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Kinetic Analysis of the Chemical Processes in the Decomposition of Gaseous
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Neste trabalho é realizada a simulacdo numérica da decomposicéo em fase gasgea de SF
misturas de S§O», na presenca de silicio. S&o determinadas as velocidades relativas dos processos
individuais, o efeito da incerteza dos parametros e os coeficientes de sensibilidade. Os resultados
sdo comparados com dados experimentais encontrados na literatura e resultados calculados
previamente para a corroso do silicio, a fim de ajustar os parametros do modelo. A semelhanca do
gue acontece com o @Fo principal agente de corrosédo € o flior atémico e a concentragao das
principais espécies envolvidas depende da composi¢do da mistura. A forma das curvas de
sensibilidade segue o formato geral das curvas que representam a velocidade dos processos individuais
e a relagdo entre os coeficientes de sensibilidade calculados para as diferentes etapas de reagéo é
uma medida da contribui¢cdo de cada uma ao processo total.

In this work, a numerical modelling analysis of the gas-phase decomposition of ganedSF
Sks/O2 mixtures, in the presence of silicon was performed. The relative rate of individual processes,
the effect of the parameters uncertainties and the sensitivity coefficients were determined. The
results were compared with literature experimental data for the plasma etching of silicon and with
previous simulated results to adjust the model parameters. As inlsg<®&m, the main etching
agent is atomic fluorine and the concentration of the major species depends on the composition of
the mixture. The shape of the sensitivity curves follows the general shape of the individual rate
curves and the ratio between the calculated sensitivity coefficients is closely related to the
contribution of each reaction.

Keywords: sensitivity analysis, rate of production analysiss &€omposition

Introduction the other processes are considered in a parameterised, sim-
plified way. Although limited, this approach enables the analy-
In a previous paper, the plasma chemistry of purg CFsis of the chemical system without the need of invoking the
and CR/O, mixtures has been studiedAs discussed in  steady-state appximation and provides inforrtian about
that work, models for the plasma chemistry of/€5 and  the key processes.
CF4/O, mixtures have been extensively investigiby dif-
ferent research group&9 These processes are extremely Formulation of the Models
complex to be modelled and solved, considering all the ho-

mogeneous processes in the gas phase and the heterog?-Ryarill Kopalidis and Jorri@ and Khairallah et 218

neous processes occurring at the gas-solid intéface . o .
. : . . were used as a basis for the present kinetic scheme. Since
In this work, as explained in more detail in Reference 1,

the numerical integration is used to obtain a good understancqje main goal of this study was the sensitivity and rate of

ing of the main chemical processes in the gaseous phase {]oductlon analys#, only slight modifications were made

to estimate the relative importance of individual reactions anclg?ytgzsgiyellc;:SazgoifsiiggmOdels' The model was discussed

th itivi fficients;; th i i)t ds th
@ sensitivity coeficients;or the species (i) towards the Experimental data from Smolinsky and FlaAZnfor

model parametera\(). In solving the chemical sub-model, . .
P 0 g CF4/O, mixtures, were used to choose the boundary condi-

tions. In that work, the total gas number density was 1066

*e-mail: graciela@ig.ufrj.br cn3 (0.5 Torr)and the gas mixture was excited by a 49 W,

The model of Ryan and Plu# as well as kinetic data
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13.56 MHz discharge. These conditions are not exactly
the same as those of the experiments of d’Agostino and
Flamn?3, In their work, the SEFO, mixtures at a total gas
number density of 3.&x 1016 cm3 (1.0 Torr) in a 5 cm
length aluminium tube with 27 ccSTP/min flow rate, were
excited by a 45 W, 27 MHz discharge. The analysis of the
stable products was performed by infrared spectroscopy/

gas chromatography and gas chromatography/mass spec-

trometry. Oxygen and fluorine atoms were observed by
emission spectroscopy. Nevertheless, the conditions of the
work of Smolinsky and Flam?4, for CR/O,, were pre-
ferred in order to compare the present simulation with the
results of Partil

Further details on the formulation of this sub-model
can be found in our previous papet&

The Numerical Method

The differential equations were solved using the Runge-
Kutta-4-Semi-Implicit Methog* as implemented in the ki-
netic program KINAES5. The kinetic results were analysed
by comparing the relative importance of each reaction, in
other words, by calculating the contribution of each step
to the total rate of concentration change for each specie.
The sensitivity coefficieng were calculated by the Di-
rect Decomposed Methdéin order to estimate the effect
of parameters’ uncertainties on the predicted concentra-
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Table 1L Numerical simulations initial conditions.

