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Abstract

A microwave plasma (2.45 GHz) containing Ar-TMS (TMS5 tetramethyl silane) gas mixture is investigated by means of
a quadrupole mass spectrometer, equipped with a two-stage differential pumping under deposition condition of silicon carbide.
An ionization threshold method is used in order to detect and to determine the various species created within the plasma, which
are species like SiCxHy or lighter ones like H2, CHx, and SiHy. The mass spectrometer signal intensity measured for each ion
is corrected in order to suppress the contribution of the TMS dissociative ionization in the total signal intensity. We show that
contributions due to dissociative ionization of others species SiCxHy can be neglected in comparison with the contribution of
the TMS. The effect of the incident microwave power on the plasma composition has also been investigated. The microwave
plasma is very efficient for dissociating TMS (80% of TMS is dissociated at 100 W). At a power lower than 40 W, TMS
dissociates mainly via Si–C bond breaking; the main species produced in the plasma are Si(Me)x radicals. At a higher power
it dissociates via C–H bond breaking and mostly SiHx or CHx radicals are produced. The plasma composition is investigated
in four different reactor configurations corresponding to various TMS injectors and analyzer positions within the reactor. The
design parameters and the gas mixture (TMS content in Ar-TMS), change the plasma composition and can promote the
dissociation of TMS and of the secondary species (SiCxHy) via Si–C bond breaking or C–H bond breaking. (Int J Mass
Spectrom 189 (1999) 63–77) © 1999 Elsevier Science B.V.
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1. Introduction

Plasma discharges are widely employed as a basic
technology for thin film deposition, used, for instance,
in electronic devices. Reactive species are generated
by striking the plasma discharge in an appropriate gas
mixture where the electrons and the ions cause disso-
ciation and subsequent chemical reactions. Numerous
free radicals are produced and their concentration

depends on experimental conditions. Control of the
free radicals generated is essential for the efficiency of
such a plasma device.

Organosilicon compounds are of particular interest
for many deposition applications [1,2] and tetramethyl
silane (TMS) is one of the simplest organosilicon com-
pounds. Mixed with a carrier gas (N2, Ar, . . . ), it isused
in plasma discharges in order to produce silicon nitride
or silicon carbide films [3]. Understanding of the reac-
tion processes produced in such a discharge requires a
good knowledge of gas phase composition (atoms,
molecules or free radicals).* Corresponding author. E-mail: jauberteau-ijl@unilim.fr
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The purpose of this work is to investigate the
neutral species generated in the plasma in various
Ar-TMS gas mixtures by means of mass spectrome-
try. The mass spectrometer is equipped with a two
stage differential pumping system in order to sample
from a process chamber with a relatively high pres-
sure corresponding to the deposition conditions of
thin silicon carbon film, i.e. 66 Pa.

The effect of the reactor design on the gas compo-
sition is also investigated. This study is performed in
four different configurations corresponding to four
different TMS injector positions or observation re-
gions within the reactor.

2. Experimental setup

The experimental setup is shown in Fig. 1. It
consists of a microwave discharge containing an
Ar-TMS gas mixture created in a quartz tube (outer
diameter 19 mm, inner diameter 16 mm) and used to
dissociate molecular species. In order to maintain a
constant wall temperature, the outside of the quartz
tube is refreshed by means of air cooling. The total
pressure in the vessel is kept constant using a Roots
blower pump (70–700 m3/h) that allows a constant
gas flow velocity in the postdischarge (stainless tube
with an inner diameter of 50 mm) located above the

microwave discharge. The total pressure is main-
tained at 66.5 Pa. According to the reactor design, the
mixture of Ar-TMS can be injected into the discharge,
before or after the discharge. Analysis is performed
using a quadrupole mass spectrometer (QMG 421
Balzers) equipped with a secondary electron multi-
plier amplifier. Because the mass spectrometer cannot
operate at pressures lower than 1023 Pa, a differential
pumping is required. We use a two-stage differential
pumping unit, with a turbomolecular pump at all
stages; the pumping speed (in N2) in the first stage is
210 L/s and in the second stage 56 L/s. During the gas
sampling, the pressure is 1022–1023 Pa for the first
stage and 1024 Pa for the second. The extraction hole
diameter is 100mm whereas the diameter of the hole
located between the two stages is 500mm. The
distance between the mass spectrometer sample hole
and the discharge center can be changed in order to
analyze the gas phase in different parts of the reactor.

