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Evaluation of the simultaneous use of
Cp>VMe, and CpTiCIl,N(SiMe3), as precursors
to ceramic thin films containing titanium and
vanadium: Towards titanium-vanadium

carbonitride
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Ceramic thin films containing titanium, vana-
dium, carbon, oxygen and nitrogen were ob-
tained on steel substrates at 873K, under
nitrogen and helium gases and at low pressure,
by chemical vapor deposition (CVD) from two
organometallic precursors, CpTiCbN(SiMe3),
and Cp,VMe, (Cp, cyclopentadienyl). Indepen-
dent TG-DTA-MS and CVD studies of the two
precursors showed their ability to co-decompose
within compatible temperature and pressure
domains. The mechanism of the reactions
occurring inside the CVD apparatus was also
approached by GC-MS and NMR analyses of
the condensed decomposition products. CVD
conducted under He gas confirmed that the
formation of nitride resulted from the nitrogen
atoms of the precursor, but the nitrogen content
in the films remained lower than approx. 5%.
Higher nitrogen contents (up to 12%) were only
obtained when using ammonia as a carrier gas.
Both precursors being air- and moisture-sensi-
tive, high-purity CVD equipment was used to
reduce oxycarbide formation. © 1998 John
Wiley & Sons, Ltd.
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1 INTRODUCTION

The need for alternative low-energy processes in
materials production has led to th€himie douce
concept: involving the use of molecular precursors
from which materials could be prepared at much
lower temperature than those for conventional
solid-state chemistry methods. Thus, Sol-gel and
metal-organic  chemical vapor  deposition
(MOCVD) techniques have gained increasing
interest for the preparation of thin films of metals,
semiconductors and ceramics (see, for example,
Refs 2-4).

In the case of the preparation of ceramic thin
films, molecular precursors are often selected on
the basis of predicted mechanisms; in some cases,
these may be inferred from thermal decomposition
analyses, checked by chemical analysis of the
decomposition products evolving during the CVD
process, and finally confirmed by characterization
of the expected films.

We have been interested in the design and study
of ‘single-source’ precursors to titanium and
vanadium carbide and nitride ceramic thin filfns.
For example, vanadocehand (GH4CMe;),V®
have been used in the chemical vapor deposition of
vanadium carbide, and V(NBL® and CEVN(t-
Bu)' for the preparation of vanadium carbonitride.
Likewise, Hoffmann and co-workers have shown
that titanium and vanadium nitrides may be
obtained from Ti(NMe), and V(NMe),***? in
the presence of ammonia, and Wintet al.
successfully used TiGINHs), to prepare titanium
nitride films X3 Titanium and vanadium carbide and
nitride are known to exhibit outstanding thermal,
mechanical, chemical and conductive properties, as
encountered in many ceramic materials> Their
good abrasion resistance and low friction also make
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them attractive for protective-coating applica-
tions!®~*® Moreover, as they crystallize in the

sameface-centeredubic (fcc) systemwith closely
similar parametersthey can form solid solutions
over a wide range of compositions® Such
titanium—vanadium carbonitride ceramics could

possiblyexhibitimprovedhardnessomparedwvith

thoseof the correspondindpinary phasesandthey
could be usedfor protectivecoatingof steel.With

thisin mind, we haveextendedur previousstudies
to the preparatiorof ceramicthin films of titanium—
vanadiuncarbonitrideby simultaneouslyisingtwo

precursors containing titanium and vanadium,
respectively.Among the numerouspossible pre-

cursor candidate§;**2°%> we have selected
CpTiClLN(SiMes), andCp,VMe, (Cp, cyclopenta-
dienyl). We report here on the thermoanalytical,
mass-spectrometrand CVD studies of each of

thesecompoundsWe will also describethe co-

decompositiorof both of thesecompoundsisinga

‘two-precursor'CVD procesdor the preparatiorof

ceramicthin films containingtitanium and vana-
dium, carbon,nitrogenandoxygen.

