total and

species-specific absorption signals), as well as the temperature dependence of different characteristic

reactions times, which were obtained from OH? (τOH? and τign.) and pressure signals (τP.). Figure 1

briefly summarizes the definition of these characteristic reaction times, as already presented in the lit-

erature [45, 51, 50]. Note that the delay to the first OH? peak was not considered when two peaks are

observed, as presented in [51]. Numerically, many challenges arose from the definitions of these char-

acteristic reaction times (τOH? , τign., and τP.), as: (i) the predicted relative intensities of the two peaks

can vary significantly from one model to another; (ii) the evolution of the delays between the two

peaks can be significantly shorter (two peaks are merged) or longer than the experimental observation

time (only one peak is observed); (iii) a three-stage energy release is observed with some models. For

consistency’s sake with experimental measurements, the characteristic reaction times were extracted

4



using the experimental definitions and their physical meaning. For some conditions, characteristic

reaction times were obtained for peaks with amplitude as low as 1 % of the amplitude of the highest

peak or from the inflection point in the validation profiles (resulting from two merged peaks). Some of

these challenges could have been overcome if the raw experimental profiles had been provided in the

supplementary materials of the original paper. Instead, only summary figures with the characteristic

reaction times were provided. For this reason, all the validation figures are presented in the supple-

mentary materials to facilitate the reproduction of the present results and later comprehensive model

validations. As summarized in Table 2, the different validation parameters were obtained mainly from

literature data (218/230), among different research groups with different detection techniques over the

last few decades [28, 49, 50, 51, 52, 53, 54, 55, 56]. Emission detection techniques were used in the

series of work from Petersen’s group [51, 54, 55, 56] to monitor the temporal evolution of OH? and

SiH4 during the oxidation of H2-O2-Ar and SiH4-(H2)-O2-Ar mixtures. As defined previously, the

OH? temporal evolution was also used to extract characteristic reaction times (τOH? and τign.). Fre-

quency modulation spectroscopy (FMS) technique was used to record the temporal evolution of SiH2

radical in the work of Petersen et al. [55] during the oxidation of SiH4-O2-Ar mixtures. McLain et

al. [50] measured induction delay-time (also called ignition delay in their study) for different SiH4-H2-

O2-N2 mixtures. To avoid confusion with the delays defined in Petersen’s studies, McLain’s delays

are referred to as pressure delay (τP.) in the present work. The atomic resonance absorption spec-

troscopy (ARAS) detection technique was employed in the present’s, Mick et al.’s [52, 53, 57], Javoy

et al.’s [49], and Mével et al.’s [28] studies to record the temporal evolution of the concentration of

O, Si, or N atoms, as well as the temporal evolution of the absorption signal during the oxidation of

different SiH4-oxidizers-Ar mixtures (oxidizers = O2, NO, N2O). In the present study and the previous

work of Javoy et al. [49] and Mével et al. [28], the total absorption (ATot.) considers the contribution of

O atoms (main contributor), Si atoms, N2O and SiH4 species. The following equation was employed

to calculate the total absorption:

ATot. = 1 − exp
(
l ×

(
−2.56 · 10−17[N2O] − 6.91 · 10−17[SiH4] − 5.62 · 10−17[Si] − 3.38 · 10−10[O]0.625

))
(1)

Crucially, the experimental data of Petersen [51] (referred to as set 7 in our preliminary study [45])

were removed from the present validation set, as these data were already reported in [54] (referred to

as set 6 in [45]).
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The 230 experimental conditions are represented in a total of 92 validation figures. These two

significantly different numbers are due to the temperature-dependent validation figures, which contain

several experimental conditions for a single validation figure. Among the 92 validation figures, 65 of

them were not included in our preliminary study [45]. The addition of these new data corrected the

strong OH? dependence of the previous validation dataset, which was pointed out in [45]. The 230

experimental conditions are listed in supplementary materials for later usage of the validation dataset.
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Table 2: Summary of the conditions used in the validation dataset. The mole fraction balance is the diluent (either Ar or N2). Oxidizers (Oxid.) are O2, NO, N2O. X,
T , and P stands for the species mole fraction, the temperature, and the pressure.

Set #
exp.

XSiH4

[ppm]
XH2

[ppm]
XOxid ·
[ppm] T [K] P

[kPa]
Valid
Param. Ref.

