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C o t  laser-induced infrared multiphoton decomposi- 
tion (IRMPD) and SFQ photosensitized decomposi- 
tion (LPD) of silacyclobutane (SCB) and 1,3- 
disilacyclobutane (DSCB) in the gas phase results 
in the very efficient deposition of Si/C/H and Sic 
materials, and it is inferred that the process is 
dominated by formation of transient silene; silene 
rearrangement to methylsilylene; silene and methyl- 
silylene dehydrogenation; and polymerization of 
SiCH, (n < 4) species. The deposits are sensitive to 
oxygen. 

Decomposition and SIC formation are favoured 
with IRMPD experiments conducted with high- 
energy fluxes. The laser technique is promising for 
low-temperature chemical vapour deposition of 
amorphous Sic .  

Keywords: laser; chemical vapour deposition; thin 
films; Si/C/H materials; silacyclobutane; 1,3- 
disilacyclobutane; silicon carbide 

INTRODUCTION 

Chemical vapour deposition (CVD) induced by 
heat, plasma or photolysis is an approved 
technique for the production of S ic  and Si/C/H 
materials which find use as advanced ceramics or 
in electronic applications. In pursuit of alternative 
volatile precursors to Sic  and Si/C/H, various 
specially designed hydridocarbosilanes offering 
improved control of the Si/C stoichiometry and 
lower deposition temperatures have been tested 
(see for example Refs. 1-1 1). 

Of these potential precursors, those which are 

$ Author to whom correspondence should be addressed. 

sources of silene (H2Si=CH2) or its partner in 
thermal equilibrium, methylsilylene [CH3 (H)Si:] 
(see for example Refs. 12-16) seem most 
promising due to a built-in 1 : 1 Si/C ratio, to 
relatively weak Si-H bonds and, most of all, to a 
strong double bond between silicon and carbon. 
While methylsilylene can be produced by photo- 
1ysis"- '* or thermolysis'6i 1 9 ,  2o of methylsilane, 
convenient preparation routes for silene could be 
the thermolysis of silacyclobutane (SCB), silabi- 
cyclo[2.2.2]octadienes (SBCOD), and 1,3-disila- 
cyclobutane (DSCB). SCB and DSCB experience 
significant strain in the four-membered ring and 
offer the prospect of lower deposition tempera- 
tures. However, thermal decompositions of these 
compounds (SCB,13r21-23, SBCOD14,24>25 and 
DSCB26) were studied under conditions where 
heterogeneous steps taking place at hot surfaces 
can complicate clean decomposition by enhancing 
secondary reactions; it was observed that both 
SCB and DSCB decompositions are rather 
complex. 

We thought that an entirely homogeneous 
mechanism procured in thermal IR laser-induced 
 decomposition^^^-^^ may be dominated by a clean 
decomposition into primary silene (Scheme l), 
which can undergo either dehydrogenation or 
polymeriztion/dehydrogenation to yield the de- 
sired Si/C/H and/or Si/C materials (Scheme 2). 

The possibly minor rearrangement of silene into 
methylsilylene might also be followed by a 
dehydrogenation or polymerization/dehydrogena- 
tion and yield the same products (Scheme 2). 

We assumed that direct gas-phase dehydro- 
genation of the H&C transients can be achieved 
due to an excess of the energy available from the 
exothermicity of the precursor cleavage and also 
due to the direct absorption of laser radiation in 
the short-lived H4SiC species. If the gas-phase 
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Scheme 1 Homogeneous decomposition of SCB or DSCB into primary silene. 

Scheme 2 Formation of Si/C/H and Sic  materials from silene. 

polymerizations were not accompanied by de- 
hydrogenation, the deposited materials with 
relatively high hydrogen content might be 
dehydrogenated afterwards and yield Sic in a 
separate process. 

There are several prerequisites for these 
assumptions: 

(1) The silenes generated by IR laser-photo- 
sensitized decom osition (LPD) of silacy- 
clobutanes R2 se-7: iCHzCH2 H2 with R=H,  
CH2 =CH and HC C prefer polymeriza- 
tion,3°-32 although they cyclodimerize 
when generated from the silacyclobutanes 
by conventional (hot-wall) decomposi- 
tion.33i34 

(2) Linear polymethylsilane/polysilene @re- 
pared until now solely in solution3s38) can 
give high yields of ceramic material upon 
proper thermal treatment,38$ 39 since an 
initial step of this process is cross-linking 
by latent Si-H bonds. 

(3) The IR spectrum of ~ i l e n e ~ ~  is consistent 
with good absorption of the C02 laser 
radiation by this transient, which enables 
excitation of silene by the laser radiation 
once it is generated. This could result in 
silene dehydrogenation. 