Temperature 313K

Total pressure 0.5 Torr

Flow 24.37 cmi STP/min
Plasma length 5.0 cm

Initial Concentrations (molecules cn®)

Total [M] 1.54 x 108

F] 1.00 x 1Q°

[Si] 1.00 x 104

The experimental results of d’Agostino and Flafdm
were used for comparison. Evidences from other experi-
mental work$11.17.18were taken into account.

The Sk dissociation may be assumed to occur by the
following set of reactions:

e +Sk - e +SkK+F (D)
e+Sk - e +Skh+F (2)
e +Skh - e +SKh+F 3)
e+Sk - e +Sh+F 4
e+Skh - e +SHF (5)
e +SF- e +S+F (6)

The experimental evidence of several publicad®ag
suggests that gfbreaks down to Sfvery fast, on a time

tions. Since some of the parameters and coefficients, suchscale that is short with respect to that required for further

as electron number density, branching ratios and hetero-
geneous reaction rate constants, are very difficult to evalu-
ate, an additional test was done by changing some of the
parameters within their range of uncertainty.

Results and Discussion
Pure Sk

The chemical model for the §land SE/O, plasmas
used in the etching of silicon was studied previously in our
laboratory®. This model consists of a set of dissociation,

reaction of the dissociation fragments. So, Ryan and
Plumbl4 considered the production of g&s a “direct”
process, within the framework of their model:

e + Sk - e + Sk + 4F (7)

The rate for reaction 7 was calculated by scaling the
experimental &lue of Phelps and Van Brdftto fit the
data of d’Agostino and Flanm# The other possibility is
to consider, in an explicit way, each of the dissociation
steps (reactions 1 to¥) A good description of the sys-
tem is obtained using the dissociation rate of reference 30,

gas phase recombination, and solid phase association (surfor reaction 1 in combination with the estimated electron

face adsorption, reaction and further desorption) reactions.
The complete reaction set and boundary conditions may
be found in our earlier pagér as well as the results for
the kinetic simuldon. An initial relevance analysis was
also performed in that work. Initial conditions for the simu-
lation are listed in Table 1 and are the same as used in
reference 19.

As in our previous work on GFand CR/O, system$
and, also, as considered by other aufdovge assumed that
a negligible loss of free radicals occurs at tladisv The

reaction set model and the general approach were very simi-

lar to that of pure Clsysten.

density for the experiments of reference 23, and consider-
ing reactions 2 to 4 to be fast enough so that the primary
process (reaction 1) becomes the determinant step.

Both possibilities were considered in these simulations.
In a first approach,kwas set as 28sand k was set as zero,
kj being the rate constant for reaction j. In a second approach
k1 was set as 5615 k; was set as zero angltk ks were set an
order of magnitude higher than Khe integration of the rate
equations shows that the results for F atom in the plasma re-
gion differ in about 7% and the values for the $8iss differ
in less than 3%. So, the comparison of modelling results with
experimental data of etching rate and qf &¥version would
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not give insight to this point. The main differences are ob- The symbol M is used for a non reacting molecule, as usual.
tained for the Sfand Sk concentrations. Considering that ~ The main reactions are with §5F, and Sk, which take ac-
the primary dissociation occurs by reaction 1, the SB- count for 80%-90% of fluorine consumption, depending on

