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Abstract

This paper deals with the experimental methods developed using mass spectrometer to analyse the gas composition in plasma containing molecular
species with a low dissociation threshold. These methods are developed to study mainly the case of a plasma produced in an Ar-Si(CHj3), gas
mixture. The Si(CHs;), tetramethylsilane molecule is interesting because it is easily dissociated within the plasma. However, this molecule and the
radicals produced in the plasma are also easily dissociated into the mass spectrometer ionization chamber. Thus, special investigation methods,
taking into account the various dissociation processes of the different species, is required to correct the mass spectrometer signal intensity. Classical
first correction methods are used, and concern the transmission factor depending on parameters like the m/z ratio and the emission electron current
intensity into the mass spectrometer ionization chamber. We also develop a new method with the aim of correcting the dissociative ionization part
of the molecular precursor involved in the signal intensity. This method is first tested in the simpler case of an Ar—~CH, mixture containing plasma,
then is applied to plasma sustained in an Ar—Si(CH3), gas mixture. We discuss the influence of the different dissociative ionization processes to the
signal intensity corresponding to the main Si(CH3); »3 and H,Si(CHj3) radicals observed at m/z =73, 58, 45, and 43, at electron energy lower than
30eV. We show that in that case, the signal intensity of these Si(CH3); 5", H,Si(CH3)* ions is mainly due to the direct ionization of the parent
radicals.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Plasma discharges are widely used as a basic technology for
microelectronic devices, surface treatment, conversion chem-
istry, and full of other applications [1-6]. However, because of
the large amount of radicals produced therein, the analysis of
plasmas containing heavy molecular species is often difficult.
Mass spectrometer is a promising tool to analyse the composi-
tion of such plasma. It gives information about ions and neutral
species contained in complex gas mixtures, and it is gener-
ally suitable to determine relative or absolute concentrations of
species. However, because of plasma discharge working condi-
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tions, mass spectrometer analysis requires specifics adaptations.
The purpose of this work is to determine the concentrations of
the main radicals, which are produced in the plasma. So, it is
necessary to study the effect of various parameters on the sig-
nal intensity, like the emission current intensity in the ionization
chamber, or the effect of the m/z ratio. We also study the contribu-
tion of the various dissociative ionization processes, occurring in
the ionization chamber of the mass spectrometer. All the signal
corrections are discussed in the following parts.

2. Experimental setup

The experimental setup is shown in Fig. 1. It consists of a
microwave discharge (SAIREM generator working at 2.45 GHz)
produced in a quartz tube (internal diameter 16 mm and exter-
nal diameter 19 mm). The precursor is injected in the reactor
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Fig. 1. Experimental setup.

mixed to argon. According to the experimental conditions, the
precursor inflow is upstream or downstream of the discharge.
Fig. 1 shows the case where the precursor is injected down-
stream. In order to keep a constant wall temperature, the quartz
tube is refreshed by means of pulsed air. The total pressure in
the discharge tube is held constant and is ranging from 10 to
100 Pa using a roots blower pumps (70-700 m>/h), that allows
a constant gas flow velocity, ranging from 10 to 30 m/s, in the
stainless tube with inner diameter of 50 mm located above the
discharge and collecting species produced into the discharge.
The mass spectrometer (QMG 421 Balzers) is fixed above this
stainless steel tube at an adjustable distance above the discharge.
A grounded stainless steel tube placed above the discharge is
used to trap all remaining ions coming from the discharge up