(4) At temperatures comparable with those 
effective during laser decompositions (600- 
1150 "C), H2Si=CH2 is far more stable 
than CH3(H)Si :, and estimates of the 
forward and reverse reaction rates of the 
CH3(H)Si :-+ H2Si=CH2 equilibrium are 
much in favour of silene f~ rma t ion . '~~  I 6  

To our knowledge, there are only two reports 
on CVD of Sic from SCB16 and DSCB,40 both 
processes having been studied only under condi- 
tions of hot substrates facilitating heterogeneous 
steps. 

In this paper we present an examination of the 
laser-driven decomposition of SCB and DSCB 
carried out via direct excitation of all the 
compounds by pulsed C02 laser radiation 
(infrared multiphoton decomposition, IRMPD), 
and also an examination of the continuous-wave 
COz laser sulphur hexafluoride (SF6)-photosensi- 
tized decomposition (LPD) of SCB and DSCB. 
We give attention to the progress of these 
decompositions and to the properties of the 
deposited materials. 

EXPERIMENTAL 

High-resolution gas-phase FTIR spectra were 
recorded with a Bruker 120 HR interferometer 
operating at a resolution (MOPD) of 
3.4 x 10-3cm-' and 2.2 x 10-3cm-' for SCB 
and DSCB, respectively. A KBr beam splitter, 
globar source and MCT 800 detector were 
employed and trapezoidal apodization applied. 
The spectra were calibrated with lines of residual 
H20 in the interfer~meter.~' Wavenumber preci- 
sion is better than 1 x 10-3cm--'. 

The IRMPD experiments were performed using 
a grating-tuned transversely excited atmospheric 
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(TEA) COz laser (P. Hilendarski Plovdiv Uni- 
versity, 1300 M model) operated on the P(14), 
P(20) and P(28) (SCB) and R(18), R(20) and 
R(26) (DSCB) lines of the 00 O 1 4  10 "0 transition 
(949.48, 944.19, 936.80, 974.62, 975.93 and 
979.71 cm-' , respectively). These wavelengths 
were confirmed by using a model 16-A spectrum 
analyser (Optical Engineering Co.). The incident 
laser beam was rectangular (1.8 and 1.0 cm per 
side, or ca 0.6 and 0.3 cm per side when focused), 
and a typical temporal profile of the pulse, as 
measured with a Rofin photon drag detector, 
consisted of a 150 ns FWHM (full width at half- 
maximum) peak followed by a tail of approxi- 
mately 1 ps. Focusing of the laser beam was 
achieved using a NaCl lens (focal length 8 cm) 
located just before the entrance window of the 
reactor. The laser energy was measured with a 
laser energy pyroceramic sensor (Charles Uni- 
versity ml-1JU model). 

The LPD experiments were carried out in a 
simple reaction cell using a CW COz laser which 
was operated at the P(20) line of the 00 " 1 + 10 "0 
transition (944.19 cm-I), and had its beam 
focused by a germanium (Ge) lens to achieve an 
incident irradiation energy of 30 W cmP2. 

The energy absorbed in SCB and DSCB was 
determined by measuring the difference in energy 
transmitted by the cell when filled with gases and 
when empty. 

Some LPD experiments were also performed in 
a previously described apparatus4* in which the 
irradiated cell was coupled via a sampling valve 
with the gas chromatograph. The samples of 
equimolar amounts of the silacycle and SF6, and 
of n-butane (internal standard, ca 50 mol% SF6) 
and an excess of argon (diluent gas, total pressure 
4 kPa) were prepared in a standard vacuum 
manifold and introduced to the reactor for the 
irradiation. The progress of the decomposition 
with the gaseous mixtures irradiated at measured 
intervals was monitored using the sample valve 
and the gas chromatograph. 

Irradiation of gaseous SCB and DSCB (in the 
absence of SF6 as sensitizer) was conducted in a 
cylindrical (3.6 cm i.d., 10 cm long) Pyrex cell 
which was furnished with NaCl or KBr windows 
and a PTFE stopcock used for filling and 
evacuating the vessel. Samples of SCB and 
DSCB, introduced into the cell using a standard 
vacuum-line, were irradiated with a number of 
pulses of different energy flux, or by continuous 
radiation, and changes in the composition of the 
cell contents were monitored by gas chromato- 

graphy (gas chromatograph Shimadzu 14 A 
coupled with Chromatopac C-R5A computing 
integrator) and by FTIR (Nicolet, model Impact 
400) and GC-MS (Shimadzu, model QP 1000 
quadrupole spectrometer) methods. For chroma- 
tographic separation of the decomposition pro- 
ducts, a programmed temperature (30-150 "C) 
and columns packed with Porapak P (1.3 m) as 
well as OV-1 sillicon elastomer (3 m) were used. 