2 RESULTS AND DISCUSSION

2.1 CpTiCl,N(SiMes),
In a previous paper, we have describe@ the

synthesisof CpTiClL,N(SiMey),, its thermoanaly-
tical study (dynamicmode)andthe CVD prepara-
tion of TICN thin films at 873K using this

precursormolecule. Coupled MS analysisof TG

(thermo-gravimetry) decomposition products
indicated the formation of Me;SiCl and CpH as
the major components,and small amounts of

(MesSi),NH correspondingo Ti—N bondcleavage.
The small nitrogen contentof the films obtained
under CVD conditions (873K) was attributedto

this Ti-N bond cleavage,and the deposition of

excescarbonwas attributedto the decomposition
of the Cp groups>?

A further evaluationof the utility of CpTiCLN
(SiMe3)» as one of the two precursorsneededfor
theMOCVD preparatiorof quaternaryliVCN thin
films was obtained from additional MS studies
and TG-DTA-MS (thermo-gravimetry/differendil
thermal analysis/massSpectrometry)analysesin
isothermalmode,and by varying the CVD condi-
tions (temperaturepressurecarriergas).

The massspectrumof the CpTiCLN(SiMey),
molecule (Fig. 1) showedthe parentpeak (m/z=
343)with anisotopicpatternidenticalto the calcu-
lated one. The major fragmentationpeaks have
beenassignedas shownin Schemel, after simu-
lation of theisotopicdistributionfor eachproposed
formula. The observation of Me;SINHSIMe,™
(m/z=146) and CpTi"™ (m/z=113) fragments
confirmsTi—N bond cleavage Cl- and Si-contain-
ing fragmentswere also observedin the mass

180 1:118
5% 1
SBZ T ?3 188 r
s, 43 57 13 146 i
' 85 l
..|1.“l. . .!n].h Il.\il. 1 Ll lJ.Ll_ug...nh.l..‘.... .ll i 1?5‘ 167 lﬂ.33 192
188, 38 8d 138 ' 189
| <8
757 1 328 |
262 !
58« 4 1343 -
257. 4 2?8 313 E i
228 246 “ I .
200”8 2 M0 ) M2 Ll s
2na 25R jba 358

Figure 1 El massspectrumof CpTiClL,N(SiMes),.
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spectra.The MS fragmentatiorpatternmay give a
gualitativeindicationof the relative strengthof the
bondswhichmaybeusedfor predictingthethermal
behaviorof a molecule-basegrecursorHowever,
the energiesinvolved in both processeqa few
electronvoltsfor thermal decompositionj.e. 10°
fold weakerthanfor ionisation)are very different,
so that molecular fragmentationunder electron
impact may not resemblein all casesthe radical
pathwaysof thermal decompositionlt should be
noted,however thatin the presentcasethe results
of MS analysisof CpTiClLN(SiMes), seemcon-
sistentwith the TG—-MS data.

In orderto examinethe natureof the gasphase
transportedn the CVD reactor,CpTiClLN(SiMes)»
sampleswere heatedunder nitrogen at constant
temperatureandtheir weightlosseswererecorded
asa function of time (isothermalmode;Fig. 2). At
393K, theweightlossvariedslowly with time and
the constantvaporizationrate confirmeda zero-
order kinetic processconsistentwith the pure
sublimation of the compound. At 493K, the
formationof aresidueindicatedthe decomposition
of the molecule.SimultaneousMS analysisof the
gas phaseshowedthe formation of Me;SiCl and
CpH as major componentsTi—N bond cleavage
occurred, but only small amounts of resulting
(MesSi),NH were found. TG-DTA-MS analysis
underhelium showedidenticalresults.

CVD experimentsvererun usingthe CVD unit
equippedwith a primary pumpandby varying the
gas flow rate (3 and 71 h™%), the substratetem-

© 1998JohnWiley & Sons,Ltd.

perature(from 623 to 873K) and the pressureg(5
and20Torr). Depositsvereobtainedon siliconand
steelsubstratesindanalyzedby SEM—EDS(scan-
ning electronmicroscopy—energylispersivespec-
troscopy) and XPS (x-ray photo-electron
spectroscopy)(Table 1). All depositscontained
titanium, carbon, nitrogen and oxygen. (Oxygen
contaminatiorof thesefilms probablyresultsfrom
animperfectpurificationof the CVD unit whichis
only equippedwith aprimarypumpingsystemThe
oxygen content can be considerablyreducedby
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Figure 2 Thermogramof CpTiCl,N(SiMez), showing the
percentagaveightlossasafunctionof timefor two temperature
levels.N, carriergas(11 h™™).
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Table 1 SelectedCVD conditionsfor CpTiCI,N(SiMe;s), andcorrespondinginalysisof the deposits

