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Abstract

A microwave discharge (2.45 GHz) sustained in an argon-tetramethylsilane (Ary)Site mixture is investigated by
means of mass spectrometry in order to studgiMe™ and HSiMe™ ions. These species are supposed to proceed vig:SiMe
ion rearrangement process. We show that in our experiments they mainly results from the electron impact on desorbed spe
from the reactor wall and not from rearrangement processes. We have measured an ionisation threshSi¥esr &hd
HSiMe™" ranges between 10 and 11.5eV and 10 and 10.5 eV, respectively. These values are lower than the value given
the literature (13.6 and 14 eV) when the ions proceed via $iMen rearrangement process. In the case of Siviehe
threshold ionisation measured is also lower than the value given in the literature when this ion is produced by the dissociati
ionisation of SiMa. This ion is also probably produced by ionisation of desorbed species. Such effect of desorbed specie
in our experiments could be explained by the reactor design. The length between the discharge and the mass spectromn
is rather long in this reactor configuration and the species are deposited on the reactor wall. These results are discussed
reaction schemes are given.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction need a good knowledge of the plasma composition.
The modelling of the complex chemical system im-
Plasma discharge containing organosilicon com- plicated in the discharge require a good understanding
pound are WIde'y employed for thin films deposition of the different elementary reactions.
applications because of the specific properties of their  This work is devoted to the study of particular reac-
polymers. The tetramethylsilane (SiMehere Me is  tive processes involved in an argon-tetramethylsilane
the methyl group) is the simplest organosilicon com- mjcrowave plasma deposition process. We study
pound used as a precursor in plasma assisted chemicaH,SiMet and HSiMe" ions which are supposed to
vapour deposition of silicon nitride or silicon carbide be produced in an ion rearrangement process. The
films [1-4]. The control of film deposition process  contribution of these ions to the total ionisation is im-
_ portant (more than 20%), it is just after the Sije
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fax: +33-5-55-45-72-11. contribution one[5]. They are expected to play a
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Fig. 1. The experimental set-up.

2. Experimental set-up operate at a pressure larger tham3Ba within the
guadrupole, a two-stages differential pumping unit is
The experimental set-up is schematically shown in required. It consists of two pumping units composed
Fig. L It consists of a pure argon microwave discharge with a turbomolecular pump and a dry primary pump,
working at 2.45 GHz in a quartz tube (outer diameter one of them is connected to the intermediate chamber
19 mm, inner diameter 16 mm). In order to maintain a between the flowing tube and the quadrupole chamber
constant temperature, the outside of the quartz tube isand the second is connected to the quadrupole cham-
refreshed by means of an air cooling. The microwave ber. During the gas sampling, the pressure is typically
discharge is sustained at an argon pressure equal toof 66 Pa or more in the reactor and in the flowing
66 Pa and a microwave power fixed equal to 200 W. tube and of 102 Pa in the intermediate chamber (first
A stainless steel tube with an inner diameter equal pumping stage) and 18 Pa in the quadrupole cham-
to 50 mm is located just above the discharge and the ber (second stage).
gas flow in this tube is kept constant and equal to  The mass spectrometer sample hole is located at
20 m/s by means of a Roots blower pumping unit. The 20 cm above the argon—tetramethylsilane injector exit.
tetramethylsilane is a liquid so the vapour (saturated The diameter of the sample hole is 10 and the
vapour pressure at 293K) is mixed to argon carrier diameter of the hole between the intermediate chamber
gas in a small stainless steel vessel fixed on the gasand the quadrupole chamber is 50.
line. Then, the gas mixture is injected in the reactor
at 1cm above the exit of the quartz tube containing
the argon discharge. In this part of the quartz tube the 3. Results and discussion
glow discharge is produced and consequently the gas
mixture is injected in the discharge. When the discharge is working and the argon—tetra-
The gas composition is analysed by means of a methylsilane is injected in the reactor, several species
quadrupole mass spectrometer analyser (QMG 421 are detected in the reactor. They are identified using
Balzers) equipped with a secondary electron multi- the ionisation threshold meth¢é-8]. This technique
plier amplifier. Since, the mass spectrometer cannot relies on the fact that most molecule take more energy
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Table 1
mz lons Reactant lonisation threshold (eV) Detection threshold (eV)
1 HT H 13.56 >15
2 Ho™ Ho 15.426 15-16
14 CH™ CHy 10.50 10-11
CHp ™ CHy 15.19 (0.02)
N+ N2 24.32
N+ N 14.53
15 CH™ CHjs 9.84 (0.002) 10-12
CHg™ CHy 15.19 (0.02)
NH* NH 12.8
16 CH* CHy 12.71 (0.01) 11-12
NH,* NH; 11.22
ot (07} 18.98 (0.05)
17 NHst NH3 10.166 Not detected
OH* OH 18.19 (0.1)
OHT H,0 13.18 (0.1)
18 H,O* H20 12.62 12-13
28 Sit Si 8.151 10-12.5
No* N2 15.58
CoHgt CoHg 10.51
CoHat CoHs 12.08
co* CO 14.013
H,Ot H,0O 12.62
29 SiH* SiH 8.01 (0.01) <10
SiHg 15.3 (0.3)
30 Sikb ™ SiHy 11.90 (0.02) 11-12
NO* NO 15.01
NO* NO, 12.34
CoHgt CoHs 11.521 (0.007)
NoHot NoHo 9.85 (0.1)
31 Sikg™ SiHy 12.30 (0.03) Not detected
32 (07%s (07} 12.059 12-13
SiHg™ SiHy 11.66
NoH4+ N2H4 8.36
34 H, O H202 10.92 (0.052) 10
40 GHg™ C3Hg 9.64 15-16
COo* CO, 13.77
Art Ar 15.75
42 GHgt CsHg 9.74 10-11
SiCHy ™ HSiMe3 10.6 (0.3)
43 SiMe+ H3SiMe 14.05 (0.05) 10-11
SiMe™ H,SiMe, 14.0 (0.15)
SiMe™ HSiMe3 12.4 (0.3)
SiMe™ SiMey 17.1 (0.4)
CzH;+ CszH7 8.10 (0.05)
44 Sio" Sio 11.67 10-10.5
CO* CO, 13.76
N,O* N2O 12.89
CzHgt CsHg 10.95
HSiMe* H3SiMe 11.45 (0.05)
HSiMe™ H2SiMe, 10.85 (0.05)
HSiMe* HSiMe3 11.0 (0.3)
HSiMet SiMey 16.3
45 HySiMe™ H3SiMe 11.8 (0.05) 10-11.5