Reaction progress was estimated by using 
diagnostic bands at 1120 and 2950 cm-' (SCB) 
and 642, 650 and 1365 cm-' (DSCB). 

Scavenging experiments for identifying inter- 
mediate species were carried out in a five-fold 
excess of buta- 1,3-diene. Volatile products were 
analysed by GC-MS spectroscopy. 

In order to evaluate the properties of the 
deposit by FTIR spectroscopy, scanning electron 
microscopy (SEM) techniques and X-ray photo- 
electron spectroscopy (ESCA or XPS) deposits 
were produced on different substrates (metal, 
NaCl) housed in the vessel before irradiation. 
FTIR spectra of the deposits on NaCl substrates 
or the NaCl windows of the reactor were taken 
after evacuation of the reactor. For XPS and SEM 
measurements the samples had to be transported 
from the reactor and exposed to ambient atmo- 
sphere. 

XPS measurements were performed using a VG 
ESCA 3 Mk I1 electron spectrometer. The spectra 
were recorded with A1 K a  radiation and an 
electrostatic hemispherical analyser operated in 
the fixed transmission mode. Detailed spectral 
scans were taken over the Si(2p), C(ls), O(1s) and 
Si(KL23L23) regions. The sum of the kinetic 
energy of Si(K23L~3) Auger electrons and the 
binding energy of Si(2p) electrons, defined as the 
Auger parameter, was calculated from the 
measured data. This value is independent of the 
static charge referencing procedure and therefore 
is obtained with higher accuracy than the energy 
of either set of electrons alone. Quantification of 
the element concentration ratios was accom- 
plished by correcting integral intensities of 
photoelectron peaks for their cross-se~tions~~ 
and accounting for the dependence of electron 
mean free paths on kinetic energy.44 Curve fitting 
of overlapping spectra was carried out using lines 
of Gaussian-Lorenzian shape and a damped 
nonlinear least-squares t e ~ h n i q u e . ~ ~  

Scanning electron microscopy studies of the 
deposits were performed on an ultrahigh-vacuum 
instrument (Tesla BS 350). 

Samples of SCB46 and DSCB47)48 were pre- 
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980 $50 940 920 

Wavenumber, cm-l 

Figure 1 IR spectra of DSCB (a), SCB (b) and SFg (c) (all 
0.3 kPa, 10 cm path) in the emission region of the CO2 laser 

pared according to previously reported proce- 
dures, and their purity (better than 99%) was 
checked by gas chromatography. 

RESULTS AND DISCUSSION 

SCB and DSCB show strong absorptions in the 
emission range of the C02 laser (Fig. 1) and can 
be decomposed by tuning the TEA COz laser 
radiation into their G(SiH2) absorption band. In 
order to evaluate coincidences of SCB and DSCB 
with available laser lines, high-resolution s ectra 

for SCB and DSCB, respectively) were recorded. 
These are illustrated in Figs 2 and 3. 

(line width ca3 x 10-3cm-' and 2 x 10- P cm -1 

Figure 2 High-resolution IR spectra of SCB [ca 1 mbar, Figure 3 High-resolution IR spectrum of DSCB [ca 1 mbar, 
28 cm cell. resolution (MOPD) 3.4 x lo-' en-']. Top, survey 28 cm cell, resolution (MOPD) 2.2 x cm-'1. Top, survey 
spectrum; bottom, details in the region of the lOP(28) and spectrum; bottom, details in the region of the 10R(18), lOR(20) 
lOP(14) lints, with positions of the laser lines indicated. and IOR(26) lines, with positions of the laser lines indicated. 
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Figure 4 Product distribution in LPD of SCB: ., C2H4; X,  CHlCH = CH2; A, CH~SIHI; +, CH4. 

The irradiation of these compounds in the 
presence of SF6 occurs apparently through 
primary absorption by SF6 (as a photosensitized 
p r o c e s ~ ~ ~ ~ ~ ~  since absorptivity (in Wa-I cm-' ) at 
the wavelength of the irradiating P(20) line 
(944 cm-') of SF6 (2.2) is much higher than that 
of SCB (0.0034 and DSCB (0.020). 

Silacyclobutane 

The IRMPD of SCB at pressures of 0.3-4.0 kPa 
was studied using the strongly absorbed irradia- 
tion lines P( 14), P(20) and P(28) at 949.48, 944.19 
and 936.80 cm-l, respectively. The irradiation of 
SCB leads, regardless of the selected wavenum- 
bers, to the formation of gaseous ethene (as a 
major product), propene, methane, methylsilane 
and n-propylsilane, and also to the deposition of a 
solid white material. With higher energy density 
(focused radiation), the decomposition rate is 
enhanced. The gaseous products also contain 
ethyne, while the deposited material shows a 
grey colour. The yields of gaseous products are 
given, and the enhancement of the decomposition 
by focused radiation is illustrated, in Table 1. 