-

to the mass spectrometer analyser placed downstream. The effi-
ciency of the ion trap is tested using an electrostatic probe placed
above the ion trap, and measuring the residual ion currents.
Before each experiment, the reactor is heated and pumped at
10~*Pa and maintained at this pressure for several hours by
means of a molecular pump in order to clean the reactor wall.
Because the quadrupole cannot operate at pressure higher than
1073 Pa, a two-stage differential pumping unit is required. It
consists of two pumping groups with a molecular pump and a
dry primary pump, one of these groups is used for the vacuum
in the quadrupole and the other is connected at an intermediate
chamber between the reactor and the quadrupole. This special
setup is shown in Fig. 2. In the first stage (pump 2 in the figure)
the molecular pump has a vacuum speed in N, equal to 2101/s
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Fig. 2. The mass spectrometer device.
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and in the second stage (pump 3) the molecular pump is smaller
and the vacuum speed is 56 I/s. During the analysis the pressure
is equal to 10™* Pa in the second stage where the quadrupole is
located and ranges between 102 and 1073 Pa in the first stage.
The extraction hole located between the analyser and the reac-
tor (B in the figure) has a diameter equal to 100 wm and the
second hole located between the two stages (A in the figure) is
500 wm. The distance between the two holes is equal to 6.5 cm,
to keep the mean free path larger than the distance between
the two extraction holes fixed at the entrance of each stage. So,
particles cannot recombine into this intermediate chamber. The
first sample hole (part B) is located in the stainless steel tube of
50 mm diameter few centimetres below the cross point between
this first tube axis and the gas outlet tube axis connected to the
roots blower pump (pump 1 in the figure). In this device, the gas
flow remains undisturbed and can be considered as a plug flow.

The ionization chamber consists of an electron cross beam
apparatus placed 5mm above the 500 pum diameter hole just
before the quadrupole (QMA 400 Balzers). The experimen-
tal error on the energy values is equal to 0.2 eV. Before each
experiment, the filaments of the electron cross beam apparatus
are heated to clean the surface using a current intensity ranges
between 0 and 3 A for about 1 h.

3. Comments on the mass spectrometer signal intensity
measured

3.1. The transmission factor

The mass spectrometer signal intensity I; measured for
species i, when only the direct ionization process occurs can
be written [7]

I; = To+ ) (geIni = Ao+ iy(€e)ieni ()

where T (T'=Ai) is the transmission factor, which depends on
the effective electron beam current intensity (i) crossing the
ionization chamber, on the m/z ratio, on the sensitivity of the
quadrupole, and on the vacuum conductivity of the gas through
the orifice in the extractor. o(;+/;) (&) is the ionization cross-
section at the electron energy €. and, n; is the concentration of
species i.

As shown in Fig. 3a, the transmission factor increases with
increasing electron energy and decreases with increasing m/z.
At a low electron energy (<30eV) it strongly increases with
increasing electron energy then for larger m/z values, it increases
slowly with increasing electron energy up to an asymptotic value
corresponding to an electron energy larger than 70 eV.

Fig. 3b shows the change of the transmission factor (T'=Ai.)
versus the ratio m/z, measurements are performed at 20 Pa at 70
and 30eV, respectively. In collisionless conditions (A; > Ap),
the sampled ion flux is proportional to (mi)_l/ 2 (8], so at low
m/z values (<15), the transmission factor quickly decreases with
increasing m/z. It decreases slowly with increasing m/z for larger
m/z values. At 70 eV, for m/z =2, the transmission factor is equal
to 1.9 x 1073, it is equal to 6.3 x 10™* for m/z=16 and to
3.4 x 10* for m/z=232. For the heavy species (m/z>30), the

transmission factor is quite constant with increasing m/z and
can be supposed constant for m/z > 30.

The value of the transmission factor depends also of the
electron energy because of the change in the electron current
intensity crossing the ionization chamber. This one increases
with electron energy increasing. Within the ionization chamber,
the effective electron current intensity (i.) emitted from the fila-
ment and crossing the chamber depends on the electron energy
given by the positive acceleration voltage U, applied between the
filament and the anode. The dependence of i with the extraction
voltage is described by the Langmuir’s law [9-11]

ie = PU? )

P is a value depending on the geometry of the ionization cham-
ber. The dependence of i, with U, is observed until i, is equal
to the saturation value, given by the thermoionic current inten-
sity value calculated using the Richardson—-Dushman equation
[10,11].