The TMS sample is contained in a stainless steel
vessel and it is carried along the reactor with argon.
The TMS partial pressure within the reactor is mea-
sured using the following method: When the dis-
charge is turned off, there are only two species in the
gas mixture: Ar and TMS; thus the total pressurePT

is the sum of the two partial pressuresPT 5 PAr 1

Fig. 1. Experimental setup.
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PTMS. The mass spectrometer signalIi measured for a
speciesi is given by [4],

I i 5 ni z s~«e! z T~mi, ni ! (1)

In this relationni is the density of the species,s(«e) is the
ionization cross section at an electron energy«e, and
T(mi, ni) (unity A z m) is the transmission factor of the
species, depending on the mass and the density of the
species. We will see later that this factor also depends on
the quadrupole mass spectrometer characteristics.

The partial pressure of TMS is given by

PTMS 5 PT 1 PAr0 z IAr/IAr0 (2)

where PT is the total pressure,IAr0 is the signal
intensity measured (discharge off) in a pure argon
flow corresponding to the argon pressurePAro 5 PT,
and IAr is the signal intensity measured in the gas
mixture (discharge off) containing the TMS partial
pressurePTMS for the same total pressure.

3. Threshold ionization of the different species

Electron ionization of the monomer is one of the
most fundamental collision processes in a nonequilib-

rium and low temperature microwave plasma. So, we
have studied the dissociation of TMS by electron
collision versus the electron energy. The mass spec-
trum of TMS shows abundant parent ions resulting in
dissociative ionization processes occurring even at
low ionization electron energy.

Fig. 2 displays the mass spectrometer signal inten-
sity measured in the plasma containing Ar-TMS for
the species corresponding tom/z5 88, 73, 58, 43, 40,
28, 15, 12, 2, and 1 versus the time. The gas mixture
is Ar-5% TMS, total pressure is 66.6 Pa, microwave
power is 150 W, and electron energy is 18 eV. In this
case the plasma is suddenly stopped after 1.5 min. It
can be seen in Fig. 2 that when the discharge is
stopped, the intensity of the species ofm/z5 88 or 73
increases and the intensity of the species ofm/z5 58,
28, 15, 2, and 1 is decreasing. Form/z5 43, the
signal intensity slightly decreases when the discharge
is switched off and form/z5 12 or 40, the intensities
remain constant. These results show that the species
of m/z5 73 and 88 are mainly produced by TMS
ionization in the mass spectrometer ionization cham-
ber and the species corresponding tom/z5 58, 43,
28, 15, 2, and 1 are produced by ionization of species
previously created in the Ar-TMS plasma. The behav-

Fig. 2. Mass spectrometric intensity measured form/z5 88, 73, 58, 43, 40, 28, 15, 12, 2, 1 versus time.
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ior observed in the case of the signal intensity of
m/z5 43 can be explained by the fact that when the
discharge is switched off, the specy ofm/z5 43 is
produced via dissociative ionization of the TMS in the
ionization chamber of the mass spectrometer analyser.
However, when the discharge is switched on, this
specy can also be produced via dissociative ionization
processes of other species produced in the discharge
when the TMS is dissociated.

This first qualitative analysis shows the difficulties
encountered in the study of such a system. The
fragment ions caused by electron impact in the ionizer
can potentially mask the signals generated by direct
ionization of radicals. For each specy, it is necessary
to take into account the various contributions due to
different species during the signal acquisition, i.e. it is
necessary to identify the part due to direct ionization
of the detected species and parts due to dissociative
ionization of other species present in the gas mixture
that produce the same ion. We will describe in detail
how one can overcome this difficulty.

The identification of the different species is
achieved using a threshold ionization method [5,6].
We compare the ionization threshold measured for
eachm/zvalue to data given in the literature. In Table
1, different ions are given when the TMS monomer is
ionized in the ionization chamber. In this table we
have compiled the differentm/zratios observed in the
mass spectrum and we report on the appearance
energy measured (ionization threshold). We also give
the fragment ion corresponding to eachm/z ratio.

For m/z 5 88: This ion corresponds to the SiMe4
1

parent ion (where Me designates a methyl group
CH3). The ion is mainly produced via direct ionization
of the TMS molecule,

e 1 SiMe4 ¡ SiMe4
1 1 2e

Ea 5 9.74–9.9 eV [7]

The appearance energy measured ranges between 9.5
and 10 eV. It corresponds to the ionization threshold
value given in the literature.

For m/z 5 73: This ratio corresponds to SiMe3
1;

the ionization threshold that we measure is about 10
eV and corresponds to the value given in the literature
[7] in the case of the dissociative ionization of TMS,

e 1 SiMe4 ¡ SiMe3
1 1 2e 1 Me

Ea 5 10.09–10.6 eV

As shown in Fig. 2, the signal measured for this
species increases when the discharge is switched off.
This behavior can be ascribed to the sudden increase
of the TMS content.