LPD of SCB, carried out with equimolar 
mixtures of SCB and SF6 (each 0.8--2.4 kPa) in 
an excess of argon (34-38 kPa) resembles the 
IRMPD in products: ethene, as a major product, is 
accompanied by propene, methane and methylsi- 
lane. The mean effective t e m p e r a t ~ r e ~ ~  of this 
decomposition can be estimated from similar 
irradition conditions reported previously50, 5 1  as 
ranging between 800 and 900 K. The absence of 

ethyne among the gaseous products can be ascribed 
to lower peak temperatures in LPD compared with 
IRMPD. A typical progress of LPD is illustrated in 
Fig. 4, which shows that the distribution of 
products is independent of the progress of 
decomposition, and that ethene is a major product 
throughout all the conversions. 

The determined absolute amounts of gaseous 
products can be rationalized in terms of the 
previously r e p ~ r t e d ' ~ ~ ~ ~ - ~ ~  reactions (Scheme 3) 
and reveal that both IRMPD and LPD of SCB are 
dominated by ethene elimination (Route 1). The 
ratio C ~ H ~ / C H ~ C H C H Z  being 6:l for LPD, and 
even greater than that for IRMPD, indicates 
that in these decompositions elimination of 
propene is much less important than in the 
conventional low-pressure ,pyrolysis of SCB 
(C2H4/CH3CHCH2 3 : 1)  , or in the surface 
decomposition of SCB.16 It is tempting to ascribe 
this difference to the enhancement of Route 2 
compared with Route 3, as being due to the 
elimination of effects of hot surfaces under our 
conditions. The very low yields of n-propyl- and 
methylsilane indicate the minor occurrence of 
reactions52 of molecular hydrogen with the 
presumed silene and silylenes. In IRMPD, 
dihydrogen is apparently formed by secondary 
dehydrogenation, yielding ethyne. However, C2H2 
not being observed in LPD, implies another route 
for H2 formation, which can also be a direct 
dehydrogenation of SCB. This reaction, which is 
in fact a major route in the SCB surface 
decomposition (when H2 and C2H4 eliminations 
operate in 2.1 ratio),I6 is ensued by the formation 
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sio + C3H6 

T(4) 

CIbjSiH3 
- H2Si=CH2 -1- C2H2 + : S I ( C H ~ ) ~ C H ~  

( 5 )  I! 1 lH2 

t I  H2 

- Sio -1- 2 H2 t H ~ S I ( C H ~ ) ~ C H ~  + H2Si=CH2 + C2H4 

1 ( I )  1 1-12 I ! 
CH3CH=CH2 4- :SiH2 t LSi(H)CH2CH~CH3] 

(3) (2) 

n-C3H7SiH3 

:SiH2 + H2Si=CM2 

:SiH2 + H S t C H  
)-+ si/c/kI or si,cy 

Scheme 3 Reactions involved in IRMPD and LPD of SCR. 

(7) 

of propene and elemental silicon (Route 4), or by 
the formation of silene and ethyne (Route 5). The 
latter seems less likely, but it would explain the 
absence of elemental silicon in the solid deposit. 
However, the high yields of ethene, and low but 
relatively significant yield of propene, make us 
believe that the major source of dihydrogen is 
dehydrogenation of silene (or its isomer methyl- 
silylene) (Route 6). Properties of the solid deposit 
[the presence of Sic  and not silicon (So); see 
below] indicate that intermediary HzSi=CH2 [or 
CH3(H)Si :] and/or products of their recombina- 
tion (polymerization) can lose hydrogen and yield 
Si/C/H and Sic  materials poorer in hydrogen 
than the SiCH4 species. This dehydrogenation of 

SiCH4 can be the result of an excess of energy in 
the irradiated system due to the exothermicity of 
the primary ethene elimination and also due to 
direct excitation of silene by the laser radiation. 
The absence of silicon (Sio in the solid deposit 
suggests the occurrence of reactions (Route 7) 
which 'scavenge' minor amounts of silylene and 
incorporate it into a Si/C framework. 

In an attempt to detect silene (or methylsilylene) 
and silyne (or its more stable34 isomer 1- 
silavinylidene) through addition of these species, 
IRMPD of SCB was carried out in an excess of 
buta- 1,3-diene. However, these experiments 
yielded the same gaseous products and deposits 
as the runs without the trapping agent. 
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I I 1 I I  

Wavenumber, cm-1 
I000 2000 3000 

Figure5 
b, run 4; c, run 5; d, LPD. 

FTlR spectra of the deposit from SCB: a, run 1; 

Representative FTIR spectra of the deposits 
produced by IRMPD and LPD of SCB are given 
in Fig. 5. The spectra show the typical pattern of 
SiC:H films and can be interp~eted’~-~* as due to 
the vibrational modes compiled in Table 2. 