1: H2-O2-Ar 38 - 10300 - 33600 5000 - 15000 1009 - 1752 96 - 138 OH?, τOH? , τign. [51, 54]
2: SiH4-O2-Ar 36 1 - 460 - 10 - 910 1143 - 2500 85 - 307 SiH4, SiH2, OH?, This work

Si, O, τOH? , ATot. [51, 53, 54, 55, 56]
3: SiH4-H2-O2-Ar 26 360 - 460 10400 - 34600 5080 - 15100 1057 - 1565 107 - 132 OH?, τOH? , τign. [51, 54, 56]
4: SiH4-H2-O2-N2 80 16800 - 20000 67200 - 80000 40100 - 67400 801 - 1046 127 - 137 τP. [50]
5: SiH4-NO-Ar 4 0.75 - 10 - 300 2500 - 2955 50 - 110 Si, O, N, ASi, [57]
6: SiH4-N2O-Ar 23 0.5 - 15 - 10 - 200 1498 - 2814 65 - 618 ATot. [28, 52]
7: SiH4-H2-N2O-Ar 23 4.9 - 5 5 - 10.1 6.6 - 32.4 1516 - 2528 234 - 629 ATot. [49]
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Fig. 1. Characteristic reaction times (delays) extracted from the experimental data, as already presented in [45]. τOH? ,
τign., and τP. represent the time to OH? peak, the ignition delay, and the time to the maximum of the pressure rise. For
experimental conditions with a single OH? peak, the τOH? and τign. were extracted from this single OH? peak. Conditions
are from Petersen et al. [54]: XSiH4 = 370 ppm, XH2 = 3%, XO2 = 1.5%, XAr = 99.955%, T = 1335 K, and P = 111 kPa.

2.3. Kinetic models

Table 3 introduces the reaction models used in the present study with their respective sizes and

the size of their common submodels (OH? and nitrogen species (NxHyOz) chemistry). Only a brief

presentation is performed, as a more detailed presentation is available in the first part [22] of our study.

Four of these reaction models (Mével, Babushok, Kondo, and Miller) are reference reaction models

commonly used in literature for silane combustion kinetics [14, 22, 25, 26, 27, 28, 29, 45, 49, 58,

59, 60, 61], while two of them are recent ones (Chatelain and PeOx). Both Chatelain’s [22, 24] and

PeOx’s [22, 29, 45] reaction models are updated versions of pre-existing reaction models (Mével [28]

and Hall’s [56] reaction models, respectively). As presented in [22], all these models share common

submodel to describe the kinetics of OH? and nitrogen species (NxHyOz) chemistry that were taken

from Hall [56] and Mével [28, 60], respectively. Slakman [62] reaction model, used in [22], could not

be used in the present work, as it does not have a silane oxidation submodel.

All the simulations were performed with ANSYS [63] software (previously Chemkin-Pro) with

a closed homogeneous reactor (CKReactorGenericClosed) and an adiabatic constant volume reactor

model (CONV).

The reactions models used in the present study are available in the supplementary materials of our

first paper [22].
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Table 3: Presentation of the reaction models used in the present study.

Reaction
model Species Reactions Size of OH? and nitrogen

chemistry submodels
Chatelain [24] 86 425

31 species, 177
reactions

Mével [28] 92 448
PeOx [29] 166 1159
Babushok [25] 65 380
Kondo [26] 94 322
Miller [27] 91 371

2.4. Assessment of the performance

2.4.1. Presentation of the validation criteria

As performed in the first part of the study [22], the five validation criteria were extracted from

both time-resolved and temperature-resolved validation figures. The five validation criteria, recalled in

Table 4 and Fig. 2, consider both the peak shape and the quantity produced of the validation parameter.

To be consistent with the preliminary study, the C5 expression was generalized, Y = C5 × Tdep. +

Constant, to consider both linear relationship with temperature (Y = y and Tdep. = T , identical to [22])

and exponential relationship with temperature reciprocal (Y = ln(y) and Tdep. = 10000/T , present

study).

Examples illustrating the extraction procedure of the experimental and numerical criteria for both a

time- and temperature-resolved validation figure are presented in the supplementary materials of [22].

Table 4: Presentation of the five validation criteria with their respective usage.

