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Abstract

Cross sections for electron impact ionization of trimethylsilane from threshold to 70 eV have been measured using Fourie
transform mass spectrometry. High resolution mass spectra show that the parent iog) $1(Cid not formed by electron
impact. Only one of the 15 ions produced by dissociative ionization lacks a silicon atom. The total ionization cross section is
1.5 X 10~ *5cm?at 70 eV. (CH),SiH" and (CH,),Si™ comprise over half of the ions produced by electron impact, but charge
transfer reactions of (CHLSIH™ and lighter ions yield (CH,Si™ at pressure—time products in the TOTorr s range. The
implication of this ion chemistry is that ion fluxes to the walls of trimethylsilane plasmas are predominang$CH(Int
J Mass Spectrom 184 (1999) 83-88) © 1999 Elsevier Science B.V.
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1. Introduction produced by dissociative ionization of tetramethylsi-
lane with the parent gas do not lead to the ionic silicon
The use of volatile silicon compounds for plasma polymerization [2].
enhanced chemical vapor deposition of semiconduct- Here we report measurements of the ionization
ing and insulative films requires their ionization by cross sections and charge transfer reactions in trim-
electron impact in plasmas. Although both silane ethylsilane, a molecule that has both Si-H and Si—
(SiH,) and tetramethylsilane (CH},Si are tetracoor-  CH; bonding. This gas is a precursor for plasma
dinate molecules, their ion chemistries are quite dif- enhanced chemical vapor deposition of amorphous
ferent. Electron impact on SjHproduces &T, ion silicon carbide films [4,5] and has applications for
that is Jahn-Teller unstable and dissociates to;SiH abrasion and chemically resistant coatings as well as
and SiH; no parent Sij is observed [1]. By semiconductor device elements.
contrast, a small yield of (CH,Si™ is produced from
tetramethylsilane [2]. Silane ion fragments polymer-
ize with silane to give stable clusters with up to four 2. Experimental
silicon centers [3], but reactions of the ion fragments
Trimethylsilane (99.99%, United Chemical Tech-
nologies, Inc.) gas is mixed with argon (99.999%
* Corresponding author. E-mail: Alan.Garscadden@wl.wpatfb. Matheson Research Grade) with a ratio of 1:1 as
af.mil determined by capacitance manometry. The mixture
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is admitted through a precision leak valve into a
modified Extrel Fourier transform mass spectrometry
(FTMS) system that has been described in detail
elsewhere [6]. lons are formed by electron impact in
a cubic ion cyclotron resonance (ICR) trap cell (5 cm
on a side) at pressures in the T0Torr range. An
electron gun (Kimball Physics ELG2, Wilton, NH)
irradiates the trap for 6 ms with a few hundred
picocoulombs of low-energy electrons. The motions
of the ions are constrained radially by a superconduct-
ing solenoidal magnetic field{2 T) and axially by an
electrostatic potential (1 V) applied to the trap faces
that are perpendicular to the magnetic field. lons of all
mass-to-charge ratios are simultaneously and coher-
ently excited into cyclotron orbits using a stored
waveform [7,8] applied to two opposing trap faces
that are parallel to the magnetic field. The excitation
period is~2 ms and the radius of ion cyclotron orbits
after the excitation is~0.5 cm. Following cyclotron
excitation, the image currents induced on the two
remaining faces of the trap are amplified, digitized,
and Fourier analyzed to yield a mass spectrum. The
data acquisition time is typically 2 ms.

Calculation of cross sections from the mass spec-
trum intensities requires knowledge of the gas densi-
ties, the electron beam current, and the number of ions
produced. These calibration issues have been de-
scribed previously [6]. The intensity ratios of the ions
from (CH,),SiH to Ar* give cross sections relative to
those for argon ionization since the (QEBIH:Ar
pressure ratio is fixed.

The distribution of electron energies in the trap,
based on the solution of Laplace’s equation for the
experimental geometry, is roughly Gaussian with a
full width at half maximum of 0.5 eV due to the
electrostatic trapping bias [6]. The mean energy of the
irradiating electrons is accurate 100.2 eV based on
comparison of noble gas ionization thresholds with
spectroscopic data. We fit the cross section data to an
empirical functional form:

m(e—T
o=A tanh¥ g ke
o
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whereo is the cross sectior, is the electron energy,
T is the appearance potentiél,scales the amplitude,
« quantifies ds/de near threshold, ankicharacterizes
behavior at energies>T.

The monoisotopic mass spectral patterns were
calculated using the isotope abundances for silicon:
283 (92.28%)2°Si (4.67%), and®Si (3.05%), and for
carbon:'°C (98.9%) and"*C (1.1%).