The difference between our spectrum and the 
previously reported37 IR spectrum of poly(silene), 
consisting of well-defined narrow absorption 
bands of almost equal absorptivity at 760, 851, 
950 and 1046 cm-’, prompts us to assume that the 
deposits a 4  (Fig. 5) contain much less hydrogen 
than does poly(si1ene). The spectra of the deposits 
formed in IRMPD with nonfocused radiation (a) 

or in LPD (d) are dominated by strong absorption 
associated with v(Si--C) and v(Si -H) vibra- 
tions, while those of the deposits obtained in 
IRMPD with focused radiation (b, c) possess only 
one very strong band due to v(Si-C). The 
Av(si+) : A,(sj-~) ratio for these two cases is 
0.71 (run 1) or 1.0 (LPD), and 4.7 (run 5) or 17.6 
(run 4), respectively (Table 2). This difference 
implies that the latter deposits are still poorer in 
hydrogen than the former ones. 

It is known56 that more carbon incorporation in 
the Si-Si framework shifts the v(Si-H) wave- 
number to higher values and that a v(Si-H) 
absorption above 21 10 cm-’ corresponds to 
a - Sil-,C, : H films with carbon content 
x>0.8. Our data and the observation of 
v(Si-H)>2130 cm-’ confirm that the films 
resembling silicon carbide, formed when higher- 
energy fluxes are applied, have a very similar 
content of Si and C atoms. 

The FTIR spectra are consistent (1) with the 
above presumed dehydrogenation of silene (or 
methylsilylene) during all laser-induced experi- 
ments, and (2) with a more pronounced dehy- 
drogenation when the radiation is focused. The 
relative content of C-H and Si -H bonds in the 
deposits can be estimated57 using the per-bond 
Si-H and C-H oscillator strengths in SiH4 
and CH4 (or in (CH3),SiHd-,:n = 1,2) com- 
pounds, even though such estimates deteriorate 
due to poor proportionality between this inte- 
grated strength and H concentration for different 
modes of sample p r e p a r a t i ~ n . ~ ~  The v(C-H) 
absorptivity being lower than that of v( Si - H) by 
a factor of N 5 (Fig. 5, a, c,  d) may indicate 
roughly equal distribution of H between Si and C, 
while comparable v(C - H) and v(Si - H) 
absorptivity in b implies that more hydrogen is 
bonded to C. Since both v(C-H) and GS(CH3Si) 

Table 2 FTlR spectra of the deposits from SCB 

Wavenumber (cm’) Absorptivitf 

Vibrational mode Run 1 Run 4 Run 5 LPD 

v(Si-CIb 820/0.71 808/17.6 825/4.7 831/1.0 

v(SiCH2Si) 1025/0.32 1049/8.9 1070/0.9 1018/0.18 
6, (CH3Si) 1250/0.10 1263/2.2 1265/0.18 1248/0.14 
vSi - H) 2115,’l.O 2135,’l.O 2149/1.0 2951/1.0 

vc -- H) -. 2964/1.3 2960/0.30 2951/0.15 

Rock. and wag. CH, 910/0.36 -- - - 

v(C-H) 2920/0.21 2932/1.2 2927/0.20 -- 

a Normalized to absorptivity of v(Si--H). Also rock CHs 
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i" ,*.. 
I 

1000 1500 2000 

Wavenumber, cm-1 
Figure 6 iTIR spectra of the solid materials from LPD of 
SCB (a), LPD of DSCB (b) and IRMPD of DSCB (c) as 
deposited (full line) and heated to 400 "C (broken line). 

absorptivities are increased in b, this indicates that 
the increased H content in b is associated with 
more CH3 groups, which in turn proves that 
silene-methylsilylene isomerization (preceding 
the polymerization) is more important with the 
focused irradiation employing the P(28) line. 

The effect of annealing on the absorption bands 
between 700 and 2300 ern-' is shown in Fig. 6. As 
the film is annealed at 400 "C, the v(Si-C) and 
Gs(CH3Si) absorptivities do not change, while that 
of v(Si-H) is decreased by almost 50%, and that 
of a band at 1035 cm-' increases. The last band 
can be assigned to CH, rocking/wagging modes 
and a Si-4 stretch. We assume that the film loses 
hydrogen upon annealing and adsorbs oxygen 
when subsequently exposed to air. 