The emission electron current is usually easily stabilized.
However, a too large current intensity value producing a too
high filament temperature could produce a strong evaporation
and a change in the filament area, and a new thermoionic current
value.

The relative electron current intensity crossing the ioniza-
tion chamber can be deduced from the mass spectrometer signal
intensity measured for species i using the relation, deduced from
Eq. (1),

Qe 1 0(eo)
ieo lio o(ee)
where o(¢g.) is the ionization cross-section at the electron energy
Ee.

Fig. 4a and b shows the change of the relative emission elec-
tron current intensity versus electron energy. Measurements are
performed for Ar(m/z=40) and N, (m/z=28) at pressure ranges
from 6 x 1073 to 55 Pa. The ionization cross-section values are
given in [12]. In both cases the results are compared to the theo-
retical values calculated using the Langmuir’s law, Eq. (2). The
relative emission electron current intensity crossing the ioniza-
tion chamber increases from 0.2 to 1 with the electron energy
increasing from 20 to 35 eV. The emission electron current rises
up, when a positive voltage is applied in front of the filament.

The difference observed Fig. 4a and b, between experimental
values and calculated values using the Langmuir’s law, Eq. (2),
is probably due to the divergence of the electron beam before the
entrance slit of the ionization chamber. One part of the electron
beam is striking the electron slits of the ionization chamber. It
is the “stray electron current” [13]. The other part corresponds
to the electron beam crossing the ionization chamber efficient
to ionize the neutral sampled species. It is the “trap electron
current”. It can be shown that the part of the trap electron cur-
rent increases with electron energy increasing. The difference
observed between the measured and the calculated electron cur-
rent values when the pressure is changing, is probably due to the
change of the gas flow conductivity through the sample hole.

These first results show that a good knowledge of the
transmission factor and consequently of the emitted electron

3
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Fig. 3. (a) The transmission factor vs. the electron energy, measurements are performed for various m/z ratios. The pressure is kept constant equal to 66.6 Pa. (b) The
transmission factor vs. the m/z ratio, measurements are performed at 66.6 Pa at two different electron energies 70 and 30 eV.

current intensity crossing the ionization chamber is necessary
to compare measurements performed under various exper-
imental conditions. As previously related, the transmission
factor also depends on the sample hole gas flow conductivity,
which depends on the pressure within the reactor. So, cor-
rections are applied to compare measurements performed at
pressures corresponding to different gas flow through the sample
hole.

3.2. Effect of dissociative ionization processes on the mass
spectrometer signal intensity

For plasma containing easily dissociated molecules, the sig-
nal intensity measured for species i is the sum of the part due
to the direct ionization of species i, and of the parts due to the
various dissociative ionization processes of larger species j pro-
ducing ions i* [14-16]. The mass spectrometer signal intensity

is the sum of all these different contributions, and can be written,
I =161+ 1GY)j
P = 16T/ D+ 16Y/)

= Tior/ieemi + Ty (0 jeehn;) )

where o(;+/;)(€e) is the ionization cross-section due to the direct
ionization of species i and o+, (€e) is the dissociative ion-
ization cross-section of species j producing ions i*. If the
measurements are performed within the discharge, we must also
take into account the part of the signal intensity, which is due to
the ion i* produced within the discharge.

So, in the case of plasma producing a lot of neutral species
J, with a low dissociative ionization threshold, it is very difficult
and often not possible to determine the real part of the signal
intensity measured for i* corresponding to the direct ionization
of the species i only.
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Fig. 4. (a) The relative electron current in the ionization chamber vs. the electron energy at different pressure. Measurements are performed for m/z=40. (b) The
relative electron current at 20 Pa vs. the ionization source current (filament current) at two electron energies 20 and 30 eV. Measurements are performed for m/z=28.

