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Kinetic Analysis of the Chemical Processes in the Decomposition of Gaseous
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A integrac@o numeérica das equagdes diferenciais ordinarias que descrevem um sistema cinético e
a analise de sensibilidade dos resultados aos parametros sao metodologias cada vez mais utilizadas na
cinética quimica. Neste trabalho, é apresentado um estudo de simulagdo numérica da decomposi¢éo
em fases gasosa de & de misturas GO, na presenca de silicio. E analisada a importancia
relativa dos processos individuais e séo calculados os coeficientes de sensibilidade e o efeito da
incerteza nos parametros. Os resultados sdo comparados com dados experimentais da literatura para
ajustar os parametros do modelo. O principal agente de corrosdo neste sistema € o flor atbmico. As
concentrac¢des das principais espécies (80, CG e COFR) dependem da composi¢do da mistura.

Numerical integration of the coupled differential equations which describe a chemical reacting
system and sensitivity analysis are becoming increasingly important tools in chemical kinetics. In this
work, a numerical modelling analysis of the chemical processes in the gas-phase decomposition of pure
CF4 and CR/O, mixtures, in the presence of silicon, was performed. The relative importance of
individual processes was analysed and the sensitivity coefficients as well as the effect of the parameters
uncertainties were determined . The results were compared with experimental data from the literature to
adjust the model parameters. The main etching agent in the system is the fluorine atom. The concentrations
of the main species (SJFCO, CG and COE) depend on the composition of the mixture.

Keywords: sensitivity analysis, rate of production analysis,, @Ecomposition

Introduction cal modeling such as atmospheric and combustion chemis-
try21. Our main goal was to obtain a good description of the

Models for the plasma chemistry of B, and CR/O, principal chemical processes in the gaseous phase and to
mixtures have been extensively investigated by different reanalyse the relative importance of individual reactions and
search grougs!8. The complexity of the involved processes the parameters influence in the model results by estimating
makes it very difficult to develop and solve a complete modethe sensitivity coefficientsjSor the species (i) towards the
to explain and predict experimental restft&’ parameters of the mod@;(). Thus, we constructed chemi-

Such models should consider the homogeneous prczal submodels in which the other processes are considered
cesses in the gas phase and the heterogeneous processes parameterised, simplified way. The present submodels
occurring at the gas-solid interface. Some aspects, such ase a semi-empirical approach in which phenomenological
free radical chemistry, electron impact dissociation rates fodissociation rates, calculated from the measured conversions
molecules and radicals, electron number density in thef the feed gases in experimental studies, are incorporated
plasma, energy distribution for electrons and chemical speand where the analysis is centered on the description of the
cies and also the need of solving the system in spatial angeutral gas-phase chemistry which occurs in the plasma as
temporal coordinates, require an exact approach beyond ttike ionic species analysis did not prove rele\fant
capabilities of current computational resources.

In this work, we used the submodel approach which igormulation of the models

Iso f I lied in oth f Kineti i-
also frequently applied in other areas of kinetic and numeri The models of Edelson and Flagand Ryan and Plurts

were used as a basis for the present kinetic scheme. The com-
*e-mail: graciela@iq.ufrj.br plete set was introduced and discussed by Bauerfeldt and
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Arbillal8in a previous work on the plasma etching of silicon. Results and Discussion
This set of reactions included surface phenomena as physical

adsorption and desorption, as well as surfaaetions. The As described above, the reaction set used for the sensi-

plasma was considered a source of ions and electrons whichtivity calculations was previously employed to describe the

led to CFK, dissociation and to atomic fluorine production. plasma etching of silicon by pure génd CR/O, mixtures,
Experimental data from Smolinsky and Fla®nwere and can be found in our previous pagerhis reaction set

also used to choose the boundary conditions, the param-was proposed to fit experimental data from Smolinsky and
eters of the model and to test the validity of the model re- Flamn®2. Initial conditions for the simulation are listed in
sults. In that work, the GFO, mixtures at a total gas num-  Table 1 and are the same as used in reference 18.

ber density of 1.6 1016 cmy3 (0.5 Torr) flowing in a5 cm

Iength aluminum tube. were excited by a 49 W. 13.56 MHz Table 1L Numerical simulations initial conditions.