The inferred process of dehydrogenation of 
silene (methylsilylene) and ensuing recombina- 
tion/polymerization of SiCH, (n <4) species is 
supported from ESCA analyses of representative 
deposits (Table 3; Figs 7, 8). The stoichiometries 
found for the deposits reveal that the silicon- and 
carbon-containing materials incorporated oxygen; 
concentrations of Si, C and 0 do not significantly 
alter after ion sputtering of superficial layers, 
which indicates that the depositing Si/C/H 
materials are extremely sensitive to oxygen, 
which can penetrate to some depth in the 
superficial layers of the bulk material. This 
sensitivity can be accounted for by fast addition 
of molecular oxygen to the Si=CS9 (and perhaps 
some minor Si=Sim) bonds. We believe that the 
oxygen is present in superficial layers only and 
that the absorption band at 1020-1100 cm-' is 
not contributed to by v(Si-0) vibrations. (The 
ESCA analysis of superficial layers (4 nm) was 

Table 3 ESCA analysis of the deposits from SCB 

Core-level binding energies (eV) Auger 

Si(2p) C(ls) O(ls) parameter, 
(eV) Run Stoichiometry 

2 Sil.oC16Oo.8 102.0 248.8 532.7 
102.2= 284.8' 532.8a 

9b Sil.07Cl.6OO 102.1 284.8 532.7 
287.1 

5 S i , 7 , S ~ , , , ~ , 7 7 C ~ , , 0 0 . 6  100.1 282.5 531.8 
102.2 284.8 

102.4 284.8 
289.0 

286.0 

287.6 

4 Si70S&,C&C&8q 100.4 282.8 532.3 

1oC Sil.oC1600.48 102.0 248.8 532.7 

1 Id Si1.oC1.7Oo.az 102.2 284.8 532.8 

1712.2 
1712.3a 

1714.6 
1712.1 
1714.8 
1711.9 

1712.P 

1712.6 

~ 

a Measured after ion sputtering (5 min, Ez4.5 keV, I =  15 pA (run 9); 4 mh,  
E = 4  keV, I = 4 0  pA (run 10). 

3 kPa, energy absorbed 1 J, nonfocused radiation, 2000 pulses, 66% conversion, 
P(20) line. 

4 kPa, energy absorbed 0.6 J, nonfocused radiation, 1500 pulses P(14) line. 
LPD. 
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. . . .  I " "  I "  

............... 

9 5  100 1 0 5  
BINDING ENERGY (eV) 

Figure 7 The Si(2p) core-level spectra of the deposits from 
SCB. 

carried out after removing the deposits from the 
evacuated reactor and exposing them to air.) The 
core-level binding energies of the silicon and 
carbon and the shape of the Si(2p) and C(1s) 
spectral bands reveal the occurrence of chemically 
inequivalent forms, one being an organosilicon 
(oxygen-containing) Si/C/H polymer and the 
other one a silicon carbide. The relative Sic/ 
polymer concentration is affected by irradiation 
conditions: thus the decomposition of the Si(2p) 
and C(1s) spectra of different deposits (Figs 7 and 

k P D 3 ,  ................. 
, , , , , ,I 

280 285 290 
BINDING ENERGY (eV) 

Figure 8 The C(ls) core-level spectra of the deposits from 
SCB. 

8) reveals that, in accordance with the conclusions 
drawn from the FTIR spectra, the organosilicon 
polymer is mostly produced in runs 2 and 9, while 
the Sic  materials predominate from runs 4 and 5. 
The above assignments of the spectral bands to 
particular chemical states of Si and C are based on 
comparison of the measured values of Si(2p) and 
C( 1s) core-level binding energies, Si (KL23L23) 
kinetic energies and resulting values of the Auger 
parameters with the published 62 

Scanning electron microscopy analysis reveals 
that the deposits consist of agglomerates whose 
size ranges from less than 1 pm to more than 
10 pm. Typically, the deposits containing Sic  
have a more discontinuous structure than those 
consisting of the organosilicon polymer (Fig. 9). 
This difference is obviously related to a greater 
tendency of the latter particles to polymerize in 
the deposition process. 

Disilacyclobutane 
IRMPD of DSCB (0.8-3.3 ma) with the irradiat- 
ing wavelengths at 974.62, 975.93 and 
979.71 cm-' results in the formation of minute 
amounts of gaseous methane, ethene, ethyne, 
propene, methylsilane and dimethylsilane (Table 
4), and a high-yield deposition of a solid material. 
Of the hydrocarbons, methane is an important 
product and the total yield of methylsilane and 
dimethylsilane corresponds to 10% or less of the 
decomposed DSCB. This indicates that DSCB 
decomposes into a transient species, which then 
produces a solid deposit. 