In former works [7,17,18], authors have developed a method
to separate the part of the signal due to the direct ionization
from the part due to the dissociative ionization. They applied this
method named the threshold ionization technique to the case of
CH; and CH3 radicals, produced in an Ar—CHy discharge and to
SiHj3 radicals produced in an Ar-SiHy discharge. This method
is based on the difference between the appearance potential of
the dissociative ionization and the direct ionization potential of
the free radical. In the case of CH3™, the part due to the direct
ionization of CHj3 can be estimated at electron energy ranging
from 9.8 to 14.3 eV, because the dissociative ionization poten-
tial corresponding to CH4 +e — CH3* +2e +H is observed at
14.3eV and the direct ionization potential of the free radical
corresponding to CHz +e — CH3* + 2e is observed at 9.8 eV.
However, at low electron energy the mass spectrometer signal
intensity measured is low and strongly disturbed. So, it is dif-
ficult to determine accurate radical concentration values from

the direct ionization signal measured. Our method consists of
measuring the current at larger electron energy. That leads to a
less disturbed signal.

The previous idea is well illustrated by the effect of the dis-
sociative ionization processes. Let us consider the simple case
of an Ar—CHy plasma. CH4 molecule is smaller than Si(CHz3)4
and produces less radicals. We define the R factor equal to the
relative contribution of the dissociative ionization of the initial
precursor CHy to the signal intensity measured for species i.

R— I; — Ii(corr) _ I;(diss)
B I; L

&)

where /; is the signal intensity measured and /;(corr) is the signal
intensity after correction of the part due to the contribution of
the dissociative ionization /;(diss) of CHy initial precursor. That
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Fig. 5. The R factor vs. the electron energy for m/z=14 and 15. The methane
injection is realised downstream of the argon discharge. The total pressure is
0.2 mBar and the methane pressure is 0.05 mBar.

can be approximated using the equation [15]:

I;(off) I (on)
Ipe(off)

where Iioff), Ipr(on) and I (off) are the signal intensity due to
species i when the discharge is off, the signal intensity measured
for the precursor when the discharge is on and when it is off,
respectively. Ipr iS I(niz=16) and In/z=g8) in the case of CHy or
Si(CHj3)4 precursor, respectively.

Fig. 5 displays the variation of R factor versus electron energy,
calculated for the two ions CH3* and CH,™". The measurements
have been performed above a microwave discharge working at
15 W when the precursor is injected downstream of an argon
discharge. So a large amount of radicals are not dissociated.
It can be observed, that the R factor increases with electron
energy increasing. The relative contribution of the dissociative
ionization of CHy is equal to 80 and 40% for CH3 and CH»
respectively at electron energy equal to 30 eV.

Figs. 6 and 7 display the relative ionization cross-section
o(ge)lo(30eV) versus the electron energy measured for CH3™*
and CH,*. Measurements are performed downstream of an
Ar—-CH4 microwave discharge. The relative ionization cross-
section is calculated after correction, suppressing to the signal
intensity measured the part due to the dissociative ionization of
CHy, using the equation [16],

o(ge) _ Ii(ge) ie(geo)
0(&eo) B Ii(geo) ie(ee)

Here g, =30¢eV.

Figs. 6 and 7 also compare experimental results to the values
displays in the literature for the direct ionization of radical CHs,
CDs3 or CH; [19,20], and the dissociative ionization of CH3
(here CD3) and CH4 producing CH,*, and CH3™ [20,21]. It can
be seen that for CH3*, the relative ionization values are close to
the values given in the literature for the direct ionization of CHz.
However, in the case of CH, ™, the relative ionization is similar
to the values given in the literature in the case of the dissociative

I;(diss) = (6)
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Fig. 6. /o (30eV) measured for m/z=15 vs. g&.. Comparison with the direct
ionization processes (empty circle) given by NIST and Tarnovsky et al. [19,20]
and the dissociative ionization process (empty pyramid) given by Chatham et
al. [21].

ionization of CHj3 producing CH,*. The ionization threshold
value measured (about 16eV) is above the value given for the
direct ionization of CH; (10.5eV [19]) and close to the value
given by Tarnovsky et al. [20] for the dissociative ionization of
CHj3 (#15eV) producing CH*. These results show that in the
case of the ion CH3*, the signal intensity is probably mainly
due to the direct ionization of CH3 and in the case of CH,*,
the signal intensity is largely due to the dissociative ionization
of CH3 and probably also partly due to the direct ionization of
CH,.