. ) Temperature 313K
discharge. The stable products analysis was performed up Total pressure 0.5 Torr
to 10 cm downstream from where the discharge started. Flow 24.37 cmiSTP/min
The most uncertain aspects in the formulation of this ~ F'asma length 5.0 cm
submodel are the electron impact dissociation rate fgrtie- Initial Concentrations (molecules cn)
h f dical . dthe h Total [M] 1.54 x 108
rate constants for gas-phase free radical reactions and the het- ¢ 1.00 x 109
erogeneous processes. Electron impact dissociation rates can [F] 1.00 x 10°
be calculated from estimated electron number density; electron  [S1] 1.00 x 10¢
CF.4 1.00 x 100

energy distribution and electron impact dissociation cross-sec-
tion of the interest species. Plumb and Ryave made such
estimates which are expected to be accurate within one orderPure Ck

of magnitude. From measured resi#&the dissociation co- . . . .
9 There is no direct experimental evidence about the branch-

efficients for Cz and G can be estimated in the experimental . . o . . .
fa Q P ing ratio for Clz decomposition. Some indirect information

conditions. In our model, these values were adjusted as param- . . :
. . : . may be obtained from GFO, results, as will be discussed
eters in order to fit the experimental dissociatidesa y

. below. Clearly,this ratio is an important parameter of the
For the boundary conditions of our work, a plug flow : .
. o . model. In this work we explored the effect of a wide range of
in a cylindrical tube was assumed. The plasma region of . . : .
. . . values. Following electron impact, @Ray dissociate to GF

the reactor corresponds to a gas mixture residence time of . .

. and CF, radicals. In fact these are probably non direct pro-
2.25x% 102 s. The space beyond the plasma region, called

) . : cesses. The direct dissociation o ough the reaction:
afterglow, was also included in the calculations, what leads h@ioug
to a total residence time in the reactor of 4492s. The e-+CkH - CR+F+e 1)

adsorption of gas phase species on the reactor wall and

further reaction or desorption to return to the gas phase Proceeds only athigh electron energies (12.5 eV threghold)
were considered in a simplified way. More recent da&® show that the alternative reaction:

-+ CFy - CRg+ F- 2
The numerical method e 4 3 (2)

is relatively fasteand proceeds at lower energies, 5 - 6 eV.

The set of differential equations were solved using the s yeaction is followed by the rapid detachment reaction:
fourth order Runge-Kutta-Semi-Implicit Meth#das imple-

mented in the package KINAR The relative relevance of e-+F- - 2e-+F 3)
each reaction was first evaluated by calculating the contribu- ) _ )
tion of each step to the total rate of concentration change for | NiS Séquence being equivalent to reaction 1.

In a similar way, it was propos&dhat CFk, is produced

each species. Then, in order to evaluate the effect of param- Al - :
eters uncertainties on the predicted concentrations, the sensi-""ough the rapid dissociation of an excited state of CF

tivity coefficient@6were calculated by the Direct Decomposed radigal whichinturnis form.ed from Qecompogition. In
Methoc?”. In addition to the relevance and sensitivity analy- € time scale of the experiments, the;@Foduction may

sis, another test was done by changing some of the param-be considered a direct process after electron impactgaf CF

eters within their range of uncertainties. This calculation was e +CFy — CRy+ 2F +e (4)
necessary as some of the parameters and constants are quite

hard to evaluate, such as electron number density, branching ~ Branching ratios&r4 . cr2/ kcra-. cr3 kj being the
ratios and heterogeneous reaction rate coefficients. rate constant for the reaction j, from 14 to zero were tested.
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The best results, when compared with experimental data, when compared with the primary g#fissociation to pro-

are obtained when the primary dissociation of @vours

the formation of CE by a factor 2.3. Because of that a

ratio of 2.4, as estimated by Plumb and Ryaras used.
Table 2 shows the relative importance of individual re-

duce ChL + 2 F.

CFs and CF, dissociation processes may be included
in a more comprehensive reaction set, in order to obtain a
better description of the system. Nevertheless, it would not

actions, based on a rate of production analysis, for the main lead to important changes in the results of the model mainly

gaseous species. The production of Bfelectron impact
of CRz is a negligible path of reaction for €Fadicals. Re-
actions of Ck with neutral species F ang &re the main

due to the uncertainties in primary dissociation rates and
heterogeneous reactions of atoms.
The plasma chemistry is highly influenced by the dis-

path of consumption of the radical. Also, at the early stages sociation and recombination processes of &fd Ck .

of reaction, when F andleoncentrations are still low, the
recombination to gFg appears an important path.