52 J.L. Jauberteau et al./International Journal of Mass Spectrometry 228 (2003) 49-59

Table 1 Continued)

m'z lons Reactant lonisation threshold (eV) Detection threshold (eV)
H,SiMet Hs>SiMey 11.51 (0.05)
H,SiMet HSiMe3 12.8 (0.5)
H,SiMet SiMey 13.81 (0.02)
H,SiMet (SiMezt)* 12.81
N3H3™ N3H3 9.6 (0.1)
CyHs0™ CoHs0 9.11
46 NG, ™ NO2 9.75 (0.01) 9-10
56 Sb+ Sip 7.3 10-11
57 SiGHs™ Si(CoHs)a 19.4 10-11
58 CiH1p™ n-C4H1g 10.5 10-11
NMes+ NMes 9.8
NC3Hg™ (C2oHs)2NH 9.55
SiMe,™ H>SiMey 10.71 (0.05)
SiMe,* HSiMe3 10.3 (0.2)
SiMe,™ SiMey 13.9 (0.3)
69 GsHo™ CsHo 7.79 (0.03) 10-11
70 ShN* SipN 9.4 (0.3) 10-12
CSiMe™
71 CHSiMe ™ 10
72 CH,SiMe; ™ 10
73 SiMg™ HSiMes3 10.52 (0.05) 10-11
SiMez ™t SiMey 10.09 (0.02)
74 HSiMe™ HSiMes3 9.8 (0.3) 10
80 Arpt Ar + Ar* 14.71 (0.009) 14-15
88 SiMe™ SiMey 9.86 (0.02) 9.5-10

The peaks detected for varionsz values (first column). The ionisation threshold values measured (last column) compared to the ionisation
threshold value given in the literature (fourth column) for different species (second column).

to accomplish dissociation ionisation than direct ion- SiMes™, SiMe;™, HoSiMet, HSiMet, SiMe™, ArT,
isation. lons produced via a direct ionisation process CoHs™, CHs*, Hot, HT, respectivelyFigs. 2 and 3

is observed at a threshold ionisation value lower than display the signal intensity measured for some main
the same ion produced via a dissociation ionisation species vs. the electron energy when the discharge
process. Consequently, the ionisation process can beis on and off, respectively. For most of these species
deduced from the appearance potential measured if(exceptedn/z = 45) the signal measured when the
we compare this value to data given in the literature discharge is on is slightly lower that the signal mea-
and corresponding to different ionisation processes sured when the discharge is off. This behaviour can be
already studied. Ifable 1 we have compiled the dif-  explained assuming that these species are largely dis-
ferentm/z values observed in the mass spectrum (first sociated in the discharge at 200 W, producing simpler
column of the table). We report on the appearance radicals or moleculefg]. In both cases the ionisation
energy (ionisation threshold values measured given in threshold remains the same for all the species.