Criteria Description Used in
C1 Time to peak maximum Time-resolved data
C2 Time to peak half-maximum (before the peak) Time-resolved data
C3 Time to peak half-maximum (after the peak) Time-resolved data
C4 Area integration Time- and Temperature-resolved data
C5 Parameter=f(T ), i.e., T slope Temperature-resolved data
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a) Time-resolved validation figure

b) Temperature-resolved validation figure (linear case)

c) Temperature-resolved validation figure (exponential case)

Fig. 2. Definition of the validation criteria from the different type of validation figure: time-resolved in a) and temperature-
resolved in b) and c), respectively. In b) and c), the generalized expression of the linear regression is used (Y = C5×Tdep. +

Constant) to consider both linear relationship with temperature in b) (Y = y and Tdep. = T ) and exponential relation with
temperature reciprocal in c) (Y = ln(y) and Tdep. = 10000/T ). Adapted from [22].
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2.4.2. Calculation of the reaction model performance

Similar to part I, the error calculation method, based on Olm et al. [64], was employed to evaluate

the performance of the model to reproduce the criteria for each validation figure. Only the key aspects

of the methodology are presented here, more detailed information can be found in the first part of the

study [22]. Equation 2 presents the general expression of this calculation method for a given criterion

(Ci) and a given validation figure ( j).

ECi, j =

(
Ci j,mod − Ci j,exp

δ(Ci j,exp)

)2

(2)

where ECi, j is the objective function calculated for a specific criterion Ci and a given validation

figure j; Ci j,mod and Ci j,exp are the criteria calculated for a given validation figure j from the simulation

and experiment, respectively; δ(Ci j,exp) is the experimental uncertainty associated to the criteria Ci for

the given validation figure ( j). This uncertainty considers the acquisition system frequency, the detec-

tion technique used, and the non-ideality of the detection technique (finite laser beam dimensions and

the collection angle of the optics). A global uncertainty is calculated from the uncertainties reported

in the literature (see details later in this section) and our own experience in conducting shock tube

experiments. As employed in [22], the error on C4 and C5 were calculated with Equation 2, while the

error for C1, C2, and C3 were obtained with Equation 3.

ECi, j =

 ln
(
Ci j,mod

)
− ln

(
Ci j,exp

)
ln

(
1 + δ(Ci j,exp)/Ci j,exp

)
2

(3)

For both equations, the experimental uncertainty had to be determined for each validation figures.

Only the temporal uncertainty had to be considered in the δ(Ci j,exp) calculation for C1-3 criteria,

while the temporal (10 µs or 20 %), temperature (1 %), and species concentration uncertainties had

to be considered for C4 and C5. Thus, a 30 % uncertainty is associated to the H, O, and N profiles,

while a 15 % uncertainty is considered for Si, SiH2, SiH4, OH?, and the absorption profiles (ATot.

and ASi). Further details on the δ(Ci j,exp) calculation for each criteria are provided in the first part of

our study [22]. Note that the uncertainties associated with each validation figure are presented along

with the experimental conditions in the supplementary materials. While the assigned uncertainties can

be subjected to debate, the final ranking of the models are not sensitive to the assigned uncertainties

and only the error values (see definition later) may change. Detailed examples are provided in the
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supplementary materials to explain the calculation steps of the objective function for the different

criteria.

The performance of the models was evaluated with Equation 4, which represents the square root of

the averaged objective functions (SROF). Equation 4 can be used on the overall 92 validation figures

to get the global performance of the model, while it can also be used on a restricted set of data to get

more detailed analyses of the results (per validation criteria Ci, per mixture composition, or validation

parameters).

S ROF =

√√√
1

N1 + N2 + N3 + N4 + N5
×

 N1∑
j=1

EC1, j +

N2∑
j=1

EC2, j +

N3∑
j=1

EC3, j +

N4∑
j=1

EC4, j +

N5∑
j=1

EC5, j

 (4)

where N1, N2, N3, N4, and N5 correspond to the total number of conditions for which C1, C2,

C3, C4, and C5 were calculated. Note that some criteria could not be extracted for some specific

conditions and reaction models, (see part I for detailed information [22]). Thus, the corresponding

objective functions (Equation 2) could not be calculated in such cases and are treated as a “NaN”.

These ”NaN” values were preferred over arbitrary values (either 0 or a near-infinite value1) to not

bias the SROF calculation, which is an average value. The number of ”NaN” per reaction model is

presented in an error distribution plot, as any model presenting a low error score with a high fraction

of “NaN” cannot be considered as satisfactory. As mentioned in [22], this error calculation method

is preferred compared to the relative error or the mean average error calculations, as it enables to

directly compare the performance of the models with respect to the experimental uncertainties. In

addition, the error is dimensionless. Examples illustrating the error calculation steps are presented in

the supplementary materials of [22].

3. Results and Discussion

As presented in Section 2.4.2 and Equation 4, the SROF values are an average value over a given

set of validation figures ( j). To simplify the discussions the term ”on average” is not mentioned in the

following discussions.