For m/z 5 58: This ratio corresponds to the ion
SiMe2

1. The ionization threshold measured is about
10–10.5 eV.

Fig. 2 shows that when the discharge is switched
off, the signal measured form/z5 58 decreases.
Thus, these ions are probably created with species
produced in the plasma and not from the dissociative
ionization of TMS in the ionization chamber. The
formation of this fragment ion can proceed via three
different reaction processes,

HSiMe2 1 e¡ SiMe2
1 1 2e 1 H

Ea 5 10.3–10.5 eV

HSiMe3 1 e¡ SiMe2
1 1 2e 1 H 1 Me

Ea 5 10.5 eV

Table 1
The different ions (m/z) observed when the TMS monomer is ionized in the ionization chamber, and the appearance energy measured for
each ion and the corresponding fragment ion

m/z 88 74 73 72 71 70 58 45

Ea (eV) 9.5–10 10 10 10 10 10 10–10.5 10.5
Ion SiMe4

1 HSiMe3
1 SiMe3

1 SiMe2CH2
1 SiMe2CH1 SiMe2C

1 SiMe2
1 H2SiMe1

m/z 44 43 40 28 15 12 2 1
Ea (eV) 10.5 10.5 15.75 9.5–10 10 11 15–16 .15
Ion HSiMe1 SiMe1 Ar1, SiC1 Si1, C2H4

1 CH3
1 C1 H2

1 H1
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H2SiMe2 1 e¡ SiMe2
1 1 2e 1 H2

Ea 5 10.7 eV

The appearance energy measured for this ion agrees
with the value given in the literature [7] and corre-
sponds to the two first processes. These ions seem to
proceed via the dissociative ionization of HSiMe2 or
HSiMe3 radicals created within the discharge. How-
ever, only species corresponding tom/z5 74
(HSiMe3) have been detected. Thus, this ion seems to
proceed via the dissociative ionization of HSiMe3.

For m/z 5 45, 44, 43, and 28:The first three
species correspond to H2SiMe, HSiMe, and SiMe
radicals. For the sake of clarity,m/z5 45 and 44
signals that have been detected (see Table 1) are not
reported in Fig. 2. The appearance energies measured
for these species are about 10.5 eV. They could not
proceed via the dissociative ionization of the TMS
molecule, because in that case the ionization threshold
should be larger (17.1–17.3 eV [7]). The formation of
these ions can be explained as rearrangement ions
produced in an ionization process with intermediate
metastable species [7–9]. van der Kelen et al. [9]
explain the formation of these rearrangement ions via
metastable ion transition (mainly SiMe3

1) with cleav-
age processes and elimination of stable molecules like
C2H4. According to Distefano et al. [8], the formation
of species like H2SiMe1, HSiMe2

1, HSiMe1, or SiH1

can be explained only if we consider the consequence
of rearrangement on metastable ions like SiMe3

1. We
believe the metastable ions could contribute up to
21.6% of the total ionization. The most important
metastable ion in such a plasma is expected to be
SiMe3

1 and the main transitions are:

SiMe3
1 ¡ H2SiMe1 1 C2H4

H2SiMe1 ¡ SiMe1 1 H2

Starting from SiMe2
1, the process is

SiMe2
1 ¡ SiMe1 1 Me

When the rearrangement proceeds via the cleavage of
SiMe3

1, the reaction produces H2SiMe1 (m/z5 45)
and C2H4. The ionization threshold of C2H4 is 10.5

eV [7]. It is of the order of the value that we have
measured for the appearance energy of the ion corre-
sponding tom/z5 28 (9.5–10.5 eV). The species
detected form/z5 28 cannot be the silicium ion
because the ionization threshold of Si1 is equal to
8.15 eV [7]. It is lower than the appearance energy
measured form/z5 28. The species detected for
m/z5 28 is probably C2H4

1 produced after ionization
of C2H4 which is created when the rearrangement
process of SiMe3

1 [9] occurs.
For m/z 5 15: The appearance energy measured

for this ion corresponds to the value given in the
literature for the direct ionization of the methyl group
(Ea 5 9.82–9.87 eV)[7].

For m/z 5 2: The ionization threshold measured
corresponds to the direct ionization of H2 (Ea 5
15–16 eV)[7].

For m/z 5 1: This ratio corresponds to the H1

ion. However, the appearance energy measured (about
15 eV) is too large. It cannot proceed via direct
ionization of the H atom (13.56 eV). Other processes
like the dissociative ionization of organic compounds
are more probable. For instance, in the case of C3H6,
the ionization threshold corresponding to the disso-
ciative ionization producing H1 is 19.5 eV.