In the case of a plasma discharge containing Ar—Si(CH3)4 gas
mixture, the tetramethylsilane molecule has a ionization thresh-
old ranges from 9 to 10eV [22] and the ionization proceed
simultaneously to the direct ionization and to the dissocia-
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Fig. 7. o/o (30eV) measured for m/z=14 vs. &.. Comparison with the direct
ionization processes (empty circle) given by NIST and Tarnovsky et al. [19,20]
and the dissociative ionization process (empty pyramid for CH,*/CHy4) given
by Chatham et al. [21] and (empty diamond for CD,*/CD3) given by Tarnovsky
et al. [20].
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Fig. 8. The mass spectrometer signal intensity measured for m/z =73, 58 and 43
vs. the electron energy. The measurements are performed when the discharge is
off (0 W) and on (100 W).

tive ionization producing Si(CH3)4*, Si(CH3)3", Si(CH3),* and
Si(CH3)* and other ions. So it is difficult to separate the various
ionization mechanisms because they are nearly simultaneously
produced. Moreover, other radicals SiyCyH, and ions Si,C,H,*
can also be produced in the discharge. The signal intensity mea-
sured in the case of different species corresponding to m/z =73,
58 and 43 versus electron energy when the discharge is off (0 W)
and on (at 100 W) are shown in Fig. 8. In this case, the tetram-
ethylsilane is injected upstream of the discharge in argon. The
total pressure is equal to 26 Pa and the tetramethylsilane pres-
sure is equal to 6 Pa. All the different ions are detected even at
low electron energy when the discharge off. At 30 eV the signal
measured for m/z =73 when the discharge is off is equal to 40%
of the signal measured at 100 W, it is 10% for m/z =58 and 33%
for m/z=43. So, it is necessary to separate the part of the sig-
nal intensity due to the direct ionization of species i producing
ions i* from the part due to the dissociative ionization of other
species larger than species i, and producing also i* ions. About
the contribution of the remaining tetramethylsilane, the contri-
bution of the dissociative ionization to the signal measured for
an ion i is relatively easy to determine, it can be deduced from
the signal measured when the discharge is off, using Eq. (6).

Because the Si—C and C-H binding energies are equal to
355 and 421 kJ/mol respectively [23], the dissociative ionization
process of SiyCyH; species is expected to proceed mainly via
Si—C bond breaking rather than C—H bond breaking and the
main ionization processes are,

R-CH3 +e — R* +CHj + 2e (1a)
or
R-CH3;+e — R + CH3™ + 2e. (1b)

Considering Si(CH3); 23 and H»Si(CH3) main radicals pro-
duced in the discharge and corresponding to m/z=73, 58, 43
and 45 respectively, the part of the dissociative ionization pro-
cesses in the signal intensity is due to the dissociative ionization
of the tetramethylsilane (m/z =88, the precursor) in the case of

0.8

07}

06}

05¢

04¢

(i-i{corn))/i;

03 A

02} R . . . "
A 4+ miz=45

o
n ot
01¢ [ | O 4 m/z=43

10 15 20 25 30 35
ge(eV)

Fig. 9. The R factor vs. &, for m/z=58 (full square), 45 (full pyramid), and 43
(empty square). The tetramethylsilane is injected upstream of the argon discharge
working at 25 W. The total pressure is 26.6 Pa and the tetramethylsilane pressure
is 6.5Pa.

m/z="713, to the dissociative ionization of m/z=88 and m/z=73
for m/z=58 and to the dissociative ionization of m/z=88, 73
and 58 for m/z=43. In the case of m/z=45, HySi(CH3) species
are produced by the desorbed species from the reactor wall [24],
probably H,Si(CH3),> or HSi(CH3), and consequently the dis-
sociative processes contributing to the signal intensity measured
are not the same that for the other species.