1A near-infinite value stands for a significantly large value with respect typical error values
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3.1. Qualitative agreement: examples of validations figures

Figure 3 presents typical results obtained among the 92 validation figures. From all the validation

figures, the following trends can be observed: (i) Chatelain’s and Mével’s models are better reproduc-

ing most of the experimental profiles (see Figs. 3a and 3b); (ii) the predictions of the other reaction

models are less consistent and large variabilities in the model agreements with experimental data were

observed. Their agreements with the experimental data can vary from satisfactory (e.g., in Figs. 3a,

3b, 3f, and 3c for Miller’s, Kondo’s, PeOx’s, and Babushok’s models, respectively) to very limited

(e.g., in Figs. 3c and 3a for Miller’s and Kondo’s, PeOx’s, and Babushok’s models, respectively). This

last finding is in agreement with the variability observed in their SROF values, see section 3.3; (iii)

except for some validation figures, such as Fig. 3c, the predictions of Chatelain’s and Mével’s reaction

models are nearly identical in most of the validation figures; (iv) Note that Chatelain’s and Mével’s

model predictions may be outperformed by other models under certain conditions (e.g., by Babushok

and Miller in Figs. 3c and 3e, respectively). While such a situation is limited to a small number of val-

idation figures, it seems mandatory to also present conditions for which both models are not the best,

as a fairness principle. (v) all the models are satisfactorily reproducing most of the conditions based

on OH? profiles, as presented in Figs. 3d and 3f. While the agreement is satisfactory for most of the

H2-O2-Ar and SiH4-H2-O2-Ar conditions with low silane content, the performance of all models are

drastically reduced for SiH4-O2-Ar, see Fig. 3c. This indicates that further work is required to improve

the OH? submodel for silane mixtures, as satisfactory agreement was observed for similar conditions

when OH? profile is not the validation parameter. Note that the validity of this OH? submodel is

confirmed for H2-O2-Ar mixtures, as good quantitative results are obtained with all the models (see

the low SROF values on set 1 in section 3.3). The typical validation figures presented in Fig. 3 aim

at giving a representative and fair overview of all the positive and negative aspects of all the reaction

models. All the validation figures are available in the supplementary materials to confirm the present

qualitative discussions on the models’ performances.
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a) ST data from [53]: XSiH4 = 1 ppm, XO2 = 10 ppm,
XAr > 99.9 %, T = 2300 K, and P = 125 kPa.

b) ST data (this study): XSiH4 = 14.8 ppm, XO2 = 47.5 ppm,
XAr > 99.9 %, T = 1748 K, and P = 296 kPa.

c) ST data from [51]: XSiH4 = 460 ppm, XO2 = 910 ppm,
XAr = 99.9 %, T = 1143 - 1768 K, and P = 101 kPa.

d) ST data from [54]): XH2 = 3%, XO2 = 1.5%, XAr = 95.5 %,
T = 1009 -1430 K, and P = 104 -138 kPa.

e) ST data from [50]: XSiH4 = 2%, XH2 = 8%, XO2 = 4%,
XN2 = 86.0 %, T = 801 - 1046 K, and P = 127 kPa.

f) ST data from [54]: XSiH4 = 370 ppm, XH2 = 3%, XO2 = 1.5%,
XAr = 95.5 %, T = 1090 - 1401 K, and P = 111 - 132 kPa.

Fig. 3. Selected validation figures representative of the typical models performances. ST stands for shock tube. All the
validation figures are presented in supplementary materials, including information on the employed diagnostic and the
assigned uncertainties (δx and δy).
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3.2. Quantitative analyses: global performances

Table 5 and Fig. 4a present the global performance of the reaction models using the SROF calcu-

lation (Equation 4) on the 92 validation figures. The distribution of the objective function values for

each reaction model is presented in Fig. 4b to highlight the scatter inside these global values. Note

that the objective function distribution is displayed in terms of the square root of the objective func-

tion values (
√

ECi, j) instead of the objective function values (ECi, j) to facilitate the discussion of the

results. As a reminder, “NaN” values refer to the conditions for which criteria were not extracted

from the simulation. Thus, it is crucial to present the fraction of “NaN” in the error distribution of the

objective functions employed in the SROF calculation (see the discussion near Equation 4).

From Table 5 and Fig. 4a, Chatelain’s and Mével reaction models have the lowest global SROF

values (2.4) among the six mechanisms tested. The other reaction models have higher global SROF

values, from 3.7 to 5.4. This range of SROF values is in line with the typical errors observed in the

first part of our study [22] and typical result’s obtained from Turányi’s group [64, 65]. Moreover, the

following aspects are observed: (i) the low SROF values (< 1) for all the models on C5 indicate that

the six models reproduce the temperature dependence of all the characteristic reaction times within the

experimental uncertainty; (ii) only Chatelain’s and Mével’s reaction models are also reproducing C4

within the experimental uncertainty; (iii) the largest SROF values obtained for both Chatelain’s and

Mével’s models on all criteria is quite low (3.4), while larger SROF values, up to 10, are observed for

the other reaction models. This tends to indicate that a large scatter is observed and the accuracy of

model predictions vary significantly from one condition to another for PeOx, Babushok, Kondo, and

Miller.

