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Transversely excited atmospheric (TEA) CQ tetramethylsilan&**and monoorganylsilan&s™’
laser-induced decomposition of divinylsilane in  have been examined.

the gas phase yields unsaturated &C, hydro- We have observed that while UV laser photolysis
carbons, benzene and vinylsilane, and it repre- of tetravinylsilane is dominated by molecular
sents a convenient process for chemical vapour expulsion of ethert€ and leads mainly to elemental
deposition of thin solid films composed of silicon  silicon, infrared multiphoton decomposition
carbide and polycarbosilane. © 1998 John (IRMPD) of tetravinylsilane is controlled by

Wiley & Sons, Ltd. expulsion of ethene and ethyne and it affords a

Aopl. O tal. Chenl2, 427433 (1998 solid deposit composed of elemental silicon and a
PPl rganometal. =he (1998) Si/C/H polymer®.
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thin films; Si/C/H materials; divinylsilane; sili- laser-induced decompositions of organosilanes for

con carbide; polycarbosilane CVD of Si/C/H materials (e.g. Refs 6, 7, 12, 15-23)

Received 28 July 1997; accepted 18 November 1997 we report in this paper on the TEA GQaser-

induced decomposition of divinylsilane (DVS),

which is a more suitable candidate for IRMPD
than tetravinylsilane due to its stronger absorption
in the region of emission of C{aser.

INTRODUCTION

Hydrogenated amorphous :SC, films have re-

cently attracted much attention due to their

significance in photovoltaic and optoelectronic EXPERIMENTAL

_?_ﬁgllcit;%nsbear&% Ic?si tgghf'rtgnr?pti?tufs Cir:gcg'T he experiments were carried out in a batch reactor
y Ca posit > gas p XFig. 1) and in an IR spectroscopic cell (10 cm

conventional pyrolysis, photolysis or plasma-

assisted decomposition of various hydridocarbosi-long’ d. 3.6.¢cm). DVS (57 Torr) was irradiated by

”» > a TEA CQ, laser (P. Hilendarski, Plovdiv Uni-
lanes. The composition and therefore the pmpert'e%ersity' P(18) line at 945.98 cnt, pulse energy

of the films are known (see for example Refs 1-4) 2
to be affected by the conditions of chemical vapouro'8 J, incident area 1.8 éin The wavelength and

deposition (CVD) and by the precursor structure.flux were checked by a model 16-A spectrum

. X 71 = analyser (Optical Engineering Co.) and by a
(Fjeigﬁ:cr:?/lcr;gbtyt:npgguEjsigiks/irrfgacgr?ég%tatngﬁﬁ pyroelectric detector (ml-1 JU, Charles University).

0 > 1 2 2 In experiments with focused radiation, the laser
methane,” 1,3-disilabutané;’ 1,4-disilabutané; beam was focused (NaCl lens, focal length 8 cm) at
the centre of the reactor and the substrate was kept
* Correspondence to: Josef Pola, Institute of Chemical Procesait temperatures 25 and 120.

Fundamentals, Academy of Sciences of the Czech Republic, 16502 Chemical changes induced by the laser radiation
Prague, Czech Republic. were determined in separate experiments in an IR
Contract/grant sponsor: Academy of Sciences of the Czech .

Republic; Contract/grant number: A4072509. spectroscopic cell of volume equal to that of the

E-mail: pola@icpf.cas.cz. reactor. The depletion of DVS was monitored using
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Figure 1 Batchreactor:1, laser;2, mirror; 3, NaCllens(focal
length 8cm); 4, KBr window; 5, substrate;6, Ni/NiCr
thermocouple;7, pressue gauge;8, reservoir; 9, valve; 10,
substraténeater;11, substratéheatermains;12, vacuum.

the diagnosticbandat 1407cm™* andformationof
ethene and ethyne was followed at 1887 and
729cm %, respectively.

Gaseougroductsof DVS decompositionwere
analysedusing a ShimadzuQP-1000massspec-
trometerand a GC 14A Shimadzugaschromato-

60

graph(1.5m column,PorapakP, programmedem-
perature 20—180°C). Propertiesof the films of
the materialdepositedon KBr and Al plateswere
characterizetby meansf anFTIR (Nicolet Impact
400) spectrometera VG ESCA 3 Mk Il electron
spectrometeandan SEM TeslaBS 350 ultrahigh-
vacuuminstrument.