the last column) and compare these values to the ion- It is worth noting that the distance between the mass
isation threshold value given in the literature (fourth spectrometer sample hole and the discharge exit is
column) for different ions (second column) which are 20 cm and the tetramethylsilane injector is placed 1 cm
produced by collision between electrons with various above the discharge exit. This reactor configuration
reactants (third column). The main peaks are observedis different from the reactor configurations previously
atm/z = 88, 73, 58, 45, 44, 43, 40, 28, 15, 2 and 1. used inreferenci], where we have shown that the re-
According toTable ] they can be ascribed to Site, actor design has a large effect on the tetramethylsilane
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Fig. 2. The change in the mass spectrometer signal intensity measured vs. the electron energy for some main species when the disch
is on.

dissociation yield and consequently on the plasma The following part of this paper is focused on the
chemistry. So the results presented in this paper arestudy of HSiMe*tand HSiIMe™ ions, these species
partly different from results given in referengé]. are expected to be produced via other mechanisms
This is the case of the relative intensity measured for that simple Si—-C or C—H bond breaking. According to
m/z = 58, 73 or 43. It can be noted that far/z = 45 Litzow and Spaldind11], the formation of so called
and 44, the curves exhibit a shoulder at low electron “hydride ions” in MMeg; (M = Si, Ge, Sn,) spectra,
energies, which is only observed when the discharge results of H rearrangements involving the elimination
is off. This behaviour shows that different mecha- of CH; radical from one methyl group orsEi4 from
nisms and probably different reactants are implicated two methyl groups. These reactions are supposed to
to produce these ions when the discharge is on and off. be metastable supported in some case. Monohydride
As it is related elsewhelf®], most of the species pro- ions (MeMH™, MeMH™, MH™) are observed for
duced results of Si—C or C-H bond breaking. Because all tetramethyl compounds. MBH™ ion is observed
Si—C and C-H binding energies are equal to 76 and for M = Ge, Sn, Pb and other ions (MH, NH3™,

99 kcal/mol, respectively, the tetramethylsilane disso- MeMH,") are observed in the spectra of the silicon
ciation proceed mainly by Si—C bond breaking produc- and germanium compounds.

ing heavy radicals (SiMe.4) at low microwave power According to Distefang10], the most abundant
(lower than 40 W). At a microwave power larger than ions observed in the photoionisation mass spectrum
40W, the C—H bond breaking mechanism becomes of SiMe,, are SiMg™*, SiMes™, H,SiMet and the
efficient producing smaller radicals (Gtnd SiH). threshold ionisation values ranges between 9.69 and
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Fig. 3. The change in the mass spectrometer signal intensity measured vs. the electron energy for some main species when the discharge

is off.

9.86, 9.90 and 10.09, 13.60 and 13.81 eV, respectively. one or two methyl group, respectively. These schemes
The relatively low value of the adiabatic onset deter- can be summarized as it follows,

mined for HSiMe™ (13.81eV) and its large amount

can be explained assuming that it is produced in a

ion rearrangement process involving a transition from and

SiMes™. According to,

SiMes + e — SiMes™ + Me + 2e,

SiMest — H,SiMe" + CoHg — HSiMe, ™ + CHa.

SiMey + hv — SiMes™ 4+ Me — H,SiMe™ According to the literature, the threshold ionisation

+ Me + CoHg. Q) value measured for #5iMet ranges between 13.6

and 13.8eV[10] and 14eV[12]. In our case the

According to van Der Kelen et a[5], the relative threshold ionisation measured ranges between 10 and
abundance (as percentage of the total ionisation of 11.5eV. These values are lower than the previous ones.
SiMey) of SiHt, SiH,™, SiHz™, HSIMe'", H,SiMe™, Moreover, it remains the same when the discharge is
HSiMe,™ ions, can only be explained as a ion rear- off or on. This behaviour can be explained assum-
rangement and their total contribution to the ionisation ing that the HSiMe" ion produced in our case even
is very large (more than 20%). Authds10,11]pro- at an electron energy lower than 13.81eV is proba-
pose general fragmentation schemes, which involve bly due to the ionisation of other species that SiMe
metastable supported decomposition pathways, with H This assumption is confirmed by the results given in
rearrangement and elimination of glar CoH, from Fig. 4.
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Fig. 4. Mass spectrometer spectrum measured vsmtheatio at an electron energy equal to 18 eV. (a) This spectrum is performed in the
residual vacuum at 1@ Pa. (b) This spectrum is performed in an argon—tetramethylsilane gas mixture at 1300 Pa when the discharge i
on. (c) This spectrum is performed when the tetramethylsilane has been removed in pure argon when the discharge is off.