Our simulations show that the rate of the recombina-
tion processes is at least3lfimes faster than the elec-
tron impact dissociation, not included in the final model.
Also, since Ck concentration is 10- 138 times greater
than CK concentration, the direct electron dissociation
of CRs radical is a negligible source of gwhen com-
pared with Ck dissociation to produce GF 2 F. A simi-
lar situation arises for GRradicals. The electron impact
dissociation, to give CF + F, is at least 30 times slower
than the recombination reaction of £with F atoms.
Also, CF, dissociation is a negligible source of teras

Clearly, the main recombination reaction of{d§ with

F atom. This fast reaction controls the gEoncentration
and restricts the amount of GFeonsumed to very low
values. At the end of the discharge region (5 cm) 96% of
the initial CF remains. In the afterglow region, where
electron dissociation ceases, the reforming of,,CF
through reactions

®)
(6)

continues and, because of that, a net consumption of 2 %
is found at 10 cm.

CF3+F+M_ CR+ M

CF3+F » CRy+F

Table 2 Contribution of individual reactions to kinetic processes in the plasma region.

Process

Rate (particles cm® sT)

Pure CF, 25% O,/ 75% CF, 80% O,/ 20% CF,

Main reactions for CF, radicals

Ch +F- CR -3.183 x 146 -4.052 x 164 -4.963 x 162
Ch +0@P)- COF + F zero -2.016 x 1¥ -5.416 x 165
Ch +0@fP)-CO +2F zero -5.760 x 1b -1.547 x 167
CF, + COF- CO +CHk zero -3.695 x 18 -1.191 x 16
CR, +COF - CF+ COR zero -3.695 x 10 -1.191 x 168
Main reactions for CF3 radicals

CR;+F+M - CF4 +M -3.904 x 186 -1.198 x 16° -1.591 x 163
2 CRy - C)Fg* -7.665 x 105 -4.752 x 161 -1.7181 x 10
CR+Fkh - CR + F -2.142 x 1¥ -1.669 x 164 -1.022 x 162
CR+F - €+CRK -5.641 x 16 -1.753 x 1@ -1.109 x 16
CR+0@P) - COR + F zero -9.794 x 1§ -2.853 x 165
CFR;+02 + M- CRO, + M zero -1.970 x 18 -3.782 x 163
CR;+ COF - CO +CHq zero -2.703 x 18 -9.441 x 16
CFR+ COF - CF, + COR zero -2.703 x 1¥ -9.441 x 168
CR - CR(s) -8.295 x 1&* -6.531 x 1062 -3.927 x 161
CR3 + CRz(s) — CoFg(s) -9.308 x 1&! -1.612 x 16 -1.233 x 16
Main reactions for F atoms

CR+F+M- CFy +M -3.904 x 146 -1.198 x 165 -1.591 x 183
2F +M- R+ M -4.791 x 165 -1.099 x 167 -5.362 x 106°
CF2 +F - CR -3.183 x 1486 -4.052 x 164 -4.963 x 162
F + COF + M- COF, +M zero -1.152 x 1% -1.479 x 163
F +CO+M- COF+M zero -1.564 x 1& -9.228 x 102
F+OQ +M - FO + M zero -5.052 x 1% -3.563 x 164
F +FQ - R+ 02 zero -2.087 x 14 -1.107 x 163
F - F(s) -8.852 x 165 -3.450 x 166 -7.620 x 165
F + CFRy(s) - CF4(s) -9.929 x 163 -8.512 x 1062 -2.390 x 161
F + Si— SiF/Si -2.526 x 19 -6.350 x 104 -3.949 x 105
F + SiF/Si- SiF/Si -2.526 x 1&° -6.351 x 164 -3.949 x 165
F + SiR/Si - SiFySi -2.526 x 185 -6.351 x 164 -3.949 x 165
F + SiR/Si - SiFy/Si -2.526 x 18° -6.351 x 164 -3.949 x 165
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Figures 1 and 2 show the first-order local concentration
sensitivity coefficients i5for the main species towards the
parameters of the model. As usual, these coefficients, elements
of the local concentration sensitivity matrix, are defined as