IRMPDs of DSCB carried out in the presence 
of buta-1,Idiene result in the formation of the 
same products as observed in the experiments 
without this trapping agent. The intermediacy of 
silene (and methylsilylene) is consistent with the 
detection of significant, although minor, amounts 
of their adduct with butadiene in the mass 
spectrum, (m/z.  relative intensity): 98 (44), 97 
(loo), 96 (26), 83 (53), 81 (19), 71 (12), 70 (31), 5 5  
(14), 53 (12), 43 (16)). Attempts to provide 
evidence for silyne (or 1 -silavinylidene) through 
the detection of their adduct to two butadiene 
molecules were unsuccessful and are possibly 
related to very fast polymerization reactions 
yielding solid deposits. 

LPD of DSCB carried out with equimolar 
amounts of DSCB and SF6 (each 2.3 Wa) leads 
to the same products in similar distribution (in 
molfmol of DSCB decomposed): CH4 (0.032), 
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Figure 9 SEM images of the deposits from SCB (a) run 3; (b) LPD. 

C2H4 (0.044), CH3CH : CHz (0.013), CH3SiH3 Methylsilane and dimethylsilane were deduced26 
(0.10), and (CH3),SiHz (0.14). to arise from a sequence of reactions consisting of 

The observed yields of gaseous products are DSCB homolytic cleavage and H-rearrangements 
different from those found in conventional low- producing the diradical . H2SiCH2SiH(CH3 ). 
pressure pyrolysis, where CH4, C2H4, CHsSiH3 which is further cleaved and reacts with hydrogen 
and (CH3),SiH2 are formed in ratios 1:1:5:20.26 (Scheme 4), or rearranges into :Si(H)SiH(CH3), 

1 
1 

CH3SiH3 SiH4 (CH3)2SiH2 

Scheme 4 Homolytic cleavage and subsequent reaction sequence in IRMPD or LPD of DSCB?6 
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Table 5 FTIR spectra of the deposits from DSCB 

Wavenumber (an-')/AbsorptivityP 
~ ~~~~~ 

Vibrational mode Run 12 

u(Si-Clb 829/1.10 
Rock. and Wag. CH, 953/0.59 
u(SiCH2Si) 1030/0.40 

6, (CHs Si) 1248/0.10 
6, ( CHISi) 1352/0.09 
u(Si-H) 2114/1.0 
u(C-H) 2885/0.05 
u(C-H) 2955/0.03 