centration is 1.8 times higher and the, 8Bncentration is the distance of the discharge arigrhe ecombination reac-
one order of magnitude lower. We interpret these results as antion to give gaseous,Fepresents about 10% in the origin of
indication of the need to determine the intermediates concen- the plasma region and less than 8% in the middle of the reactor.
tration in the experimental system, in order to choose between  Surface reactions are artificially more important in the
one of the previous reaction sequences. origin of the plasma region as a consequence of the bound-
The effect of the electron number density on the mod- ary and initial conditions used in the computer simulation.
elling results was also investigal: a factor of two in For the selected residence times and initial values fi{Si]
this parameter changes the fluorine atom concentration and [Sk]initia;, the number of Si atoms in the surface de-
by a factor of about 1.3. The results shown in this work creases rapidly. If the number of active sites had been con-
were obtained with an electron number density ofxL.0  sidered constant during the whole process, the rate of attack
1010 cm3 and considering reaction 7 as the main path to the surface would be proportional to the fluoritwre
of Sk decomposition. concentration, since the solid phase association reaction:
For the simulation conditions, a residence time of
1.0 x 103 s is equivalent to a linear distance of 0.22 cm
(origin of the plasma region) and a residence time of was considered as the rate determining step.
2.25% 102 s is equivalent to 4.98 cm (end of the plasma For pure SE, the main stable gaseous products arg SiF
region). Thespace beyond 5.0 cm, equivalent to a linear and k. These products are formed by the set of reactions:
time greater than 2.26 102 s, is the “afterglow” region, SiIF/Si + F - SiFui/Siwithx =1, 2, 3 (10)
where the reactive species continue reacting towards equi-
librium. Using this time scale, the comparative rates of in- SiF4/Si — SiFy (11)
dividual processes for the main gaseous species are dis-gnd
played in Table 2. As shown by these results, the species

Si+F - SiF/Si 9)

SF, recombine rapidly with F atoms. In fact, in pureSF ZF+M- R +M (12)
the main reactions of F atoms are with $&dicals: 2F(s) - Fx(s) (13)
SF +F+Mo SR, +Mwithx=1,2,3,4,5 (8) Fus)-F» (14)

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

Process Rate (particles cm?® s1)
Pure Sk 25% O,/ 7/5% Sk 80% O,/ 20% SFg

Main reactions for SF, radicals

e+ Sk - e+ SE+4F 4.013 x 167 2.749 x 167 3.832 x 1616
SF,+ SF, - SF, + Sk 2.816 x 16v 7.604 x 16t 1.654 x 168
SF, + O@P) - SOF + F zero -6.168 x 1016 -3.807 x 1616
SE+F+M- SE+M -6.821 x 16v7 -2.908 x 16w -2.505 x 1064
SE(s) - SE, 3.499 x 1615 7.535 x 16+ 7.250 x 161
Main reactions for SF; radicals

e+SkE - SE+F+e 4.013 x 107 2.749 x 167 3.832 x 1616
Sk + SK, -~ SR+ Sk -3.415 x 16v7 -4.573 x 16 -3.097 x 16
SKE+F+M- SK+M -6.297 x 16v7 -4.561 x 16 -4.753 x 16
SF,L+F+M- SE+M 5.720 x 16v 2.316 x 16v 1.949 x 16
Main reactions for F atoms

e+SkE - e+SE+F 4.013 x 167 2.749 x 167 3.832 x 1616
e+Sk - SE+4F +e 1.605 x 1@ 1.100 x 168 1.533 x 167
2F+M- F+M -1.891 x 16v7 -7.411 x 16v -5.942 x 16
e+F - e+ 2F 2.165 x 107 6.347 x 16v 4.970 x 16v7
SF, + O¢P) - SOF + F zero 6.168 x 10 3.807 x 1616
SOF + OfP) - SO, + F zero 5.444 x 16r6 3.843 x 1616
SF,+F+M- SE+M -5.720 x 16v -2.316 x 16V -1.949 x 1613
SE+F+M- SF,+M -1.284 x 16v7 -1.321 x 16w -1.555 x 1064
SE+F+M- SE+M -6.821 x 16v7 -2.908 x 16w -2.505 x 106+
SOF+F+ M- SOF,+ M zero -5.732 x 1616 -5.191 x 16re

F - F(s) -4.511 x 16 -8.930 x 1616 -7.996 x 1616
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The symbols Sifz1/Si, F(s) and §{s) indicate adsorbed
species on the surface.

As previously discussed, the recombination reactions of
fluorine atoms with the SFradicals, dominate the chemis-
try in the gaseous phase, limiting the conversion gf SF
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Figure 1. Sensitivity coefficients for atomic fluorine, relative to its
production by Sk and F, dissociation reactions, for the plasma
etching of silicon in pure S as a function of time.
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Figure 2. Comparison of sensitivity coefficients for atomic fluorine
relative to consumption reactions : production efahd SiF(Si) (2a)
and gas phase recombination reactions gf @Bicals (2b), for the
plasma etching of silicon in pure §F
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Figure 3. Sensitivity coefficients relative to the most relevant
production and consumption reactions for; $8a) and for Sk (3b)
for the plasma etching of silicon in puregS&s a function of time.