Fig. 4b also highlights that more than 53 % of the criteria are simulated within the experimental

uncertainty for Chatelain’s and Mével’s models, while this value is near 42 - 45 % for the other reaction

models. This 10 % difference is also observed with the fraction of criteria predicted within a factor of

two, between Chatelain’s (69 %) and Mével’s (70 %) models on the one hand and Babushok’s (60 %),

PeOx’s (60 %), Miller’s (58 %), and Kondo’s (56 %) model on the other hand.

3.3. Quantitative analyses: detailed analyses of the performances

The quantitative analyses of the results were performed on specific sets of data to confirm the

global results. Thus, Table 6 presents the SROF values for all the calculated criteria per dataset (i.e.,

reacting mixture) and per validation parameter.
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a) Global SROF values and per validation criteria

b) Distribution of the square root of the objective function (
√

ECi, j)

Fig. 4. Comparison of the performance of the different reaction models. The global and detailed (i.e, per validation
criteria) SROFs are presented in Fig. 4a. The distribution of the objective functions values are presented in b). Note that
the objective function distribution is displayed in terms of the square root of the objective function values (

√
ECi, j) instead

of the objective function values (ECi, j) to facilitate the discussion of the results. The “NaN” fraction refers to the fraction
of objective functions that could not be calculated (see Section 2.4.2).

Table 5: Performances of the reaction models to predict all the validation criteria extracted from the 92 validation figures.

Chatelain Mével PeOx Babushok Kondo Miller
C1 2.8 3 3.4 3.5 4.7 4.3
C2 3.3 3.4 4.8 5.3 4.2 5.5
C3 2.7 2.2 8.3 10.2 2.9 7.4
C4 0.8 0.6 1.3 2 7.1 1.5
C5 0.3 0.3 0.9 0.3 0.6 0.4
Global 2.4 2.4 3.7 4.2 5.4 4.1

16



The results per reacting mixtures indicate: (i) all the predicted criteria with H2-O2-Ar mixtures

(set 1) are within the experimental uncertainty for all models; (ii) the similar satisfactory performance

of most of the models for SiH4-H2-O2-N2/Ar mixtures (set 3 and 4) can be explained by the high

H2/SiH4 ratio in the mixtures used in these two sets of data (above 25 and 4 for sets 3 and 4, respec-

tively), which makes the results consistent with the ones found for set 1. Although the validation

parameters are different between set 3 and set 4, the performance of the models seems not sensitive to

the diluent (except for PeOx and Babushok); (iii) the use of different oxidizers (set 2, 5, and 6) does not

significantly affect the model performance, which is in agreement with the global results; (iv) in line

with the previous discussions on (SiH4)-H2-O2-Ar mixtures, all the models satisfactory reproduces the

data for SiH4-H2-NO2-Ar mixtures (set 7) even with a low H2/SiH4 ratio (1 ≤ H2/SiH4 ≤ 2).

Crucially, the results per validation parameter evidenced: (i) the high scatter in the number of

criteria calculated per sub-dataset (from 3 for ASi to 170 for ATot.). This scatter is related to the non-

constant number of experimental conditions per validation parameter. Thus, validation parameters

with less than ten predicted criteria cannot be utilized to discuss the strengths and the weaknesses of

the reaction models, due to a possible strong bias in the limited sampling; (ii) the results per validation

criterion confirm the global results identified in Section 3.2 and the detailed results per sub-dataset,

presenting Chatelain’s and Mével’s models with the lowest error. This better performance is even

more pronounced for Si profiles, for which both models have, on average, predicted criteria within the

experimental uncertainty; (iii) all the models demonstrate satisfactory performance to reproduce the

time-resolved absorption profiles (ASi and ATot.) and OH? profiles; (iv) the better overall performance

of Chatelain’s and Mével’s model seems mainly due to the better prediction of Si and O profiles. While

N and SiH2 profiles also present similar trends, these trends require to be confirmed with additional

experimental data.