As previously seen in the case of CH3", and CH,*, we report
the R factor measured for all these species versus the electron
energy in Figs. 9—11. The measurements are performed when the
tetramethylsilane is injected upstream of the argon discharge
at different power 25, 50 and 100 W, respectively. It can be
seen that for electron energy upper than 17-18 eV, the R factor
remains roughly unchanged when the electron energy is increas-
ing. At lower electron energy the R factor roughly decreases
with increasing electron energy. However, because of the large
error on measurements performed at low electron energy, this
behaviour is doubtful. Whatever the power is (between 25 and
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Fig. 10. The R factor vs. &., for m/z=>58 (full square), 45 (full pyramid), and 43
(empty square). The tetramethylsilane is injected upstream of the argon discharge
working at 50 W. The total pressure is 26.6 Pa and the tetramethylsilane pressure
is 6.5Pa.
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100 W), the R factor for ¢, > 18 eV is low and ranges from 10
to 20% for m/z=43 and 45. It is larger and ranges from 10 to
40% for m/z=58. These R factor values are low and observed
when the precursor is injected upstream the discharge i.e., when
the precursor is strongly dissociated. However, in the particu-
lar case of m/z="73, not reported in the figures, the R factor is
close to 1. This value can be explained assuming that m/z="73
is not produced when Ar—Si(CH3)4 is injected upstream of the
discharge because of the strong dissociation. In this case, the
signal intensity value for m/z =73 after correction using Eq. (6)
is low and nearly equal to 0, so R is close to 1.

When Ar-Si(CHj3)4 is injected downstream of the discharge
working at 20 W (Fig. 12), the dissociation is low and m/z=73
species are mainly produced. The R factor is now close to one
for the other species m/z=58, 45 and 43, because of the low
signal intensity value after correction using Eq. (6). However,
for m/z="73, the R factor is quite stable at electron energy larger
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Fig. 12. The R factor vs. g¢, for m/z =73. The tetramethylsilane is injected down-
stream of the argon discharge working at 20 W. The total pressure is 40 Pa and
the tetramethylsilane pressure is 13.3 Pa.

than 20eV and is close to 15%, as it is shown in Fig. 12. As
previously observed at low electron energies (<15eV), the R
factor values are systematically larger and less stable than for
high electron energies >20eV. This is due to the large error
performed on the signal intensity value.