For the SEradical the rate of recombination with fluo-
rine atoms is about twice the rate of the self-reaction to
give Sk and Sk radicals. A similar relation is observed
for S, radicals.

In Figures 1 - 3, the sensitivity coefficiensf@ the main
species towards the parameters of the model ananshe for
the CR plasma, the results stress the conclusions taken up to
now: the shape of the sensitivity curves follows thaegal
shape of the individual rate curves and the ratio betwe&p the
values is closely related to the contribution of each reaction.

When comparing th& ; coefficients for the electron
impact reactions (Figure 1), it is clear that, in these simu-
lations conditions, the degree of products dissociation by
electron impact is negligible, that is, the,$&dicals react
rapidly with neutral species rather than dissociating to a
SF,.1 species plus F atom. Both Table 2 and Figure 2 show
that the main sink of atomic fluorine is the molecular gas
phase recombination.

Figures 3a and 3b show the sensitivity coefficients for
the main SEand Sk reactions.
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By comparing th&sgs jvalues (Figure 3a) it is shown  SFy + F recombination reactions, being the largest sensi-
that, at the origin of the plasma region the main source of tivity coefficient found for the gas phase recombination of
SK; radicals is the dissociation of §Feaction 1. At the atomic fluorine with SE(Figure 3a), followed by the co-
end of the plasma region, recombination reactions become efficients for the recombination reactions with,SEF4
more relevant, mainly the gF F recombination: and Sk (Figure 4b). Since oxygen atoms compete with
SE,+F+M_ SR+ M (15) fluorine atoms for these radicals, the relative importance

of F, gas phase formation:
A similar situation arises for $EFigure 3b). Th&sep

coefficients for the S§dissociation, reaction 7, and for re-
action 4, clearly reflects the larger contribution of the former becomes larger (see Figure 4b and Table 2), bdingta
to the formation of Sg(Figure 3b). BothSsps e-+sF6.e- 40% in the plasma region.
+SF5+F aNdSsE2 e-+sF6. e-+SE2+4F COEfficients do not de- Figures 5a and 5b show the & and SOF sensi-
pend on the distance from the origin, due to the low conver- tivity coefficients, calculated for the main parameters. The
sion of Sk. Again, at the origin of the plasma regionpSF  sensitivity coefficients confirm that the main path of for-
radicals are mainly formed by electron impact dissociation mation of SQF; is the reaction with GP) atoms:
reacFions. Nevertheless, for Igrger concenFrations of inter- SOR, + O - SOF, (19)
mediate products, the recombination reactions of the other
radicals become a rather important source of SF which is faster than Sb reaction with F atoms:
The Sgpp and theSggg coefficients forthe gas phase

2F+M o Fp+ M (18)

+F+M= +

recombination reactions : SOF +F+ M~ SO+ M (20)
SFKR+F+M- SRR+ M (16)

b= '4' =
and IS . 8 ﬁ?g

e -6 v/ /A
SFs+F+ M- SR+ M (17) T /

-81

are very similar since the rates for both processes are also ‘;
very similar and are higher than the coefficients for further E -107 v
electron impact dissociation of S&nd SE. 2 4o —f— e +SFs > e-+SFs+F

) —0— e-+SFg 2 e-+ SF, + 4F

. n —A—e-+F,>e-+2F

SFs/ O, Mixtures o 141 ( —v— SF5+O(P) > SOF, + F

o —&— SF,+O(CP) > SOF +F

The experimental evidené@show that SgF,, SOF -16 6 5 4 3 o 1

and SQ appear as the main newoducts.Also, as G log (timels)
concentration increases relatively tgs8Bncentration, the
amount of SGF, increases relatively to S@QFThese re- a
sults were also observed in our previous simul&fion 20

In the presence of oxygen atoms compete with F
atoms for the SQFand Sk species. The result is that, in
the presence of £ the fluorine atom concentration in-
creases up to a maximum value. The further decrease in F
concentration with added oxygen is due to dilution and to
the decrease of electron energy (the latter causes the SF
electron dissociation rate to decrease).