S =Y/l

wereY; are the concentrations of the chemical species and
Aj are the parameters of the model. The sensitivity matrix,
S, represents a linear approximation of the dependence of
the solutions on parameters changes. The change of a pa-
rameter belonging to reactiprrauses a direct concentra-
tion change in those species which are reactants or prod-
ucts in that reaction. Also, the direct concentration changes
cause further differences in the concentration of other spe-
cies. The latter, indérct, effects are non-linear and can not
be predicted by screening analg8is This non-linear ef-
fects can be revealed by sensitivity analysis. The informa-
tion taken from these coefficients is rather different from
that taken from the so-called brute force method, where a
parameter (for example the electron density) is changed.
The§; values are local, since they belong to a time inter-
val defined by the time of the perturbatigrand the time
of the observiont, and, also, they represent the perturba-
tion on a species , while all the others are kept constant.
On the other hand, the previous analysis showed the effect
of a substantial change on one of the parameters, during
the total time of observatidp2sb. The information taken
from all the analysis done here is complementary and
should be considered as a whole in order to assess the rel-
evance and interconnection of parameters and variables and;
to decide whether a reaction or a chemical species may be
eliminated from the model, or not.

The high level of Ckconcentration relative to GHs
due to two factors: as shown in Figures 1 and 2,fGi
mation through the reaction € CF, -» CF, + 2F + e is
faster than Ckproduction reactions1 and

log Sensitivity Coefficient

log Sensitivity Coefficient

ent

ffic

log Sensitivity Coe

F+CR - CRy 7)

by a factor of about 1.5. Also, the rate of consumption of
CF3 by reaction 5 is about 1.2 times greater than that for
CF, recombination reaction 7.

In the plasma region stablefg grows steadily. Ck
recombination reaction to produce the vibrationally excited

species GFg":

C

J. Braz. Chem. Soc
-4,4
-4,5 T e o o o—e
-4,61
M e +CFs>e-+CFs+F
47k —0— e-+CF,>e-+CF,+ 2F
48 m [ ] n —u
_4,9 1 1 1 1 1
-6 -5 -4 -3 -2 -1
log (time/s)
a
2F A
2} 749\.%
-4- ./ ..
6F e—
A N
-101
-12f
L) —B—e-+F, >2F te-
-14r ./ —A—F + CF, > CFs
-16_‘ —®—F + S~ SiF/Si
-6 -5 -4 -3 -2 -1
log (time/s)
b
151 "
1 /
1;)_ ﬂ%ﬂ
01 —O0—2F+M > F2+ M
-5 —O0—F S F(s)
-10- —A—CF3+F+M>CF:+ M
-157 J— 0-0q,
201 o—°
-6 -5 -4 -3 -2 -1
log (time/s)

Figure 1. Sensitivity coefficients for atomic fluorine reactiofus
the plasma etching of silicon in pure £&s a function of time.

The dissociation coefficient used by Edelson and

Flamn® leads to a considerable reduction eF§concen-

2ChR -~ GFg* 8

takes account of about 15.5% of the total lost of K&Hi-
cals. The model considers thgHg electron dissociation:

tration, since the rate of,Eg electron dissociation is about
0.5 times the rate of £¢ production by Ck radical re-
combination. If the rate coefficient of Ryan and Pldspb

20 times smaller, is used, the contribution gfg®lectron

e+CFs -~ 2CR+e (9)

dissociation reaction drops to virtually zero angF§
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Figure 2. Sensitivity coefficients for Cf(2a) and Ck reactions
(2b) for the plasma etching of silicon in pure £&s a function
of time.

concentration increases by a factor of 2. Nevertheless, CF
concentration does not alter significantly since that elec-
tron dissociation contributes in about 6% to its formation.

In the post-discharge region €Eoncentration drops
drastically and very little & is further formed. In this
region, the main recombination reactions are with F and
F». Also, in this region a considerable fall of &toncen-
tration occurs, mainly because the production of B
CF4electron dissociation stops and the rapid recombina-
tion reaction with F atoms continues doweam.
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for a silicon number density of 161016 particles cn® . The
value of the rate coefficient for:

F + Si— SiF/Si (10)

is certainly one of the most uncertain aspects in the formu-
lation of the model. In this work we used the value of Edelson
and Flamri and also the value of Ryan and Pl&mihich

is smaller by a factor of 4.6. The results for$SiER;, CF,

and F differ in less than 25% which is not a significant fig-
ure when considering the other uncertainties of the model.

Another uncertain parameter of the model is the elec-
tron number density in the plasma. The main sources of F
atoms are reaction 1 and 4 which depend on electron num-
ber density. The values of Edelson and Fl&n(irx 1010
cnr3) and Ryan and Plurflf6 x 10L0cm3) were both tested.
The best agreement with experimental reztikobtained
for an electron number density of xQ0L0cm-3, a silicon
number density of 1.8 104cmr3 and with a rate constant
of 4.61x 1013molecl cnmB s1for reaction 9.