After correction of the signal intensity, when the dissocia-
tive ionization part of Si(CH3)4 is removed, the signal intensity
corresponding to m/z="73 is only due to the direct ionization of
the Si(CH3)3 radical. However, in the case of the other species
(mlz=58, 45 and 43), dissociative ionization processes due to
radicals or species desorbed by the reactor walls in the case of
m/z=45 [24], can contribute to increase the signal intensity cor-
responding to these ions. As previously done in the case of an
Ar—CH,4 microwave discharge, we have measured the relative
ionization cross-section determined for m/z = 15 versus electron
energy, in the case of an Ar-Si(CH3)4 gas mixture and compare
these results to the data given in the literature and correspond-
ing to different ionization processes. Fig. 13 shows the change
of o(ee)/a(30eV) versus the electron energy ranges from 10 to
30eV. Results are compared with data given in the literature for
the direct ionization of CH3 or CD3 [19,20], and with the dis-
sociative ionization of CoHg [21] and Si(CH3)4 [25] producing
CH3™". Measurements are performed when the gas mixture con-
taining the precursor is injected upstream of the argon discharge
at 100 and 25 W. The figure shows two behaviours for the ion-
ization processes. At low electron energy (roughly lower than
20eV), the relative ionization cross-section increases slowly
with increasing electron energy. At these electron energies,
CH3™ is probably mainly due to the direct ionization of the CH3
radical, as it was previously reported in a former work [24].
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Fig. 13. o/o (30 eV) measured for m/z=15 vs. e.. Measurements are performed
when the tetramethylsilane is injected upstream of the discharge working at
100 W (full square), and 25 W (full circle). Comparison is realised with value
given by NIST (full thin line for CH3*/CH3) [19], Tarnovsky et al (dotted thin
line for CD3*/CD3) [20], for the direct ionization and Chatham et al. (empty
square for CH3*/CyHg) [21], Basner et al (empty circle for CH3*/Si(CH3)4)
[25], for the dissociative ionization processes.
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At larger electron energy, others ionization processes producing
CH3™" occur. Because of the correction done using Eq. (6), they
are not due to the tetramethylsilane molecule but to the main
radicals (SiC,H,) produced in the discharge.

4. Absolute concentration of the main radicals
Si(CH3)3,2,1 and HzSi(CH3)

We have measured the concentration of the main radical pro-
duced in the plasma. Si(CH3)3 2,1 radicals result mainly of Si—C
bonds breaking. We have also measured the absolute concentra-
tion of H>Si(CH3) resulting of desorbed species from the reactor
wall. After correction of the influence of the dissociative ioniza-
tion of the remaining tetramethylsilane using Eq. (6), we assume
in a first approximation that the signal intensity measured for
miz="73, 58, 45 and 43, is mainly due to the direct ioniza-
tion of radicals Si(CH3); 23 and of HpSi(CHj3). Thus, using
Eq. (1), it is possible to determine the relative concentrations
of these radicals. Figs. 14—16 displays the absolute concentra-
tion of Si(CH3)3 2,1 and H»Si(CH3) versus the tetramethylsilane
partial pressure injected downstream of the discharge, measure-
ments have been performed at 100, 150 and 200 W, respectively
and at an argon pressure equal to 66 Pa. The absolute concentra-
tions for species i is determined comparing the signal measured
for the species to the signal measured when the discharge is off,
which corresponds only to the dissociative ionization processes
of Si(CH3)4, producing ion j*. So, the concentration is given
by,

ni = nmsl+/iy(&e)/ L+ jims)(€e) O+ jtms)(€e) /O(i+ /iy (€e)-
(3)

In this equation, n;, nyy are the concentration of the species
i and of the tetramethylsilane injected within the reactor,
respectively. i+ /;)(€e) and I(j+ img)(€e) are the signal intensity
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Fig. 14. The absolute concentration measured for radicals m/z =73 (full square),
58 (empty circle), and 43 (full diamond) vs. the tetramethylsilane pressure
injected downstream of the argon discharge working at 100 W. The argon pres-
sure is fixed equal to 66 Pa and the electron energy in the ionization chamber is
30eV.
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Fig. 15. The absolute concentration measured for radicals m/z =73 (full square),
58 (empty circle) vs. the tetramethylsilane pressure injected downstream of the
argon discharge working at 150 W. The argon pressure is fixed equal to 66 Pa
and the electron energy in the ionization chamber is 18 eV.

measured when the discharge is on for the species i, and when
the discharge is off for species j. o(j+ /ums)(€e) and o+ (e) are
the dissociative ionization cross-section of the tetramethylsilane
producing j* [25] and the direct ionization cross-section of i pro-
ducing i* [16]. j* can be i* or any other ions produced in the
ionization chamber and used as reference.