3. Results and discussion

Of the 15 ions produced by electron impact on
trimethylsilane the (Ck),SiH" and (CH)sSi" to-
gether account for more than half of the total yield.
Other fragments include Si8; with x =
{1,3,5,6}, SiICH,; withy = {1-5}, and SiH," with
z = {0,1,3}. Except for traces of Ckf formed
above 40 eV all of the ion fragments contain silicon.
The cross sections are displayed in Fig. 1(a) and (b),
with parameters for the fitted curves summarized in
Table 1. The total ionization cross section at 70 eV is
5.1 = 0.5 x 10 * cn?. Although cracking patterns
of trimethylsilane at selected energies have been
reported [9-11], this account is the first complete
presentation of the energy-dependent partial ioniza-
tion cross sections.

Fig. 2 shows high resolution spectra at masses where
evidence of an undissociated molecular ion should be
seen. The peaks neave = 74 and 75 are shown to
arise from the naturally abundant isotopes of silicon and
carbon, proving that the Si(Gj4H™ is not formed by
electron impact. Based on our detection sensitivity, the
cross section for producing the parent ion must be less
than 2x 10 '8 cn?. The observation of Si(CHH*
(50%) following Penning ionization by Ar®p.,) [12] of
trimethylsilane shows that this ion is thermodynamically
stable; it is not formed by electron impact because of
the short interaction time and unfavorable momentum
considerations compared with Penning ionization.

Figs. 3(a)—(c) illustrates the fate of all ions pro-
duced by 50 eV electron impact as they are allowed to
collide with neutral trimethylsilane. The trimethylsilyl
cation, Si(CH);, is produced by hydride transfer
reactions of all lighter ion fragments with (G}4Si.
Si(CHy); reacts slowly kK = 6 X 1072 cm® s
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Fig. 1. () and (b) Cross sections (§nfor ionization of (CH,),;SiH by electron impact. Points represent experimental data, and solid lines are
fits of the form described in the text.

with trimethylsilane to yield a cluster ion &iH . R™ + (CH,);SiH — SiC,HS + (RCHy) (1)
This association reaction requires either emission of a R* + (CH.).SH — SICHE + (RH) @
photon or a vibrationally excited intermediate that 33 9
survives at least for milliseconds to be collisionally Wwith branching ratios summarized for each applicable
stabilized at our experimental pressures. R in Table 2. The SiH ion also produces SiCHwith

Most of the remaining ion kinetics can be summa- a 15% branching ratio, and the yield of §Hrom
rized by the overall methide and hydride transfer dissociative ionization was too small to quantify its
reactions: reactions.

Table 1
Fitting parameters for dissociative ionization cross sections; ions are listed in the order of the decreasing intensities at 70 eV that are
shown in the last column

ogat70 eV
lon A (cnm?) k (ev™h) a (eV) T (eV) (1078 cnP)
SiCH7 43x 10718 -3.2x10°° 26 11.9 5.1
SiCHg 31x 1018 -1.9x10°° 15 11.2 35
SiCHJ 2.8x 1071 6.9%x 10°° 87 17.2 1.8
SiIC,Hg 1.2x 10718 -1.8x10°° 19 11.2 1.3
SICH 8.9x 1077 1.4x 103 29 15.0 0.83
SiHg 6.5x 1077 -9.9%x 1074 32 15.4 0.68
SiCHy 8.5x 1077 7.6x 1072 91 25.4 0.54
SiH" 8.1x 1077 7.6x 103 83 21.8 0.53
SICHZ 4.9x 1078 20x 104 33 14.3 0.48
SICH* 4.4x 1077 42x 1073 86 28.5 0.34
Si* 3.8x 1077 22x10°° 86 22.4 0.32
SIiCH3 2.4x 107 3.1x10°3 43 22.4 0.22
SiCH* 1.5%x 1077 -3.1x10°° 96 31.8 0.14
SiCH; 6.6x 1077 2.3x10°° 28 20.2 0.06

CH3 8.0x 10718 8.8x 1073 114 33.4 0.04
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Fig. 2. High resolution mass spectrum of (§6iH acquired at 30
eV. It shows the absence of the molecular ion, EHIH", which

has the mass-to-charge ratio position marked by asterisks in the — SiCZHér

inset.

Double resonance experiments allowed the isola-
tion of channels for the production in small yield of
disilicon cations SiIC,H7;, Si,C;Hg, Sib,CsH;;, and
Si,C¢H, g With branching ratios shown below in pa-
rentheses. These following reactions are in addition to
reaction (1) and (2)

Si* + Si(CHy)sH — Si,CoHE + H (27%)  (3)

SICH} + Si(CHy)sH — Sib,C,H, + (Ha) (7%)
(4)

SiC,HI + Si(CHy)sH — Si,CaHg

+ (C2Hy) (72%) (5)

SiIC,H: + Si(CHs)sH — Si,CoH T,

+ (CzH,) (46%) (6)

SiICHS + Si(CHy)sH — Si,CeHio (100%)  (7)

and are quantified in Table 2. Among the products of
these dimerization reactions only,6H;; undergoes
further reaction with trimethylsilane:

Si,CsH1; + Si(CHg)sH — SL,C,Hy 5 + (SICHg)  (8)

The other disilicon alkylcations react only with
background moisture to produce oxygen-containing
disilicon cations. This behavior lies between the
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clustering of silane, which proceed to tetra-silicon
ions before slowing, and tetramethylsilane, which
exhibits no cationic polymerization.