XPS and XAES spectrawere obtainedusing Al
Ko radiation (hv = 1486.6eV). The overall energy
resolution expressedby the full width of half
maximum (fwhm) of the Au 4f;,, line was1.2eV.
The backgroundpressureof residualgasesduring
accumulatiorof spectravastypically 10 ® Pa.The
spectraof Si(2p), C(1s) and O(1s) photoelectrons
and Si (KL 23l »3) Auger electronswere measured.
The peakpositionsand areaswere determinedoy
fitting the unsmoothedexperimental data after
subtracting nonlineaf* background. Core-level
bindingenergiesveredeterminedvith anaccuracy
+0.2eV. Theoretical photoionization cross-sec-
tions”> were usedto convert peak areasinto the
elemental concentrationsFor the sake of com-
parison, XPS and XAES spectraof an authentic
sampleof silicon carbide(Aldrich Chem.Co., Mil-
waukee WI, USA) werealsomeasured.

DVS (99% purity) was preparedoy the reported
proceduré® andwas distilled and degassedefore
use.
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Figure 2 Dependencef the depletionof DVS on the numberof pulsesusing(a) focusedand (b) unfocusedadiation.
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Figure 3 Typical GCtraceof gaseougproductsfrom IRMPD
of DVS. Peakidentification: 1, C,H,; 2, CoH,; 3, CH;CH=
CH,; 4,H,C=C=CHy; 5,H,C= CHSng, 6,H,C=CH-CH=
CH,; 7, H,C=C-C=CH; 8, HC=C-C=CH; 9, DVS.

RESULTS AND DISCUSSION

Irradiationinto theabsorptiorbandof DVS centred
at 943 and 954cm™* (doublet, o(Si-H) mode,
absorptivity7.9x 10 2cm™%, Torr * at946cm™?)

leadsto the formation of a multitude of gaseous
compoundsand the depositionof a solid product.

The progressof decompositionis enhancedby

focusingthe radiation (Fig. 2); thus, for example,
250 pulsesof the focusedradiationdepletesDVS

by ca 50%, while the samenumberof pulsesof

unfocusedradiation leads only to less than 10%

depletion.Both typesof radiationyield the same
gaseouproductsin very similar quantities;thusat

30-50% conversion the gaseousproducts are

ethene (25-32%), ethyne (50-64%), propene
(<1%), propadiene (<0.5%), vinylsilane (5-

12%), buta-1,3-diene (2—3%), but-1-en.-3-yne
(<0.5%), buta-1,3-diyne (2—-4%) and benzene
(<1%). A typical GC traceof the mixture of these
productsis givenin Fig. 3.

Gas-phase chemistry

In discussing possible routes operating during
IRMPD of DVS, we are guided by primary
decompositiomodesoperatingwith organosilanes
whicharel,1-H,, 1,2-H, andhydrocarborelimina-
tion.2"® DVS decompositionhas not yet been
examined,but structurally similar vinylsilane has
been reported® to undergoa complex homoge-
neous decompositionvia initial 1,1-H,, 1,2-H,
and ethene elimination (H3C,SiH.SiH; -
H3C2(H)S|+ H2, H3CZS|H28|H3 - H2C:C:
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Figure 4 Dependencef the ethene/ethyneatio on the progressof decomposition.
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S|H2 + H2, and H3C2S|H28|H3 - H28| + C2H4,
respectively),and via the silylene-chainsequence
H3C2(H)S| - C,H» + H.Si:, H,Si: + H3C,SiH3
- HsC,SiH,SiH; - HzCoSiHx(H)Si: 4 Ho,
H3CZS|H2(H)S| - H3C2(H)S| + stl

The three primary stepsundoubtedlyoccur in
IRMPD of DVS, too. However, the relative
amountsof the gaseousproductsin the shock-
induced thermal decompositio® and in our
experimentsdiffer. While the amountsof ethene
and ethynein the former decompositionare very
similar,thosein IRMPD arenoticeablyin favour of
ethyne(Fig. 4). This suggestshattheinitial 1,1-H,
elimination (Eqn [1]) and the (similar) silylene
chain sequencenvolving steps[2] and [3] and
affording ethyne are more strongly preferredin
IRMPD of DVS.