4. Contribution of the dissociative ionization of
TMS to the signal intensity

Fig. 3 displays the signal intensity measured for the
speciesm/z5 88, 73, 43, 58, and 15, versus the
electron energy, when the discharge is off and on. In
both cases the various species are detected even at low
electron energy. This phenomena can be explained by
considering (1) the contribution due to species de-
sorbed by the wall of the reactor (which also occurs
when the discharge is off) and (2) the contribution due
to dissociative ionization of TMS. In the case of
species like SiMe3

1 (m/z5 73), the contribution of
the dissociative ionization of TMS is very important
even at low electron energy (typically 10 eV),
whereas in the case of a species like CH3

1 (m/z5 15)
this contribution can be neglected at low electron
energy because of the large ionization threshold value
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that ranges between 23 and 24 eV [10]. For each
species it is necessary to correct the signal measured
when the discharge is on and to suppress these two
contributions. The first one (due to wall desorption) is
expected to remain low and constant regardless of the
TMS content in the gas mixture. Thus, it can be
corrected with a simple subtraction of the signal
measured discharge off from the signal measured
discharge on. However, the second one can be very
important and increases with the TMS partial pressure
increasing. For each species, the intensity must be
corrected, taking into account the part corresponding
to the dissociative ionization of TMS into the ioniza-
tion chamber of the mass spectrometer. This contri-
bution is deduced from the signal measured when the
discharge is switched off. As is shown in Fig. 3, the
signal intensity is larger when the discharge is on than
when it is off and the difference between the two
signals increases with decreasingm/z ratio. At an
electron energy of 20 eV, the signal measured for
m/z5 43 when the discharge is off is about 27% of
the signal measured when the discharge is on. It is
50% for m/z5 58 and 88% form/z5 73. Thus, the
contribution due to dissociative ionization of TMS
increases as them/z ratio increases.

Considering the ion SiMe4
1 (m/z5 88), we mea-

sure an intensityI88 corresponding to the densityn88.
However, taking into account the part of TMS that is
dissociated when ionized, the real abundance of TMS
should ben88r and corresponds to the real signalI88r.

The relation between the densities is given by

n88r 5 n88 1 Dn88 (3)

where Dn88 is the part of TMS that is dissociated
when ionized in the mass spectrometer. Thus, we
arrive at the following expression

I88r 5 I88/(1 2 a) (4)

with

a 5 Dn88/n88r (5)

If we consider the case of the speciesi created within
the plasma, i.e. when the discharge is switched on, the
signal measured for this specy isI iad. It contains an
ion due to ionization of the speciesi as well as ions
due to dissociative ionization of the TMS that can be
estimated using the signal measured for the speciesi
when the discharge is switched offI isd.

The real signalI iadr corresponding to the direct
ionization of the speciesi when the discharge is
switched on, is given by the following expression that
is obtained using Eq. (4)

I iadr 5 I iad 2 [I isd/(I88sd/(1 2 a))(I88ad/(1 2 a))]

5 I iad 2 (I isd I88ad/I88sd) (6)

whereI88sd and I88ad are the signal measured for the
TMS when the discharge is switched off and switched
on, respectively.

This expression can be used in order to correct the
signal measured for each speciesi when the discharge
is on. However, only the part due to dissociative
ionization of TMS is considered. Thus, in a more
rigorous expression it should be necessary to take into
account the part due to dissociative ionization of each
species created within the discharge and to also
consider the dissociative ionization of the speciesi
itself. So, we have to check the effect of Si(Me)3,
Si(Me)2, and Si(Me) dissociative ionization on the
signal intensity measured when the discharge is on.

Fig. 3. Mass spectrometric signal intensity measured for the species
corresponding tom/z5 88, 73, 43, 58, and 15 versus electron
energy in the ionization chamber. The figure compares the inten-
sities measured when the discharge is off to the intensities mea-
sured when it is on.
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These radicals are created within the discharge and
they are ionized in the ionization chamber. It can be a
direct ionization, for instance Si(Me)2 1 e 3
Si(Me)2

1 1 2e, but also a dissociative ionization, like
for instance, Si(Me)3 1 e3 Si(Me)2

1 1 CH3 1 2e
or SiMe3 1 e3 SiMe2 1 CH3

1 1 2e.
The contribution of the dissociative ionization of

these species to the signal can be roughly estimated by
considering the case of the CH3

1 ion. Because the
Si–C and C–H binding energies are equal to 76
kcal/mol and 99 kcal/mol, respectively, the dissocia-
tive ionization of the Si(CH3)x radical is expected to
arise mainly from the Si–C bond breaking. In a first
approximation we assume that the density of CH3

1

created in the ionization chamber is representative of
the dissociative ionization processes of these species.
This supposes that the dissociative ionization process
is efficient enough at the electron energy value that we
use in the ionization chamber.