Figure 4a shows the sensitivity coefficients for the main
atomic fluorine formtion reactions. At the origin of the
plasma region, dissociation of §is clearly the most rel- -20
evant pocess. Aghe atomic oxygen concentration in-
creases, their reactions withgsthd Sk to form SO + F
and SOF + F, respectively, become competitive with elec-
tron impact dissociation and otherXSEactions. Figure 4. Sensitivity C(_Jefficients_ for atomic fluorine relative to thg

As in the pure SEsystem, both the individual rates most relevant production reactions (4a) and consumption reactions

A '~ ) o (4b) for the plasma etching of silicon in a mixture 75% 8fd 25%
and the sensitivity coefficients=&re quite similar for the O, as a function of time.
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Figure 5. Sensitivity coefficients relative to the most relevant
reactions the production and consumption obB0(5a) and SOk
(5b) for the plasma etching of silicon in a mixture 75% &kd 25%
O, as a function of time.

Fluorine and oxygen atoms compete for SOthe
second reaction giving $B,, being clearly more im-
portant in determining SgF» concentration. Reaction

with atomic fluorine:
SOR+F+M- SOR+M (21)

forms SOR, which further reacts to give S@QH he main
paths forming SOJare:

Sk + O@P) - SOR + F
SOR+F +M- SOR + M

(22)
(23)

The relative contributions of reaction 23, in compari-
son with reaction 22, increases as 3@Bncentration
grows up in the reactor. For the 25% @ixture, the
Ssor4,s0F3+F . sor4dM coefficient is higher than the
SsoF4,sF5+0(3P). SOF4+F confirming that the main path
of formation of SOF is through the SQf+ F reaction.

In Figure 6 the rate of formation of gaseous,SiB
function of the distance from the discharge origin and the
mole percent of @in the feed is displayed. A minimum is
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log ( rate of formation of SiF, )

Figure 6. Rate of formation of gaseous g#&s a function of the distance
from the discharge origin and the mole percent pfrCthe feed.

observed in this surface, which corresponds to nearly 50%
of O, in the afterglow region. From the simulated data,
the atomic fluorine concentration is maximum for 50% of
oxygen, so that the rate of etching is also maximum and
SiF4 is almost totally formed in the first centimetres of the
reactor. In other conditions, the etching rate is slower and
the Sikz formation is observed through the total length of
the reactor. So, the atomic fluorine is considered the ac-
tive etching agent in this modelling, while the primary etch-
ing reaction is rate controlling.

As expected, the concentration of atomic fluorine and
the rate of formation of Siin the plasma region, are
higher for the Sgand SE/O, systems than for the GF
and CR/O, system&b. However, in the afterglow region,
the inverse is observed, mainly because the recombina-
tion of F atoms with the SFadicals is faster than the
reactions with Cgand CF,. For the boundary conditions
of these simulations, the final concentrations of;@ife
equal because it is limited by the total number of silicon
atoms used in the simulation.

Conclusions

The numerical integration of rate equations has been
applied to the study of the gas-phase decomposition of
pure Sk and Sk/O, mixtures in the presence of silicon.

As expected, the results of this computer simulation
are in good agreement with previous results from litera-
ture and provide complementary information about these
systems. The rate of production and the sensitivity analy-
sis, as well as the computed concentrations, show that the
major features of plasma etching of silicon are explained
in terms of the gas-phase reactions.
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As for the Cz and CR/O, systems, the model was
proposed to reproduce the experimental conclusion that
atomic fluorine is the active etchingead. The pimary
etching reaction appears to be the most significagss
and the sequential fluorination reactions have no signifi-
cant sensitivities since their rates were purposely chosen
not to be rate controlling.

The kinetic analysis shows that many key processes
are poorly known and need a better detertiona The
major uncertainties in the gas phase chemistry are the
branching ratios for the primary dissociation processes, the
cross sections for electron impact dissociations and the
electron number densities.

A more complete model should include a detailed de-
scription of the surface chemistry and the transpoitdif r
cals and ions, which were crudely parameterised in this work.
Also, the formulation of such model must involve the
consideration of the energy distribution of particles and
temperature gradients, reactions of electronically and
vibrationally excited species, positive and negative ions
chemistry and polimerization reactions.
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