It can be seen in Figs. 1416 that the main radicals produced
is Si(CH3), then Si(CH3), and Si(CH3)3. At 100 W the con-
centration ratio is roughly 1/10/100 for m/z=73, 58 and 43,
respectively. The radical concentration increases with power
increasing at least until 200 W. Fig. 16 also displays the con-
centration measured for m/z =45 at 200 W. The concentration of
this species is equal to that of m/z="73. At low power, m/z=45
species are difficult to observe because the concentration is much
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Fig. 16. The absolute concentration measured for radicals m/z =73 (full square),
58 (empty circle), 45 (empty square) and 43 (full diamond) vs. the tetramethyl-
silane pressure injected downstream of the argon discharge working at 200 W.
The argon pressure is fixed equal to 66 Pa and the elctron energy in the ionization
chamber is 16 eV.
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lower due to the decrease of desorbed species from the wall [24].
It can be seen that the concentration of the species first increases
with increasing tetramethylsilane partial pressure then slowly
decreases for large partial pressure values. The maximum is
shifted to larger partial pressure value with increasing power. It
is equal to 0.1-0.2 Pa at 100 W, 5-7 Pa at 150 W and 8—10 Pa at
200 W.

As in the case of CH3*, the ionization processes are expected
to results mainly of the direct ionization of the radical, at low
electron energy, e. <20eV (see Fig. 13). In Figs. 15 and 16,
measurements have been perform at electron energy of 16 and
18 eV, and the results show that the absolute concentration of
Si(CH3)3 is one order of magnitude lower than the concentration
of Si(CH3),, and two order of magnitude lower than the Si(CH3z)
concentration. From these results, it appears that because of the
low concentration of m/z="73 compared to m/z=>58 and 43, the
dissociative ionization process of Si(CH3)3 is expected to con-
tribute weakly to the signal intensity measured for m/z =58 and
43. So, as expected the signal intensity corresponding to m/z =58
is probably mainly due to the direct ionization of Si(CHz); only.
The same comments can be done concerning the signal measured
for m/z=43. Because of the low concentration of Si(CH3), com-
pared to the concentration of Si(CHj3), the contribution of the
dissociative ionization of Si(CHj3), to the signal measured for
m/z=43 is probably low.

Thus, the calculation of the absolute concentration of the
different species confirms our previous assumption: the contri-
bution of dissociative ionization processes of Si(CH3)3 radical
to the signal intensity measured for m/z=58 and 43, and of
Si(CH3); to the signal intensity measured for m/z=43 can be
in a first approximation neglected, and the signal intensity can
be mainly ascribed to the direct ionization of radicals Si(CH3)3,
Si(CH3),, and Si(CH3), respectively. At least at electron energy
lower than 30eV.

5. Conclusion

This paper deals with the experimental methods developed
using mass spectrometer to analyse the gas composition in
plasma containing molecular species with a low dissociation
threshold. First we give the main corrections used on the sig-
nal intensity. These corrections take into account the effect of
the electron current in the ionization chamber, the effect of the
m/z ratio and of the pressure. Moreover, because of the large
contribution of the dissociative ionization processes, it is neces-
sary to make other corrections on the signal intensity measured.
We give a method, which can be used in order to suppress the
dissociative ionization due to the parent molecules in the signal
measured for the different species. Then, we discuss the con-
tribution of the other dissociative ionization processes to the
signal corresponding to the main radicals in plasma sustained

both in Ar—-CHy and Ar-Si(CH3)4 gas mixture. In the case of
an Ar-Si(CH3)4 gas mixture, we calculate the absolute concen-
tration of these radicals and we prove that because of the low
relative Si(CH3)3; concentration compared to Si(CH3)», and of
Si(CH3), compared to Si(CH3), the contribution of the disso-
ciative ionization of these radicals to the signal measured for
each Si(CH3); 2.3* ions is probably low and so the signal inten-
sity results mainly of the direct ionization of the parent radicals.
This result confirms our assumption concerning the low disso-
ciative ionization contribution to the signal intensity measured
at low electron energy (<30eV).
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