The m/z5 15 signal intensity versus the electron
energy, when the discharge is off and when it is on, is
shown in Fig. 3. The measurements are performed at
a partial pressurePArTMS of 40 Pa, a total pressure
of 66 Pa, and a microwave power of 100 W. In order
to estimate the part due to direct ionization of CH3

1 in
the signal intensity measured, we have calculated this
signal intensity assuming only the direct ionization
process (CH3 1 e3 CH3

1 1 2e). For each speciesi,
the mass spectrometer output currentIi is given by
relation (1). According to Toyoda et al. [11], the
transmission factorT(mi, ni) is related to the electron
beam currentI b by

T~mi, ni! 5 Ai~mi, ni! z I b (7)

whereAi(mi, ni) is a proportional parameter depending
on both the sensitivity of the mass spectrometer and the
vacuum conductance in the extractor. It also depends on
the mass and on the concentration of the speciesi.

Before calculating the signal resulting from the
direct ionization of CH3 it is necessary to measure the
product Ai z I b for each electron energy value. It
increases with increasing electron energy and it can be
achieved from the mass spectrometer signal measured
for m/z5 88 (TMS) when the discharge is off, using

the TMS ionization cross section values given by Basner
et al. [10]. After this, it is possible to calculate the signal
measured in the case ofm/z5 15 considering only the
direct ionization of methyl radicals. The direct ionization
cross section value is calculated using the binary–
encounter–dipole–Bethe method (BEB method) given
by Hwang et al. [12]. The threshold behavior of the
ionization cross section is sensitive to the lowest value of
the binding energy. Thus, we use a value given in the
case of the molecular 3a1 orbital, corresponding to the
lowest binding energy (9.84 eV).

Fig. 4 shows the mass spectrometer signal intensity
measured form/z5 15 (CH3

1) versus the electron
energy in the range 10–16 eV. The intensity is
measured when the discharge is on (I15ad) and when it
is off (I15sd). In the same figure we have plotted the
signal intensity corrected using [Eq. (6)]I15adc. Then,
we compare this last curve to the signal intensity
calculated assuming only a direct ionization of CH3

with the previous method (I15cal). This last curve has
been normalized using the signal intensityI15adc

measured for an electron energy of 16 eV. There is a
good agreement betweenI15adcand I15cal. The calcu-
lated intensity remains in the error value range esti-
mated forI15adc. These results show that the intensity
value measured form/z5 15 when the discharge is
on and after correction [Eq. (6)], is mainly due to
ionization of the neutral radical CH3 produced in the
discharge. Thus the contribution in the ionization
chamber due to dissociative ionization (producing
CH3

1) of Si(CH3)x,4 can be neglected.
So, in this work we correct the signal measured for

the different species using the previous relation (6)
corresponding to the case where only the dissociative
ionization of TMS is efficient. We consider that the
contribution due to other species remains low compared
with the contribution due to dissociative ionization of the
TMS.

According to Wrobel et al. [13,14] the initial stage
of dissociation of the TMS molecule arises from bond
breaking after collisions with the electrons of the
plasma. Mainly, Si–Me bond breaking or C–H bond
breaking occur. In the first case the main radical
produced is SiMe3 and in the second case it is
SiMe3CH2. Because of the strong difference in bond
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energy between the Si–C bond at 76 kcal/mol and the
C–H bond at 99 kcal/mol, the first dissociation pro-
cess is more probable.

Thus, the density of the methyl radical accounts for
dissociation processes by Si–C bond breaking and the
density of H2 accounts for dissociation processes by
C–H bond breaking. In order to check the dominant
dissociative reactive process (Si–C or C–H bond
breaking), mass spectrometer measurements given in
the next part of this article are compared to the
intensity measured for the Me radical (m/z5 15) and
H2 molecule (m/z5 2).

The signal intensity measured for CH3
1 when the

discharge is on is mainly due to direct ionization of
the CH3 radical produced in the discharge and ionized
in the ionization chamber. Therefore, this signal
intensity is consistent with the CH3 density contained
in the discharge.

5. Effect of the microwave power on the plasma
composition

Mass spectrometric analysis has been performed
for different microwave powersPm within the plasma

discharge containing an Ar-TMS gas mixture. The
TMS is diluted in argon and is carried along the
reactor at 30 m/s from an injector located below the
discharge. The total pressure is equal to 26.6 Pa and
the distance between the discharge center and the
mass spectrometer sample hole is fixed at 380 mm.