The results stress our previous conclusions: the shape
of the sensitivity curves follows the=geral shape of the
individual rate curvé$ and the ratio between ti8 val-
ues is closely related to the contribution of each reaction
(Table 2). For exampl&: cra_, cr232values are twice the
St cra_cr3 Values and are nearly constant within the
plasma region (Figure 1a). Tl ; values for the atomic
fluorine association reactions with £&nd Si (Figure 1b)
show that for small residence times, the changes in F + Si
association rate constant will affect F concentrations more
than the changes in F + g€&ssociation rate constant. The
inverse holds for longer residence times. That is a direct
consequence of the contribution of F + Si association, on
the silicon surface, being more important at the reactor en-
trance or for short times and the contribution of F + CF
association being more important as the, Céncentra-
tion grows upAlso, the S;; coeffcients (Figures 1b and
1c) show that the more relevant reactions for atomic fluo-
rine are the production reactions{#F and Ck + F and
the recombination to formj=

Similar results were obtained for €&nd Ck sensi-
tivity coefficients. The values f@& 3 cr3+F+M_CFa +

The silicon etching process was modelled as a sequence ofy; /[M] and Scgs F + cr2. cr3 are similar, except in the

single F atom reactions which forms Sifh the surface (SiF

post discharge region, where changes in F 3 &Bocia-

Si) that subsequently desorbs to the gas phase. The choice ofion rate constant should affect more the;@Bncentra-
atomic fluorine as the active etching is supported in previous tion (Figure 2a). For Cfradicals, Figure 2b, the system

experimental and simulated da#8 As in the previous work®

is more sensitive to changes in F +,GiSsociation rate

the first F atom reaction was chosen as the limiting step in order constant. Because of the non linearity of the system, a per-

to emulate experimental res@ksSilicon was assumed to be
uniformly distributed in the reactor. In the presence of Si, the F
atom concentration is reduced in about 10-15% for a silicon
number density of % 1014 particles cn® and in about 25%

turbation in C electron dissociation rate to give £F
2F leads to a rather small change in $CFvhich recom-
bines, further, with fluane atoms. In other words, since
CF, production from Cgand consumption by association
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with atomic fluorine reactions are coupled, small changes
in the former hardly affect the radical concentration.

CF4 / Ox Mixtures

In our previous work on the plasma etching of silicon
by CF4/O, mixtures, F, Ckand CF, concentrations de-

pendence on the oxygen concentration was suggested, botl}

in the plasma region and in the afterglow redfon

In the presence of oxygen, the O atoms, which are
mainly formed through electron impact dissociation of
the molecule:

e+ - 20@P)+e (11)
and
e+ - OBP)+0O(@D) +e (12)

compete with F atom for GFand CFk, radicals through
reactions:

CF3+ O@P) - CORy +F (13)
CF, + O@P) — COF + F (14)
CF,+ O@P) - CO + 2F (15)

The rate constant of GF O@P) reaction is one order
of magnitude higher than the rate constant for the F 4+ CF
recombination. For the set of rate constants used in this
model, the reverse situation holds for.CF

Thus, in the presence of Qnew intermediates and new
products (COF, COj CO and CQ ) appea¥ and also the
concentration of F, Gfand Ck are controlled by the coupled
association and recombination reactions of &#el Ck with
either F or OFP). The relative relevance efactions with F and
O atoms changes with the composition of the mixture. For low
concentrations of §the reactions of GFand Ck with F at-
oms become relevant and a significant fraction of COF is con-
verted to COE At high concentrations of DCOF is almost
completelyoxidised to CQ@. The ratio (3.5) between theId)
reaction with Cg and Ckrate constants is slightly higher than
the ratio (2.5) between G@nd CO concentrations, showing
that part of COF is still reacting with F.

Table 2 compares the rate of sink reactions for i, CF
and Ck. The entries of the table show some of the signifi-
cant differences between the results for pure and oxygen-
ated mixtues. Wth low concentrations of molecular oxy-
gen, a very significant fraction of Gks still converted to
CF; through association with atomic fluorine. The COF
which is formed by reaction of O atoms with CHeacts
further with atomic fluorine to produce CQFOnly a mi-
nor part of COF reacts with oxygen producing,CO

At high relative concentrations of molecular oxygen in
the feed gas, the Gproduced in the primary dissociation

Bauerfeldtet.al
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step reacts exclusively with O atoms forming CO and COF
which are rapidly converted to GOn the same way, the
CF3 is converted rapidly to CQFwhich may dissociate

to COF and ultimately C®and CO.