~~ 

Run 13 

824/1.40 
950/0.63 
99710.24 

1030/0.18 
1248/0.16 
1350/0.05 
2 1 10/ 1 .o 
2923/0.11 
2952/0.08 

~ 

Run 16 
~~~ 

Run 17 

8 12/ 12.7 

1058/0.70 
1105/0.70 
1263/0.70 

2 154/ 1 .O 

2964/0.20 

- 

- 

- 

8 18/ 12.4 
- 
1047/ 1.2 

1261/0.40 

213711 .O 
2926/0.5 

- 

- 

a Normalized to absorptivity of u(Si-H). Also rock. CH,. 

LPD 

833/1.30 
950/0.30 

1020/0.45 

1250/0.10 
136 1 /0.08 
2112/1.0 
2923/0.09 
2951/0.08 

which inserts into DSCB and produces a trisilane 
which further enters into a variety of decomposi- 
tion routes. While these reactions apparently 
occur also in the irradiated systems, small 
quantities of both silanes produced during both 
IRMPD and LPD reveal that the extent of 
reaction of silene and methylsilylene with dihy- 
drogen is strongly decreased at the expense of 

I I I 1  

I I I 

1000 2000 3000 

Wavenumber, cm-1 
Figure 10 FTIR spectra of the deposit from DSCB: a, tun 12; 
b, run 16 or 20; e, LPD. 

SiCH4 dehydrogenation and ensuing polymeriza- 
tion. The occurrence of these dominating reac- 
tions, being proved by FTIR and ESCA analysis 
of the deposits (see below), reveals that the main 
decomposition routes of DSCB are those de- 
scribed in Scheme 1 and 2. Similarly to SCB, 
IRMPD of DSCB also yields, de ending on the 

nonfocused radiation), polymeric Si/C/H or Sic 
deposits. 

Representative FTIR spectra (Table 5; Fig. 10) 
show that (1) the deposits contain less hydrogen 
that poly~ilene;~~ (2) the deposits found in 
IRMPD with nonfocused radiation or in LPD 
possess two very strong bands of almost equal 
absorptivity associated with v(Si - C) and 
v(Si-H); and (3) the deposits from IRMPD 
with focused radiation have only one very strong 
band in the v(Si -C) region. 

The A,(si-): A,(si--) ratios for these two 
different experimental conditions being 1.1-1.4: 1 
and more than 12:1, respectively, indicate that 
SiCH4 dehydrogenation is enhanced when the 
radiation is focused. The content of Si-H and 
C-H bonds (determined from relative absorp- 
tivities at v( Si - C) and v( Si - H)) resembles that 
in the deposits from SCB. Higher absorptivities 
for v(Si-H) and 6s(CH3Si), e.g. in runs 16 and 
17, indicate that the increased H content is 
brought about by more CH3 groups, which in 
turn proves that the silene+methylsilylene re- 
arrangement is in these cases more important than 
in others. The v(Si-H) absorption for the SiC- 
like films formed with higher-energy fluences is 
observed at > 21 30 cm-'. This indicates, as in 
similar deposits from SCB, that the films have 
roughly an equal content of Si and C atoms. 

The effect of annealing on the IR spectra is 

irradiation flux (0.25-5.6 J cm- 4 , focused or 
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Table 6 ESCA analysis of the deposits from DSCB 

Core-level binding energies (eV) Auger 

Si(2p) C(1s) O(1s) 
parameter, 
(ev) Run Stoichiometry 

12 

13 

14 
15 

16 

19 
20 

LPD 

Sil WCI 4 0 0  7 102.1 284.8 532.9 1712.3 
Sil OOCI 00; 102.2' 284.8 533.4 1714.3 
Sil OOCI 8 0 0 s  101.9 284.8 532.7 1712.1 
Sil oOCl20a, 7 102.2' 284.8' 532.8' 1714.5a 
Sil OOCI 010043 101.7 284.8 533.0 
Sg 86S~{, 5C$ 33C: 21 00 5 100.9 283.1 1714.2 

102.8 284.9 532.6 1711.1 
286.4 ~. 

S~,,S~,4C~,,C{,C~o,00.4 100.8 283.1 532.5 1714.2 
102.7 284.8 1711.1 

286.2 
Si I .mc1 .so I .o 102.2 284.8 532.6 1711.7 
S~,,,S~,,,C~,,C~,,,OO.~ 100.6 282.9 532.1 1714.5 

102.3 284.8 1712.1 
Sil.mC1.mOo.82 102.1 284.8 532.3 1712.9 
~ ~ l . O O ~ l . 0 5 ~ 0 6 9  ' 102.4 284.9 533.4 1712.8 

a Measured after ion sputtering (5  min, E=4.5 keV, I= 15 PA). 

demonstrated in Fig. 6. When the temperature of 
the substrate is increased to 400 "C, a decrease of 
u(Si-H) absorptivity by about 55% and a 
significant increase of the absorptivity at 
1035 cm-' is found. In analogy to the deposit 
from SCB, these changes reflect incorporation of 
oxygen into the Si-C framework due to the 
reactivity of naked silicon atoms or Si=C (and 
Si=Si) bondss9~ 6o towards oxygen. 

The implications on dehydrogenation (re- 

w I- 
........ z 

LPD 1 ........... -..&A _ _ _ _ _ _ -  LI 
95 100 105 

BINDING ENERGY (eV) 

Figure 11 The Si(2p) core-level spectra of the deposits from 
DSCB. 

arrangement) of silene, which precedes the 
polymerization of SiCH, (n < 4), and apparently 
of H S i z C H  and Sic, species, are supported by 
ESCA analyses (Table 6; Figs I 1  and 12) of 
representative deposits. 

Similarly to the deposits from SCB, those from 
DSCB also contain oxygen which cannot be 
removed by ion sputtering, and may therefore be 
incorporated in some depth of superficial layers. 
The binding energies and shapes of the silicon and 

I , , I I I I I 1 l I L I I l ~ . I l  

280 285 290 
BINDING ENERGY (eV) 

Figure 12 The C(ls) core-level spectra of the deposits from 
DSCB. 
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Figure 13 SEM images of the deposits from DSCB: (a) run 15; (b) run 14. 

carbon photoemission lines reveal the presence of 
two different forms of these elements, one 
incorporated in the (oxygen-containing) organo- 
silicon Si/C/H polymer, and the other present in 
Sic. The SiC/polymer ratio depends on the 
irradiating conditions: the curve fitting of the 
Si(2p) and C( 1s) spectra of several deposits shows, 
in accordance with the FTIR spectra, that the 
organosilicon polymer is preferred in LPD and 
IRMPD with nonfocused radiation (run 13), while 
mostly Sic is formed when IRMPD with focused 
radiation is performed (runs 15, 16, 20). 

SEM images show that the deposits have fluffy 
structures, which do not differ whether they were 
obtained using focused and nonfocused radiation, 
or by LPD (Fig. 13). 

CONCLUSIONS 

In summary, the laser-induced decomposition of 
SCB and DSCB is a clean reaction producing 

silene (and methylsilylene). These transients very 
efficiently polymerize, or dehydrogenate and 
polymerize, to yield copious amounts of Si/C/H 
and Sic  particles. The films produced are sensitive 
towards ambient oxygen. The IRMPD of both 
silacycles appears promising for low-temperature 
chemical vapour deposition of silicon carbide. 
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