The mass spectrometry measurements obtained for
m/z5 73, 58, 43, 28, 15 (or 2) divided by the signal
intensity measured form/z5 15 andm/z5 2, versus
the incident microwave power are shown in Figs. 5
and 6, respectively. Fig. 5 also gives the TMS decay
in the plasma versus the microwave power. It can be
seen that when the microwave power is lower than 40
W the main specy produced is SiMe3 (m/z5 73). In
that case the dominant dissociation process arises
from Si–C bond breaking. As the power increases, the
lighter species likem/z5 58 (SiMe2) and 43 (SiMe)
prevail. The ratioIMe/IH2 decreases with increasing
incident power (see Fig. 6). This shows that at higher
power the C–H bond breaking process prevails in
comparison to the Si–C bond breaking process. Thus,
the normalized signal measured form/z5 28 (C2H4)
decreases with increasing power because of the de-
crease of the SiMe3

1 content. In this plasma device the

Fig. 4. Mass spectrometric signal intensity measured form/z5 15 (CH3) versus the electron energy in the range from 10–16 eV. The intensity
is measured with dischargeI15ad and without dischargeI15sd.
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dissociation of TMS is very efficient; at 40 W, 30% of
the initial TMS is dissociated and at powers higher than
100 W, more than 80% is dissociated. These results

show that it is not necessary to work with a microwave
power larger than 100 W in order to efficiently dissociate
the TMS contained in the gas mixture.

Fig. 5. Mass spectrometric signal intensity measured form/z5 73, 58, 43, 28, 15 (or 2) divided by signal intensity measured form/z5 15
versus the microwave powerPm. In this figure the percentage of TMS remaining in the plasma versus the microwave power is also displayed.

Fig. 6. Mass spectrometric signal intensity measured form/z5 73, 58, 43, 28, 15 (or 2) divided by the signal measured form/z5 2 versus
the incident microwave powerPm.
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At low power, typically 40 W, the dissociation
proceeds via Si–C bond breaking and the main radi-
cals produced within the plasma are heavy radicals
like SiMe3. By increasing the power, high densities of
SiMe2 and SiMe are produced. Moreover, the ratio
IH2/IMe also increases with increasing power due to
C–H bond breaking.

The signal intensity measured for Me (m/z5 15)
first increases with increasing power from 63 1029

A at Pm 5 25 W to 1.293 1028 A at 85 W. It then
decreases for higher power values (93 1.1029 A at
175 W). All of these results show that at low power,
the density of the methyl radical increases with
increasing power. At a higher power the methyl
radical density decreases with increasing power.
Thus, the CH3 radical is probably dissociated, produc-
ing simple radicals CHx,3 and H atoms. The H2
density increases with the power due to C–H bond
breaking, producing H atoms that recombine in H2.

6. Effect of the dilution of TMS in argon on the
plasma composition: study in various
configurations

We have changed the design parameters of the
reactor in order to selectively convert TMS to useful
radicals and to control the reactions involving radicals
and other reactive species generated within the
plasma. Investigations have been performed using the
mass spectrometer in four different reactor designs. A
list of the parameters concerning the reactor design
are reported in Table 2, whered corresponds (see Fig.
1) to the length between the exit of the microwave
launcher and the TMS injector,d9 is the length
between the mass spectrometer sample hole and the
TMS injector, and D is the length between the

microwave launcher exit and the mass spectrometer
sample hole. In each configuration of the reactor, we
study the effect of the TMS fraction mixed in the
Ar-TMS gas mixture on the plasma composition.

In these four different configurations the TMS can
be injected into the discharge (case a and d), close to
the discharge (case c) or far away from the discharge
(case b). As previously reported, the signal intensity
measured for each specy is divided by the signal
intensity measured for the methyl radical and for the
hydrogen molecule. The resulting ratio allows one to
show the main dissociative process involved in each
reactor design (Si–C or C–H bond breaking).

These measurements have been performed at a
total pressure of 66 Pa with an incident microwave
power of 100 W. For each reactor design, the signal
intensity corresponds tom/z5 73 (SiMe3

1), 58
(SiMe2

1), 28 (C2H4
1), 14 (CH2

1), 15 (CH3
1), 2 (H2

1),
and 1 (H1). This signal is divided with the signal
intensity measured for CH3

1 and H2
1 versus the TMS

partial pressure. The signal measured form/z5 43 is
very small at this power. Therefore, in the remaining
figures we have not reported measurements corre-
sponding to this specy.

In configuration a, the TMS is injected into the
discharge and the mass spectrometer is located out-
side of the discharge. For each specyi the ratios
Ii/I CH3 andIi/I H2 versus the TMS partial pressure are
displayed in Figs. 7 and 8, respectively. For the
heavier radicals like SiMe2,3, the ratioIi/I CH3 remains
constant when the TMS content increases, whereas
for the lighter radicals like CH2, H2, or H, the ratio
decreases suddenly with increasing TMS contents.
Only for C2H4 does the ratioIi/I H2 increase with
increasing TMS contents. It remains constant for the
other heavy radicals and decreases for the light
species. This configuration mainly produces heavy
species SiMe2,3 by Si–C bond breaking with a quite
good TMS dissociation efficiency that is closed to
100%.