Since argon is commonly used as a diluent in
plasma processing we have also measured the reaction
of Ar* with trimethylsilane with products and branch-
ing ratios shown in

Art + Si(CHg)sH — SiH + (C3H, + Ar) (29%)

— SICHS + (C,Hs + H, + Ar) (11%)

— SICHZ + (C,Hs + Ar) (8%)

— SIC,HE + (CHs + 2H, + Ar) (5%)

— SiCHZ + (CHg + H, + Ar) (14%)

+ (CH, + Ar) (4%)

— SiC,H3 + (CHg + Ar) (19%)

— SiCHE + (H + Ar) (10%) 9)

We have repeated the ion kinetic studies for ions
produced by electron impact at 20, 35, and 70 eV to
probe for chemistry driven by ions with vibrational,
electronic, or rotational excitation. As summarized in
Table 2, all reaction rates reported here are indepen-
dent of the electron energy with which the reactant
ions are formed. If internally excited ions are pro-
duced at elevated electron energies they are neither
more nor less reactive than their counterparts formed
at lower electron energies.

On first inspection the At reaction would com-
plicate the composition of ion fluxes in trimethylsi-
lane plasmas. However, each of the ion products in
reaction (9) reacts rapidly according to reactions (1)
and (2) so that the ion composition is largely
Si(CH,); at pressures and residence times used in
plasma processing. We have previously found identi-
cal film stoichiometries, Si{ using Auger electron
spectroscopy of films produced in trimethylsilane and
tetramethylsilane plasmas [13], as would be expected
for ionic deposits from these two gases since each
delivers Si(CH); ions to the surface [14]. The ionic
mechanism was further supported, in the earlier study,
with film thickness modification by a magnetic field.
In sum, the power and pressures of trimethylsilane and
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tetramethylsilane plasmas can be tuned to deliver ion silicon atom, with a total cross section of 1450.5 X
fluxes with the same composition to a substrate. This has10™*° cn? at 70 eV. Over half of the ion yield is
practical value since liquid tetramethylsilane is less comprised of Si(CH); and SiH(CH),. Although
expensive and easier to handle than trimethylsilane gas.produced in higher yield by electron impact, Si-
H(CH,), reacts rapidly with trimethylsilane to pro-
duce Si(CH)3. Lighter ions react rapidly to form
Si(CH,)3 and SiH(CH),, so that trimethylsilane
plasmas produce Si(G} at the expense of other ion
Electron impact ionization of trimethylsilane pro- species. Cationic polymerization yields ions with only
duces no Si(CE);H". Dissociative ionization pro-  two silicon atoms; no trisilicon cations were formed.
duces 15 ionic fragments, only one of which lacks a The stability of the parent molecular ion and the

4. Conclusion
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Table 2
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Branching ratios of reactions (1) and (2) for selected reactant ions (see the text); also listed are the rate coefficients measured with
reactant ions formed by dissociative ionization at different electron energies

Branching ratio$

Reaction rate coefficients

m/z lon rxn.1 rxn.2 20 eV 35 evP 50 eVP 70 evP
28 Site 35 38 10.7 10.7 10.5
29 SiH*d 41 44 . 10.9 10.9 10.6
31 SiHg 72 28 10.6 10.6 10.6 10.3
41 SiCH" 53 47 e 9.3 9.3 9.4
42 SiCHy 44 56 e 8.8 8.8 8.6
43 SiCH© 23 70 7.5 7.5 7.4 7.3
44 SiCH; 52 48 e 10.1 10.1 9.9
45 SiCH! 67 33 8.1 8.1 8.1 8.0
53 SICH™* 17 83 e 8.1 8.1 8.5
55 SiGH4¢© 15 13 e 7.3 7.1 7.1
57 SiGH:*© 25 29 7.9 7.9 7.8 7.8
58 SICHZ 17 83 7.3 7.3 7.3 7.1
59 SiGHS 100 6.9 6.9 6.9 6.2
73 SiCHJ© 0.06 0.06 0.06 0.06
103 SiCaH® 2.1 2.1 1.9 1.9

2Branching ratios of reactions (1) and (2), respectively, for the selected ions. See the text.

P Electron energies at which the reactant ions are formed.

¢Si*, SiCHy, SiCHJ, and SiGH< also undergo clustering reactions (3)—(6), respectively.

9 SiH™ also produces SiCH with a 15% branching ratio.

¢ SiCHg and SiCzH;; undergo reactions (7) and (8), respectively.

extent of cationic polymerization of trimethylsilane
lie between those for silane and tetramethylsilane.
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