56 J.L. Jauberteau et al./International Journal of Mass Spectrometry 228 (2003) 49-59

This figure exhibits scanned bargraph data based onat a larger electron energy if these ions proceed
the relative abundance of species. The mass numberonly from SiMe, dissociation ionisation (13.9eV).
ratio m/z ranges between 0 and 100. Measurements The formation of these species at low electron en-
are performed with an electron energy equal to 18 eV ergy, without discharge is probably due to desorbed
and under three different experimental conditions. species from the reactor wall, as HSiM&ISiMe; or
The first spectrum is performed in the residual vac- H>SiMe, (seeTable 1. This assumption agree with
uum at 104 Pa, before to inject the tetramethylsilane the fact that the peak:/z = 58 is also observed
in the vessel. The second spectrum is performed without tetramethylsilane injected. As it is shown on
with discharge at the same electron energy but in an the third spectrum.
argon—tetramethylsilane gas mixture at 1300 Pa. The Fig. 5shows the change in the signal measured for
last spectrum is obtained without discharge in pure HSiMe™ (m/z = 45) vs. the time. Measurements are
argon at 1300 Pa, just after the former spectrum ac- performed in the vacuum at 18Pa without SiMe in-
quisition i.e., the argon—tetramethylsilane mixture is jected. The signal is slowly decreasing vs. time, 48 min
removed and the vessel is cleaned with an argon flow after the beginning of the data acquisition it remains
and feed with 1300 Pa of pure argon. These are only equal to 18.7% of the signal measured 3 min after the
qualitative results because the peak intensity values beginning.
are not averaged on several data acquisitions. As it Moreover, the change of the signal intensity mea-
can be observed in the first spectrum, only peaks sured for HSiMé&, H,SiMe™ or SiMe™ vs. time
atm/z = 18, 28, 32, 44 are observed. Because of remains lower than 5% when measurements are
the threshold ionisation determined for these species, performed 5min after to stop the injection of the
they correspond probably toJ@*, N,*, O,*, and tetramethylsilane.
probably to HSiMé& or C3Hg™ ions (seeTable 1. Table 2 shows the relative signal intensity of
When the tetramethylsilane is injected within the ves- SiMey™, SiMes™, SiMe,*, HSiMe", H,SiMe™ vs.
sel, more peaks are observed. They are correspondinghe argon pressure when tetramethylsilane has been
to the peaks previously related frable 1 The main stopped 1 h beforerig. 5 shows that in this condi-

peaks are corresponding to"HH,>*, CH3™, SiMe, ™, tion, the signal intensity is expected to remain quite
SiMet, SiMes™, HSiMe", H.SiMe', SiMes™, unchanged if the pressure is kept constant. The signal
CoHgt,.... When the vessel is cleaned with and measured for SiMg™ and SiMg™ is very low. It is

argon flow and when argon is injected within the larger for HSiMe™, H,SiMe™ or SiMe,* which prob-
reactor without tetramethylsilane (third spectrum), ably are produced from desorbed species. For all the
the bargraph spectrum shows that the group of peaksspecies the signal intensity decreases with increasing
previously observed between/z = 70 and 80 is argon pressure. The decrease of the signal intensity
disappeared and consequently the maggs = 73 value is ranges between 22 and 37% when the argon
is not observed whereas the masgz = 45 still
observed. These results shows thaSHe™ can be
observed without SiMg" and consequently that oth- ~ Table 2

. W . d y The change in the signal intensity of SiMe SiMe;™, SiMe; ™,
ers mechanisms that ion SIMJE rearrangement are HSiMe", H,SiMe" vs. the argon flow when tetramethylsilane has
providing H,SiMe" ion. These mechanisms probably been stopped
involves desorbed species from the tube wall, becausep, “(pa) sive* SiMe;* SiMes* HSiMe™  H,SiMe*
H,SiMet ion is observed without tetramethylsilane

iniected 0.004 0.3 0.11 0.71 1.00 0.41
injected. 1 011 010 064 089 0.35

Concerning the mass observed at/z = 58 7.0 0.11 0.09 0.60 0.82 0.32
(SiMex* species), the threshold ionisation energy 250 0.10 0.08 0.56 0.76 0.29

ranges between 10 and 11eV. It should be expectedss' 0.10 0.08 0-5 0.r2 0-26
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Fig. 5. The change in the signal intensity measured feBiMe" (m/z = 45) vs. the time.