In configuration b, the TMS is injected far away
from the microwave launcher and the detection is
performed downstream and outside of the discharge.
In this case the TMS dissociation is low (10–20%).
The Ii/I CH3 and Ii/I H2 ratios versus the TMS partial

Table 2
Values of the reactor parameters,d, d9, andD, in the four
different reactor configurations a, b, c, and d

Configurations a b c d

d (mm) 28 35 10–20 28
d9 (mm) 55 20 28–38 48
D (mm) 55 55 48 48
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pressure are displayed in Figs. 9 and 10, respectively.
The relative change in SiMe2,3 or C2H4 is difficult to
estimate. Whereas for the lighter species CH2, H2, or
H, the Ii/I CH3 ratio decreases with increasing TMS
content and the ratioIi/I H2 remains nearly constant
over all the TMS partial pressure ranges investigated.
This behavior can be explained by considering the
strong reactivity of the simple radicals like CH2 or H
in such a plasma [14]. These species are quickly
recombined in the area located between the discharge
and the mass spectrometer sample hole. The heavy
species are probably less reactive than the former so
they are more easily detected. In configuration c, the
TMS is injected outside of the microwave launcher
and measurements are performed in a part corre-
sponding to the expanding plasma outside of the
microwave launcher. In that case the TMS dissocia-

tion is less efficient than when the TMS is injected in
the launcher (more than 60%). The TMS is mainly
converted into heavy radicals like SiMe2,3. The rela-
tive change ofIi/I CH3 and Ii/I H2 versus the TMS
partial pressure is displayed in Figs. 11 and 12,
respectively. For the heavy radicals, the ratioIi/I CH3

first increases with increasing TMS partial pressure
until 3.5–4 Pa and then remains constant for higher
TMS partial pressure, and the ratioIi/I H2 also in-
creases with increasing TMS pressure until at least a
partial pressure equal to 10 Pa. For the light species,
the Ii/I H2 ratio remains quite constant with increasing
TMS pressure and theIi/I CH3 ratio increases until 2 Pa
and then decreases with increasing TMS partial pres-
sure because of the simple radical recombination
process, as in the previous reactor design. This con-
figuration seems to be more convenient for producing

Fig. 7. Configuration a: ratiosIi/I CH3 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.

Fig. 8. Configuration a: ratiosIi/I H2 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.
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heavy species via the Si–C bond breaking processes.
Nevertheless, the dissociation yield of TMS seems to
be more important than in the former case.

In the last configuration (d), the TMS is injected
into the microwave launcher and measurements are
performed in the expanding plasma out of the
launcher. Results are shown in Figs. 13 and 14. In that
case the dissociation yield of the TMS is very efficient
(close to 100%). The ratioIi/I CH3 and Ii/I H2 decrease
with TMS partial pressure increasing for the heavy
species and increase with increasing TMS content for
the light species. This reactor design is the most
convenient for producing simple species like CH3 (or
CH2), H or H2.

This study concerning the plasma composition in
different reactor configurations shows that the posi-
tion of the TMS injector (into or outside of the

microwave launcher) has a large effect on the TMS
dissociation yield. This TMS dissociation yield is
more important when the TMS injector is placed into
the launcher. However, the composition of the gas
phase in the vicinity of the analyzer (or substrate in
the case of a layer deposition) strongly depends on the
length between the microwave launcher and the mass
spectrometer sample hole. When this length is short,
the plasma expands until the sample hole and the
measurements are inside the discharge. Thus, the
simple radical does not have enough time to recom-
bine efficiently, so its density is important. When the
distance between the TMS injector and the mass
spectrometer sample hole is large, measurements are
performed outside of the discharge. Thus, the light
reactive species are recombined strongly and the gas
mixture contains mainly stable species like, for exam-
ple, the heavy radicals SiMe2,3.

Fig. 9. Configuration b: ratiosIi/I CH3 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.

Fig. 10. Configuration b: ratiosIi/I H2 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.
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7. Conclusions

This work is devoted to the study of a microwave
plasma containing Ar-TMS. Investigations on the
plasma composition are performed by means of a
mass spectrometer equipped with a two-stage differ-
ential pumping in order to work under SiC deposition
layer conditions. We use an ionization threshold
method in order to identify the different species
produced within the plasma. We compare the appear-
ance energy of the species to the value given in the
literature. Particularly, we show thatm/z5 28 corre-
sponds to C2H4

1, resulting mainly from metastable ion
transition (mostly SiMe3

1) with cleavage processes
and elimination of stable molecules like C2H4.