3.4. Mechanism analyses

Rate of production (RoP) and sensitivity analyses were performed on Chatelain’s, Mével, PeOx,

and Miller’s models for the condition presented in Fig. 3a, i.e. XSiH4 = 1 ppm, XO2 = 10 ppm, T = 2300 K,

and P = 125 kPa. These models were selected as the top four models presenting the lowest error, as

seen in Table 5. The relative RoP and the normalized sensitivity coefficients were integrated over the

same simulation time (experimental time) to obtain non-time dependent results and facilitate the com-

parison of the models. Only reactions exceeding 10 % of the total RoP or the maximum normalized
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Table 6: Summary of the quantitative analysis of the performance of different reaction models per subdataset. The global
error is recalled for comparison with the results per subdataset. The number of objective functions (# OF) indicates the
number of individual objective functions calculated per subdataset. Cha., Mév., PeOx, Babu., Kond., and Mill. stands for
Chatelain’s, Mével’s, PeOx’s, Kondo’s, and Miller’s reaction models.

# OF Cha. Mév. PeOx Babu. Kond. Mill.

Global 274 2.40 2.41 3.68 4.20 5.43 4.10

Per reacting mixture:

Set 1: H2-O2-Ar 16 0.3 0.3 0.63 0.26 0.82 0.71
Set 2: SiH4-O2-Ar 75 2.26 2.38 5.32 6.3 9.64 5.28
Set 3: SiH4-H2-O2-Ar 22 1.32 0.82 1.17 1.14 0.93 5.24
Set 4: SiH4-H2-O2-N2 4 1.07 1.23 3.81 6.55 1.27 0.61
Set 5: SiH4-NO-Ar 14 2.46 2.45 5.74 5.81 3.6 7.07
Set 6: SiH4-N2O-Ar 73 2.68 2.67 3.03 3.31 3.07 3.43
Set 7: SiH4-H2-N2O-Ar 70 2.78 2.78 2.42 2.37 2.26 2.49

Per validation parameter:

OH? (OH?/τOH? /τIgn.) 60 1.89 1.9 1.76 2.41 10.48 4.65
OH? 34 2.41 2.5 2.21 3.16 9.12 5.89
τOH? 14 0.88 0.43 0.77 0.43 16.08 2.78
τIgn. 12 0.7 0.27 0.98 0.68 0.47 0.81

SiH4 4 3.16 3.31 1.57 7.43 3.45 1.04
SiH2 4 1.31 1.94 2.52 3.23 0.38 5.28
O 10 4.63 4.66 7.34 7.61 5.49 8.09
Si 12 0.71 0.71 9.06 10.17 4.59 5.89
N 7 1.05 1.04 7.91 7.9 4.85 9.08
ASi 3 1.05 1.05 1.52 1.52 2.18 2.29
ATot. 170 2.52 2.52 3.05 3.34 2.3 3.07
τP. 4 1.07 1.23 3.81 6.55 1.27 0.61

sensitivity coefficient in at least one reaction model are displayed. ε means that the reaction is below

this 10 % threshold for this specific model.

Figure 5 presents a simplified version of the reaction pathways, centered on Chatelain’s model

pathways. A more detailed version of this flux diagram is available in supplementary materials. Figure

5 evidences: (i) the similarities with pyrolysis pathways, mainly through the reactions SiH4=SiH2 +

H2, SiH2=Si + H2, and SiH4=SiH3 + H (for PeOx only). Note that PeOx is the only model presenting

the SiH4=SiH3 + H reaction as the main decomposition pathway. Based on the work of Dollet et

al. [66], this rate constant must be several order of magnitude lower than the SiH4=SiH2 + H2 over

a large range of pressure and temperature conditions. This reaction was not included in Chatelain’s

and Mével’s for this reason. This finding indicates that either both reactions (SiH4=SiH3 + H and

SiH4=SiH2 + H2) or only SiH4=SiH3 + H reaction should be updated in PeOx; (ii) the similarities

between Chatelain’s and Mével models, as both models have similar reaction pathways with close
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relative contributions. In addition, the corrections performed in Chatelain’s model [24] did not lead to

significant modifications of the reaction pathways in the present condition; (iii) The underestimated

Si profiles in PeOx’s model seems to be a consequence of the low contribution of the silane decom-

position pathway H2 elimination (SiH4 = SiH2 + H2) and/or the overpredicted SiH3 radical pathway

(SiH4 = SiH3 + H) combined with an overpredicted contribution of solid silicon formation (Si –– Si(s))

and/or underpredicted SiO formation (Si + O2 = SIO + O) pathways. As already discussed in part

I [22], based on the work of Swihart et al. [67, 68], the lumped reaction (Si –– Si(s)) seems nonphysical,

both in term of chemical mechanism and of Si consumption rate. This reaction was not included into