DVS — (H,C = CH),Si: + H, 1]

(HzC = CH)ZSI — (HzC = CH)HSI D+ C2H2
2]

(HZC = CH)HSIi:— H,Si: + CyH» [3]

Significantformationof etheneis in accordwith
the occurrenceof the alkeneelimination pathway

(Eqn[4]).
DVS — (H,C = CH)HSi: + C;Hy 4]

The C, hydrocarbonspeing observedonly in
very smallyields, makeus believethat the role of
homolyticSi—Ccleavagento aH,C = CHradicalis
not important. This assumptioris in line with the
observatiorof very small yields of buta-1,3-diene
andwith the known fact that combinationof small
radicalsis preferredovertheir disproportionatiort”
(We assumethat the C,H; radical is mostly
involvedin hydrogenabstractiorfrom DVS, since
abstractionof H(Si) by radicalsis favouredover
radical combinationand disproportionatioft).

Characterization of the deposits

IR absorptionspectraof the solid films typically
showa strongbandat 810cm™* with a shoulderat
860cm ! aswell asweak bandsat 580, 650 and
700cm ™. Due to the lack of bandsat ~2100
(vsiin) and 2900 (ve_p) cm ™Y, these are mostly
assignableto vs; ¢ vibrations. This IR spectral
patternconfirmsthatthe contentof hydrogenin the
films is very low.

© 1998JohnWiley & Sons,Ltd.
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Figure 5 Fitted Si(2p) photoelectrorspectraof (1) thedeposit
obtainedat ambienttemperature(2) the depositobtainedat
120°C; (3) the samedepositafter mild Ar-ion sputtering;and
(4) an authenticsampleof SiC.

The measuredcore-level binding energiesand
calculatedvaluesof the modified Auger parameter
(definedas the sum of the binding energyof the
Si(2p) photoelectronsindthe kinetic energyof the
Si(KL,3l 23) Augerelectrond?), alongwith assign-
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Figure 6 Fitted spectraof Si(KL,3L,3) Auger electrons.
Definitionsasin Fig. 5.

Appl. OrganometalChem.12, 427-433(1998)



IR LASER-INDUCED DECOMPOSITIONOF DIVINYLSILANE

431

Table 1 The Si(2p) andC(1s) core-levelbinding energieqeV) of thefitted photoemissionines, their assignmentshe Si Auger
parametery(eV), surfacestoichiometryof the samplegnormalizedto ¥ Si= 1) andcontentof Si carbide(% of Si)

Overall surface

Samplé  Si(2p) Assignment C(19) Assignment o stoichiomety Carbidecontent
1 100.7 Si carbide 283.5 Carbide 1714.8  Si; 015800 38 90
102.1 Si polymer 284.8 Polymerandhydrocarbons  1713.7
2 100.7 Si carbide 283.3 Carbide 1714.7  Si; 0C3.0902.25 a7
102.0 Si polymer 284.7 Polymer 1712.2
286.4 -C-O-groups
288.8 Carboxylicgroups
3 100.5 Si carbide 283.4 Carbide 1714.1  Si; 0C1.9500.70 57
102.1 Si polymer 284.8 Polymerandhydrocarbons  1712.7
4 100.6 Si carbide 282.7 Carbide 1714.2  Si; C1.30065
103.5 Si oxide 285.0 Hydrocarboncontamination 82
286.3 -C-O-groups
289.1 Carboxylicgroups

aThesamplesvereobtainedasfollows: (1) depositiorat ambienttemperature(2) depositionat 120°C; (3) ion sputteringof sample
2 usingAr ionswith energy5keV (I =20pA, t=5min); (4) silicon carbide(Aldrich).

mentsandstoichiometryof the superficiallayersof
the samplesunderstudy,are summarizedn Table
1. The Si(2p) spectraof the depositgFig. 5) reveal
the presenceof two componentswvhich are more
clearly seenin the Si(KL,3L»3) spectra(Fig. 6).
They are consistentwith presenceof the two
different chemical states of Si, namely silicon
carbideandsilicon, in the Si/C/H polymer. (With
an authenticSiC samplepeakat 103.5eV comes
from silicon oxides,presenbnthe samplesurface.)
The value of the Auger parameter obtained,

INTENSITY (arb.units)

| I L L | I L |

280 285 290
BINDING ENERGY (eV)

Figure 7 Fitted photoelectronspectraof C(1s) electrons.
Definitionsasin Fig. 5.
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1714.45t 0.35eV, is characteristic of silicon

carbide®*33 The carbidic C(1s) component(Fig.