We then give the method that we use in this work
to correct the signal intensity measured for each

specy. This method takes into account the part due to
dissociative ionization of the TMS. The contribution
of other species (SiMe3

1, SiMe2
1, SiMe1) produced

within the discharge seems to be very low.
Using the previous correction method, we have

studied the effect of the incident microwave power on
the plasma composition. We show that dissociation of
the TMS molecule is very efficient. At 100 W, more
than 80% of TMS is dissociated. Therefore, it is not
necessary to work with a higher power in order to
dissociate the TMS. At low power, typically 40 W,
the main dissociative processes are Si–C bond break-
ing and the main radicals produced within the plasma
are heavy radicals like SiMe3. Then with increasing
power the light radicals like SiMe2 and SiMe are
produced. The ratioIH2/IMe also increases because of
the numerous C–H bonds that break with increasing
power.

Fig. 11. Configuration c: ratiosIi/I CH3 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.

Fig. 12. Configuration c: ratiosIi/I H2 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.
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Investigations are also performed on the gas com-
position in different reactor designs. The results ob-
tained in different reactor designs show that the
position of the TMS injector (inside or outside of the
microwave launcher) has a large effect on the TMS
dissociation yield. This one is more important when
the TMS injector is placed inside the launcher. How-
ever, the composition of the gas phase in the vicinity
of the analyser (or substrate in the case of a layer
deposition) strongly depends on the length between
the microwave launcher and the mass spectrometer
sample hole. When this length is short, the plasma
expands until the sample hole so the measurements
are performed in the discharge. In that case simple
radical densities are more important.

Each specy produced within the plasma depends
on the reactor design and on the gas mixture injected
into the reactor. Both parameters are important and

act on the discharge gas composition. Thus, it is
necessary to adjust the gas mixture from one config-
uration to another in order to obtain similar gas
composition at the exit of the discharge.

Acknowledgements

This work has been supported by a contract from
the research program of the CNRS “Optimisation de
revêtements durs et adhe´rent par depoˆt chimique.”
The authors are grateful to R. Thomas (CNRS Or-
léans) for helpful discussions and technical support in
the field of mass spectrometry.

References

[1] A.M. Wrobel, G. Czeremuszkin, H. Szymanowski, J. Kowal-
ski, Plasma Chem. Plasma Process. 10 (1990) 277, and
references therein.

Fig. 13. Configuration d: ratiosIi/I CH3 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.

Fig. 14. Configuration d: ratiosIi/I H2 for the main species (heavy
species top and light species bottom) versus the TMS partial
pressure.

76 J.L. Jauberteau et al./International Journal of Mass Spectrometry 189 (1999) 63–77



[2] R. D’Agostino (Ed.), Plasma Deposition, Treatment and
Etching of Polymers, Academic, San Diego, 1990.

[3] S. Scordo, M. Ducarroir, R. Berjoan, J.L. Jauberteau, Chem.
Vap. Deposition 3 (1997) 119.

[4] J. Roboz, Introduction to Mass Spectrometry, Interscience,
New York, 1984.

[5] G.C. Eltenton, J. Chem. Phys. 15 (1947) 455.
[6] W.L. Hsu, D.M. Tung, Rev. Sci. Instrum. 63 (1992) 4143.
[7] H.M. Rosenstock, K. Draxl, B.W. Steiner, J.T. Herron, J.

Phys. Chem. Data 6 (1977).
[8] G. Distefano, Inorg. Chem. 9 (1970) 1919–1921.

[9] G.P. van der Kelen, O. Volders, H. van Onckelen, Z. Eeck-
haut, Z. Anorg. Aleg. Chem. 338 (1965) 106.

[10] H. Toyoda, H. Kojima, H. Sugai, Appl. Phys. Lett. 54 (1989)
1507.

[11] R. Basner, R. Foest, M. Schmidt, F. Sigeneger, P. Kurunczi,
K. Becker, H. Deutsch, Int. J. Mass Spectrom. Ion Processes
153 (1996) 65.

[12] W. Hwang, Y.K. Kim, J. Chem. Phys. 104 (1996) 2957.
[13] A.M. Wrobel, Plasma Chem. Plasma Process. 7 (1987) 429.
[14] J.L. Jauberteau, L. Thomas, J. Aubreton, I. Jauberteau, A.

Catherinot, Plasma Chem. Plasma Process. 8 (1998) 137.

77J.L. Jauberteau et al./International Journal of Mass Spectrometry 189 (1999) 63–77