Depositcomposition from XPS* (at%)

Massof Pressure Nitrogenflow Substrate Substrate

precursormag) (Torr) rate(l h™%) temperaturgK) type Ti C N (0] Si Cl
365 5and20 7 623 Si, steel 28 23 7 40 1 1
380 5 7 773 Si, steel 22 25 5 47 5 —
600 20 3 873 Si 22 18 1 50 8 0.5

& Semi-quantitativeesults.

using a CVD unit equippedwith a high-vacuum
diffusion pump, aswill be shownin Section2.6).
XPS showed that the titanium was presentas
carbide, nitride and oxide. Carbon appearedas
carbide and graphite, at all temperaturesSilicon
and chlorine contaminationwas low (closeto the
detectionlimit) at low temperaturg(623K). The
fortunately low chlorine contentis important in
evaluatingthe feasibility of this precursorasit is
known that residual Cl affects the crystallinity,
microhardnessand adhesionstrengthof titanium
carbonitride?® At 873K, a significantincreasein
the silicon contentwasaccompaniedby a decrease
in the nitrogen content. The variation of the
pressurendgasflow rateinfluencedthe thickness
of the deposits essentially: an increasein the

pressurgto 20 Torr) anda decreasén the gasflow
rate(to 31 h™?) resultedin the formationof thicker
deposits.

2.2 Cp,VMe,

TheMS spectrunof Cp, VMe, is shownon Fig. 3.
The fragmentation peaks have been assigned
following Scheme2. The fragmentatioris initiated
by the loss of the two methyl groups.The pattern
obtainedat lower massescorrespondgo that of
CpV.%" The peakat m/z= 80 may be assignedo
theformationof CpMe andthe oneat m/z=130to
the occurrenceof CpV=CH, species.
Thethermoanalyticastudyof Cp,VMe, wasrun
in the dynamic mode under nitrogen and helium
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Figure 3 EI massspectrumof Cp,VMe,.
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Figure 4 Thermogramof Cp,VMe, showingthe percentage
weightloss(left) andthe DTA signals(right). (a) N, carriergas

(11 h™* and 10K min~* temperaturgamp. (b) He carriergas
(11h Y and10K min~* tempeatureramp.

© 1998JohnWiley & Sons,Ltd.

(Fig. 4). With both gasesthe weightlossoccurred
in one major step (weight loss 88%/N, and 83%/
He) followed by a smallerone (ca 4% with both
gases).The decompositionemperaturelomainis
narrower under helium than under nitrogen. The
DTA curvesexhibit threethermal events:melting
at 353K, exothermic reaction at 413K/N, and
403K/He, and endothermicreactionat 433K/N,,
and 423K/He. SimultaneousMS analysisof the
decomposition gases was run at atmospheric
pressuraindernitrogen.Of particularinterestwas
the detectionof CpMe (m/z=80) and CsHsMe»
(m/z=94) speciesasmajor component®f the gas
phase. This result is consistentwith pyrolysis
studies of other Cp,MMe, compounds(M =Ti,
Zr), where substituted cyclopentadienylspecies
resultingfrom themigrationof themethzylgroupsto
the Cp rings have been observed®?® Methane
(m/z=16) and CpH (m/z= 66) were also detected,
along with CsHz (m/z=39) produced by the
fragmentationof the Cp group. The variation of
the peakintensitieswith temperatureor the main
detectedspeciesis reportedin Fig. 5. The exo-
thermic peak obviously correspondedto the
formation of methaneand CpMe species. The
low-temperatureendothermicpeak was attributed
to both melting (the reversibility of the DTA peak
was checked; Fig. 6 and decompositionof the
molecule(CpH wasdetectedat this sametempera-
ture). At higher temperatures|oss of CpH con-
tinuedin two stagesthe first correspondedo the
high-temperaturdecompositionendothermigpeak
andthesecondo thelast4% weightlossin the TG
curve.Underhelium the decompositiorprocesof

Appl. OrganometalChem.12, 173-187(1998)
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Figure 5 Thermogranof Cp,VMe, showingthe DTA signals(left) andthe abundance®f MS detectedspeciegright). N, carrier

gas(11 h™Y) and20K min~! temperatureamp.
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Figure 7 Thermogranof Cp,VMe, showingthe DTA signals(left) andthe abundancef MS detectedspecieqright). He carrier

gas(11h™%) and10K min~! tempeatureramp.