7) in the depositsis shiftedby 0.7eV to a higher

binding energy, compared with the authentic
sample of SIiC. In analogy with some other

carbonaceoumaterialgseee.g.Ref>%), weexplain

this shift as a consequenceof the amorphous
structureof the deposits.lt follows from compar-
ison of the resultsobtainedwith samples2 and 3

that adsorptionof gaseougproductsand precursor
on the surfaceof the depositis very likely. After

removalof thesamplefrom thereactor someof the

adsorbedspeciescan react further with ambient
atmosphereThe surface speciesformed by the

aboveprocessesanberemovedoy mild argon-ion
sputtering.

We note that incorporationof oxygeninto the
superficial layers of the IR laser-depositedilms
upontheir exposureo theatmospherés acommon
phenomenorgsee,e.g.,Refs6, 12 and15) andcan
be attributedto residualreactivity of solid agglom-
eratesdueto someSi= C bondcontent.

SEM imagesof the deposits(Fig. 8) showthat
thedepositshavea particulatestructureandconsist
of agglomeratesvhosesize is largerthan 10 um.
The larger magnificationin Fig. 8(a) revealsthat
these agglomeratesare bonded together, which
suggestshat the particles show some degreeof
reactivity and react, after deposition on the
substrate,to increasetheir size. Although it is
difficult to be specificat presentwe judgethatthe
reactiongnvolvedareinsertionof silylenesinto the
Si—-H bonds and polymerizationon C=C and
Si=C bonds.

The films obtained in this work differ in

Appl. OrganometalChem.12, 427-433(1998)
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10 pm
Figure 8 SEM of the film depositedon substratekept at
ambienttemperature.

compositionfrom the otherspreparedirom single
precursorshy laser-inducedCVD. The deposition
of pure silicon carbideby IR laser heatingof a
suitableprecursoiin the gasphaseon a substrateat
ambient temperatureis, in principle, a very
intriguing technique.However, much effort de-
voted to that objective has not been completely
successful. Our studies have shown that the
interaction of some organosilanes(silacyclobu-
tane® 1,3-disilacyclobtane® 2-chloroethenylsi-
lane") with unfocused(low-flux) pulsedIR laser
radiation yields Si/C/H phaseswhich are mainly

polycarbosilanesand in which silicon carbideis

only a minor constituent. On the other hand,
focused(high-flux) laserradiationinteractingwith

thesamecompoundsaffordsmostlysilicon carbide
alongwith a minor portion of polycarbosilane§:*®

Focused radiation interacting with tetravinylsi-
lane”® and 1,4—disilabutanbzq affords materials
composeadf elementakiliconandpolycarbosilane,

© 1998JohnWiley & Sons,Ltd.

and SiC, polycarbosilaneand Si, respectively The
sametype of radiation absorbedin 2-propenylsi-
lane'’ "yields phasescomposedof SiC (major
constituent)and polycarbosilane.The most effi-

cient (note—explosive)formation of SiC takes
place upon focusedirradiation of ethynylsilane’

We remarkthat SiC wasalso producedasa major
constituentby IRMPD of tetramethylsilané? In

contrast,UV laser photolysisof mono-organylsi-
lanesresultsin depositionof almost exclusively
saturategolycarbosilane$:*®

CONCLUSION

TEA CGO; laser-inducediecompositiorof DVS is
an efficientmethodfor depositingthin layersof Si/
C/H phasesvhich arecomposedf silicon carbide
(major constituent) and polycarbosilane(minor
constituent).It can be inferred that the important
decomposition pathways involved in the DVS
decompositiorare extrusionof etheneandethyne.
The superficiallayersof the depositectoatingsare
sensitiveto air andthey incorporateoxygen.
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