Mével’s model (and by extension in Chatelains’s model) for these reasons. As recommended in part

I [22], a better representation of this reaction should be based on a clustering approach, as performed

for the silicon oxides or soot formation; (iv) The lower Si concentration predicted by Miller’s model,

compared to Chatelain’s and Mével’s models, seems related to the overestimated contributions of the

SiH4 + SiH2 = H2SiSiH2 + H2 and Si + O2 = SiO2 reactions and/or the underestimated contribution

of SiH2 = Si + H2. However, no recent calculations of the reaction SiH4 + SiH2 = H2SiSiH2 + H2 are

available in the literature to compare with the rate constant employed in Miller’s model. Nevertheless,

three main aspects tend to indicate that this rate constant must be revised. First, the very limited agree-

ment of Miller’s model with most of the Si profiles under both pyrolysis ([22]) and oxidation (present

study) conditions. Second, because the thermochemical data included in Miller’s model might need to

be updated in view of recent high-accuracy theoretical calculations [24], the equilibrium and reverse

rate constant of SiH4 + SiH2 = H2SiSiH2 + H2 might be affected and lead to an overestimated con-

tribution of this reaction. Third, this rate is not pressure dependent and may have been determined

for temperature and pressure conditions far from the one we are currently employing to validate the

models. Determining this rate constant through electronic structure calculations is out of the scope

of the present work. (v) The main pathways in Chatelain’s, Mével, and Miller’s models lead to the

formation of silicon oxides (SiO2 and SiO), while solid silicon (Si(s)) seems to be more important

in PeOx. As discussed earlier, this reaction pathway seems unphysical and must be revised in future

reaction model development.

Figure 6 presents the sensitivity analysis results on SiH4 (in a) and Si (in b) by comparing the nor-

malized sensitivity coefficients from Chatelain’s, Mével’s, PeOx’s, and Miller’s models. These results

are consistent with the flux diagram discussion and confirm: (i) the similarities between Chatelain’s

and Mével’s models; (ii) that the pyrolysis reactions are important during silane oxidation; (iii) that
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Fig. 5. Simplified flux diagram for silane oxidation, mainly based on Chatelain’s reaction model. Each mechanism
contribution is represented with different colors: Chatelain in red, Mével in dark blue, PeOx in orange, and Miller in
green. ε indicates a relative contribution below the (10 %) threshold. Conditions are from Mick [53]: XSiH4 = 1 ppm,
XO2 = 10 ppm, T = 2300 K, and P = 125 kPa.

only PeOx model presents sensitive reactions involving SiH3 radical in both SiH4 and Si sensitivity

analyses; (iv) the potential origin of the discrepancy on the Si profiles for both Miller (from SiH4 +

SiH2 = H2SiSiH2 + H2 and Si + O2 = SiO2 reactions) and PeOx (from Si –– Si(s) and Si + O2 = SIO +

O reactions).

Both the RoP and sensitivity analyses demonstrate that the silane pyrolysis pathways play an es-

sential role in the silane oxidation kinetics, even in the present lean conditions (Φ = 0.15). The silane

oxidation reactivity can be decomposed into two steps: the silane decomposition steps and the oxi-

dation of the pyrolysis products, which are either Si (in Chatelain’s, Mével, and Miller’s models), H2

(Chatelain, Mével, PeOx, Miller), or SiH3 and H (PeOx only). These findings strengthen the relevance

of this combined study ([22] and the present work), which assess the performance of different silane

reaction models on both pyrolysis and oxidation.
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a) SiH4 sensitivity analyses

b) Si sensitivity analyses

Fig. 6. Sensivity analyses on SiH4 (in a) and Si (in b) performed with Chatelain’s, Mével’s, PeOx’s, and Miller’s reaction
models. Conditions are from Mick [53]: XSiH4 = 1 ppm, XO2 = 10 ppm, T = 2300 K, and P = 125 kPa.
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3.5. Discussion on pyrolytic and oxidation validation

Combining the results from both the pyrolysis and oxidation datasets, similar global results are

observed, with notably: Chatelain’s and Mével’s reaction models having both the lowest SROF values

(between 2.4 and 3.4) and the highest fraction of criteria (≥ 70 %) predicted with a low error SROF

(< 2, which corresponds to an error below twice the experimental uncertainty). In both datasets, more

than 50 % of the predicted criteria by Chatelain’s and Mével’s models are within the experimental

uncertainty. While Kondo’s performance is significantly better for silane oxidation, it demonstrates

the highest SROF values in both pyrolytic and oxidation validations. These results were expected, as

Kondo’s model was mainly developed to reproduce the silane ignition at low-temperature.