Cp.VMe, was similar to that observed under
nitrogen and the sameproductswere detectedin
the gas phase:thermally activatedrearrangement
reactionsoccurred,and led to the formation of
CpMe and CsH Mes (Fig. 7).

CVD experimentshave beenconducted,using
the CVD unit equippedwith aprimary pump,under
nitrogen (3 and 71h %), and by varying the
substratéemperaturé573—-873K) andthe pressure
(2-5Torr). SelectedCVD conditionsare gathered
in Table 2. At 573K, decompositiondoes not
occur:the precursorrecrystallizeson the cold part
of the reactor beyond the substratesMoreover,
decompositioroccursfrom 623K to 873K but no

depositis formed between673 and 823K. This
indicates that the kinetics of formation of the
deposit varies as a function of the substrate
temperatureThis featurewas previouslyobserved
in the caseof the study of Cp,V asa precursorto
vanadium carbidé® and was explained by the
depositionof a different type of coating, mainly
oxide at low temperaturan contrastto carbideat
high temperatureSEM observatiorof the deposits
showsa nodularsurfaceat 623K anda smoother
one at 873K. The film thickness,measuredon
cross-sectionsyas higherat 623K thanat 873K
(2.5and1.5um, respectively) EDS analysesndi-
catedthepresencef vanadiumgcarbonandoxygen

Table 2 SelectedCVD conditionsfor Cp,VMe, andcorrespondinginalysisof the deposits

Depositcompositionfrom
0,
Massof Nitrogenflow Substrate XPS' (at%)
precursorimg) PressurdTorr) rate(l h™3) temperaturéK) Substratdype \% C (0]
700 5 7 623 Steel 38 20 42
1500 4 7 873 Steel 35 31 34
1500 2 3 873 Steel 35 31 34

& Semi-quantitativeresults.
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Figure 8 XPS analysis of the deposits obtained from
CmVMe, showing the presenceof vanadiumcarbide (a) at
623K and(b) at 873K.

(cf. section2.1) at 623 and 873K. XPS analyses
confirmedtheseresults. The atomic compositions
of thedepositsaarereportedin Table2. An increase
in the amountof carbonwas observedwith in-

creasingtemperature As a consequencethe V/C

ratio at 873K washalf of thatat 623K. Brown and
Maya®* have studied Cp-containing vanadium
carbide precursors and attributed the larger
amounts of carbon obtained at 873K to the
dehydrogenatiorof the Cp groupsthat resulted,
after the openingof the ring, in the formation of

lower-molecular-masspeciesthat reactedat the
substratesurface.Moreover,the films did contain
vanadiumcarbide,as provedby the XPS spectrum
(513.4eV componenbf theV 2ps,» peak)shownin

Fig. 8(a) for a substratdemperaturef 623K. The
othertwo componentsf theV 2ps/, sighalat515.4
and517.4eV correspondo vanadiumoxycarbide
andoxide3?73* At 823K the XPS spectrumof the
film shows similar features,confirming the pre-
senceof vanadiumcarbideat this temperaturgFig.

8b).

2.3 CVD using CpTiCI,N(SiMe5),
and Cp>VMe, simultaneously

Fromthe independenstudy of CpTiCLN(SiMes),
and Cp,VMe, describedabove,the set of CVD
conditionsthat may allow theseprecursorgo co-
decomposeand form ceramicscontaining vana-
diumandtitaniumappearedo bethefollowing: the
substrateaemperatureshouldbe setat either623 or
873K (but not in between)the pressureat 5 Torr,
andthe nitrogenflow rateat 71 h~*. Surprisingly,
the initial experiments conducted using these
conditions did not lead to the incorporation of
vanadiumin the films (Table 3, experimentsl, 4
and 7). In subsequenéxperimentsundernitrogen
andheliumthe pressureandgasflow ratehadto be
adjustedin order to solve this problem. Simulta-
neous decompositionof the precursorsoccurred

Table 3 Conditionsof co-decompositiof CpTiClL,N(SiMes), andCp,VMe, and correspondingnalysisof the deposits

Massof Carriergas
precursors flow rate .