partial pressure is increasing from 0.004 to 35Pa. chemical vapour deposition of tetramethylsilane. They
It can be ascribed to the dilution effect of desorbed have observed that a large amount of methane, ethane
species from the wall in the argon injected within or ethylene is evaporated because of the thermal de-
the reactor. Thus, the signal intensity measured for composition of silylmethyl group. These authors ex-
HSiMet, HoSiMe™ or SiMe* remains large enough  plain this behaviour assuming that these species are
even when the tetramethylsilane is not injected. It produced in the recombination processes of methyl
is typically 30% of the signal measured when the groups and atomic hydrogen in the vessel. The density
tetramethylsilane is injected. This effect is amplified of methyl radicals or H atoms accounts for dissocia-
by the fact that in the reactor the length of the inter- tion processes of Si-C and C-H bond breaking. Me
mediate part between the mass spectrometer samplegroups and H atoms recombine in efficient processes
hole and the discharge exit is large enough (20 cm) to producing methane ethane or ethylene, as it follows
produce an important amount of desorbed species. [13,14]

According to.thelIiteraturﬁ,lQ,llJCZH4+ is pro- Me + H —> CHa. @
duced after ionisation of £44 which is created when
the rearrangement process of Sivieoccurs. Nev- 2Me — CyHg, 3)
ertheless, others mechanisms can also provide thes
species. Wrobel and coworkeft3,14] have studied
the pyrolysis of polymer films obtained by means of CoHs — CoH4 + H, (5)

CoHs + Me — CyHs + CH, @)
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CoHg +H — CoHs + Ho, (6) As previously explained §H4™ ions is expected to

be produced because of the recombination processes
of methyl groups and H atoms desorbed by the reactor
wall and in this case it is not produced in rearrange-

2CoHs — CoHg + CoHa. @)

In these mechanisms8s is assumed to be unstable.
Assuming these former reaction processegi+ ment process of SiMg" ion.
can proceed via the dissociation ionisation oHg,
the threshold ionisation is equal to 12.08eV (see
Table 1. CyHg is formed in the reaction (3). It can
also proceed via the ionisation of,84 produced
in reactions (4) and (5). The threshold ionisation of
CoHg is 10.5eV (sedable 1. Consequently, §Hs™
ions can also be observed in the reactor when giMe
ion rearrangement process are not produced. Similar We hav_e shown by means _Of a mass spectrome-
mechanisms can occur in an electrical discharge be- € ?nd using _Of the. threshold ionisation method that
cause of a deposited film produced on the reactor wall H_28|Me+_, HSiMe" ions are not produced wa_the
and due to the decomposition of the tetramethylsi- S'Me3+ lon rearrangement process proposgd n the
lane. These thin films can produce a large amount of I|_terature[5,10,11] but_result probably of the ionisa-
various desorbed species as Me groups or H atoms. tion qf desorbed sp_emes from_ the reactor wall. These
H,SiMet, HSiMe", SiMe,+ and GHg4 ™ ions prob- speqe_s cquld be #$iMe> or.HS|Mez. The low thresh-
ably proceed via ionisation of desorbed species from Ok_j |9n|§at|on value determined forS|Mbshoyvs that
the reactor wall. this ion is also probably produced by the ionisation of
These species could beSiMe, or HSiMe, they desorbed species and not only from the SiMesso-

can be dissociated by electron impactin the mass spec-Claltlon |0Tsat|9n. _From the literature study, We_ShOW
trometer ionisation chamber as it follov&j, that GH4™ which is supposed to be produced in the

SiMes™ ion rearrangement process can also be pro-

HoSiMe; + e — SiMex™ + Ho + 2e(Ej = 10.7 eV), duced by methyl groups and H atoms recombination
) processes.

Consequently, these results show the important role

. ) of desorbed species from the reactor wall, which can

HzSiMe; + e > Me+H,SiMe" +2e(Ei=115eV), act as a complementary source of species injected

9) within the plasma.

4. Conclusion

This work is devoted to the study of.BiMet,
HSiMe* and SiMe™ ions produced in a microwave
discharge containing an Ar-SiM@as mixture.

HSiMe, 4+ € — SiMey™ + H + 2e(E; = 10.3eV).
(10)
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