Some of the sensitivity coefficients are presented in Fig-
ures 3 and 4. The sensitivity coefficients for the formation
reactions (Figures 3a, 3b and 3c) follow the relative impor-
ance of individual reactions, that 8 cra_cr2 + 2F >
Srcra-cr3+F/IM] > S 2. 2r/[M] . Also, theses; val-
ues are higher than values for reactions 13 — 15 (Figure 3c).
The S coefficients calculated for the main sink reactions
(Figures 3a, 3b and 3c), in the presencenfsbow that in
that environment the main atomic fluorine reaction is the
self recombination to formJ-as confirmed by Table 2.

The &; coefficients calculated for reactions

COF+0fP) - CO, +F (16)
and
COF+F+ M- COR +M 17)

follow the same trend, the ratio between them being ap-
proximately the [M] value (Figure 3d). For the 75%,CF
25% O, mixture, theS: cor+o(3p). coz+F vValue is about
15 times theS: cor+r_ cor?[M] since the COF , which
is formed by reaction of O atoms with £Feacts with O
to produce C@, rather than with F, to produce C@IFor
these plasmas where the /8B, ratio in the feed gas is
higher,theS:cor+r-> corZ[M] becomes relatively higher.
The sensitivity coefficients for CQRFigure 4a) and
COF (Figure 4b) confirm that the main path of formation
of COR, is the reaction between g@nd O8P) atoms,
which is about 27 times faster than reaction 17 (COF + F +
M & COFR, + M). Finally, in the plasma region, reaction
between CEand O8P) to form COF:

CF,+O@P) -~ COF +F (18)

is about 16 times faster than the further reaction of COF with
atomic fluorine (reaction 16). This result is also shown by the
comparison of the sensitivity coefentsScorcor+~cor2

[[M] andScofrcr2+o@3Py cor+F (Figure 4b). Downstream

of the discharge region, atomic oxygen concentration dra-
matically drops through reactions with £thd COF and the
formation of the final product CQRfpredominates.

In Figure 5 the rate of formation of gaseous,SiE
function of the distance from the origin and the mole per-
cent of Q in the feed is displayed. Since in this model
atomic fluorine is the active etching agent and the primary
etching reaction was considered rate controlling, the sur-
face in Figure 5 closely reproduces the change in atomic
fluorine concentration with distance from the origin and
the mole percent of £in the feeds.
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25% G as a function of time.
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~ 120 i i i i i i The main goal of this work was to analyse the chemical
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log (time/s) mixtures in the presence of silicon. The rate of production
d and sensitivity analysis, as well as the computed concentra-

« . ; . tions, show that the major features of plasma etching of sili-
Figure 3. Sensitivity coefficients for atomic fluorine reactions for . . . .
the plasma etching of silicon in a mixture 75%,CGHd 25% Q as con are EXpIE_mj]ed In terms Of' gag-phase rea_CtlonS' For this
a function of time. system, positive and negative ionic species were also
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considered, and incorporated to the model using literature
experimental rate coefficients. The results showed that re-
actions involving these species are not important in deter-
mining the gas phase chemistry.

The model reproduces the experimental conclusion that
atomic fluorine is the active etchingeag. The fact that
the primary etching reaction appears to be the most sig-
nificant process and the sequential fluorination reactions
have no significant sensitivities, is due to the fact that their
rates were purposely chosen not to be rate-controlling.

For a complex system with significant uncertain-
ties, such as this, the more important contribution of
modelling is todemonstrate, through the rate of produc-
tion and the sensitivity analysis, which reactions require
further experimental or theoretical investigation.

The importance analysis shows that many key processes are 16.

poorly known and need a better detieation. The major uncer-

tainties in the gas phase chemistry are the branching ratios for the 17.

primary dissociation processes, the cross sections for electron
impact dissociation and the electron number densities.

complete models will involve a better determination of the

surface chemistry and the transport of radicals and ions, 20.

which were crudely parameterised in this work. The for-
mulation of a complete model must also involve the con-
sideration of the energy distribution of particles and tem-
perature gradients. These results may be considered as an
extension of previous chemical models and provide for-
ward insight into the chemical processes details.
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