However, several points differ from the pyrolysis results, with notably the better performance of

all the models on the oxidation dataset compared to the pyrolysis one. This better performance is

observed with (i) lower global SROF values on oxidation data (below 6 for all the models) compared

to pyrolytic conditions (near 10 for most of the models); (ii) the increase of the fraction of criteria

predicted with a SROF < 1 for PeOx’s, Babushok’s, Miller’s, Kondo’s reaction models, from below

20 % for pyrolytic conditions to nearly 40 %, see Fig. 4b. (iii) The diminution of the number of

criteria with high SROF (> 10) from 25 % (highest value for the pyrolysis dataset) to below 5 % for

the oxidation dataset; and finally (iv) the diminution of the fraction of conditions with no extracted

criteria, i.e. NaN.

Based on pyrolysis and oxidation results, both Chatelain’s and Mével’s reaction models seem to

equally perform in reproducing the conditions from the pyrolysis and oxidation datasets. However,

Chatelain’s model must be preferred to Mével’s reaction model, due to the important thermochemistry

updates and the corrections of several chemical inconsistencies in Chatelain’s model [24](rates above

the collision limits, thermodynamic discontinuities, species mislabeling). While Chatelain’s model

can be outperformed for specific experimental conditions, the present exhaustive study confirmed

its consistent performance over more than 300 experimental conditions, with different diluents and

oxidizers. Moreover, some of the inconsistencies identified in Mével’s model are also present in the

other reaction models from the literature [24]. Thus, from this exhaustive model validation with several

reaction models, Chatelain’s model is currently the most accurate reaction model for the modeling of

the high-temperature kinetics of silane.
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4. Conclusions

In the present study, six reaction models were compared against an extensive validation dataset

(230 conditions) relevant to the high-temperature oxidation kinetics of silane. The validation dataset

is composed of both new and literature data obtained in shock tubes and emphasizes the effect of

different oxidizers, diluents, and the hydrogen addition on the high-temperature kinetics of silane.

Validation criteria accounting for the shape and the amplitude of the validation profiles were extracted

for quantitative analyses of the models. Quantitative analyses of the experimental and predicted cri-

teria were performed based on the objective function calculation from Olm et al. [64]. Global and

detailed quantitative analyses of the results were performed to identify both the reaction model pre-

senting the lowest error with respect to the experimental uncertainty and the strengths and weaknesses

of each reaction model per reacting mixtures and validation parameters. Chatelain’s and Mével’s re-

action models have the lowest global error (2.4), on average, and the highest fraction, around 70 %,

of criteria predicted within twice the experimental uncertainty. While all the other reaction models

performed better on oxidation (compared to pyrolysis dataset [22]), their global errors are 50 to 125 %

higher than Chatelain’s and Mével’s reaction model. Overall, the detailed quantitative analyses of the

results confirmed the global trends for most of the conditions. Moreover, the detailed results tend to

point out the origin of the better performance of Chatelain’s and Mével’s models to be the better pre-

diction of Si and O profiles. Detailed results also revealed that Chatelain’s and Mével’s models can be

outperformed by other reaction models for some specific conditions. RoP and sensitivity analysis re-

sults emphasized the importance of the silane pyrolysis pathways during silane oxidation. In fact, the

high-temperature oxidation kinetics of silane can be simplified as the silane pyrolysis steps followed

by the oxidation of these decomposition products. The mechanism analyses also revealed the possible

origin of the discrepancy on Si profile prediction for both Miller’s and PeOx’s models. Combining the

results from both pyrolysis [22] and oxidation studies and the important chemical consistency checks

performed on all the reaction models [24], Chatelain’s model is the most recommended reaction model

for future studies on the modeling of the high-temperature kinetics of silane. Due to the lower per-

formance of the reference reaction models and the significant differences in their decomposition path-

ways, numerical results obtained with these reference reaction models may need to be revisited. As

most of the data employed in both validation datasets (pyrolysis and oxidation) were mainly obtained

in highly-diluted conditions (except McLain’s data [50]), the present conclusions must be confirmed
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with more experimental data obtained in less-diluted conditions (i.e., near silane-air conditions) and

multi-species diagnostics to further improve the models prediction over broader range of conditions.

Obtaining such measurements are challenging due to the weak stability of silane-air mixtures, silane’s

pyrophoricity, and the formation of solid particles in undiluted conditions. Some of these challenges

are discussed in [69, 70], as well as the performance of Chatelain’s model to reproduce flame speeds

in SiH4 – H2 – N2O – Ar mixtures at 60 % Ar dilution.
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