, : Substrate (mg) (1h ™Y Deposit  pepositcompositionfrom XPS (at%)
Experiment Carrier Substrate tempeature Pressure —————~—— thickness
no. gas type (K) [rii2 v (Torr) [Ti]® [V]? (um) \Y Ti C N 0
1 N> Si, steel 623 390 370 6 7 7 (Ti, C,0,no V)¢
2 N2 Si 623 350 300 50 25 25 1 19 12 18 0 49
3 N> Steel 623 350 300 50 25 25 1 11 20 20 0 49
4 N> Si 873 390 370 5 75 7 (Ti, C,0,noV)°©
5 N> Si 873 300 300 50 3 25 1 18 7 48 5 20
6 He Steel 623 130 120 7 2 2 <1 15 17 11 0 56
7 He Si, steel 873 420 300 6 25 25 (Ti, C,0,noV)°
8 He Steel 873 320 230 8 2 2 1 11 16 15 3 54

2[Ti], CpTiCLN(SiMes); [V], CpVMes.
Semi-quantitativeesults.
¢ EDSresults.

© 1998JohnWiley & Sons,Ltd.
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underthe conditionslisted in Table3, experiments
2, 3,5, 6 and8. From EDS and XPS analysesof

these depositsformed on silicon and steel sub-

stratesthe following generalobservationsnay be

noted.

(1) Titanium and vanadiumare alwayspresentin
the deposits.

(2) At 873K andundernitrogen,anincreaseof the
pressuraup to 50 Torr is necessaryo observe
all four elementsin the deposits(Table 3,
experiment5). However,at the samepressure
butatalowertemperaturef 623K, nitrogenis
missing(Table 3, experiment and 3).

(3) At 873K, incorporation of nitrogen is also
observedinderhelium(Table3, experimenB).
In this case,the nitrogenatomsof the deposit
only originatefrom the titanium precursorOn
theotherhand,whenthe carriergasis nitrogen,
the presenceof nitrogenin the films may also
result from the dissociation of N, which
conceivablycould be catalyzedn the presence
of transition-metacomplexes.

(4) Chlorine is not detectedin the films. Silicon
doesnot appearsystematicallyandits amount
is alwayslower than2%.

(5) The SEM observation®f the deposits(Fig. 9)
showa homogeneouandgranularsurfacewith
larger grain sizes under helium than under
nitrogen.

(6) XRD studiesshow that the depositsare only
partially crystallizedat bothtemperaturegFig.
10). No accurateassignmenbdf the few weak
peaksobservedcould be madeby comparison
with known titanium and vanadium carbide,
nitride or oxide phases.

(7) In all casesthefilm thicknesswvasestimatecht
approx.1pum.

2.4 Atmospheric-pressure
experiments

The potential of Cp,TiClI,N(SiMe3), and Cp,
VMe, to undergoco-decompositioo TiVCN thin
films was further checkedby carrying out CVD
experimentainderhelium at atmospherigressure,
at623and873K. In suchconditionsa 15| h~* gas
flow rate (7.5 h™* for eachprecursor)and higher
vaporizationtemperaturegsee Section 3.3) were
necessaryto drive both precursorsthrough the
reactor.EDS analysisof the depositsshowedthe
presencef titanium,vanadiumgcarbonandoxygen
(Table4, experiment? and4). XPSdataconfirmed
the deposition of the three elementsvanadium,

© 1998JohnWiley & Sons,Ltd.

titanium and carbonbut showedthat nitrogenwas
not present. Contamination of the deposits by
silicon was observedat atmospherigpressureand
for both substratéemperatures4% and1% at 873
and623K, respectivelylt may haveresultedfrom
an early fragmentationof the MesSi groupsof the
titaniumprecursorwhichwasvaporizedatahigher
temperatureat atmospherigressurahanit wasat
low pressure.

2.5 Analyses of decomposition
products

The decomposition products condensedin the

liquid-nitrogen trap during the ‘two-precursor’
CVD experimentsunder helium, and at low and

atmospheripressureweredissolvedn toluenefor

GC and GC-MS analysesand in toluene-g for

NMR studies (Table 4). MesSiCl, (MesSi),NH,

CpH andCpMe speciescould be identifiedby GC

analyseshroughtheadditionof internalreferences.
GC-MS studiesconfirmedtheseresultsand also

showedthe presenceof CsH;Me,. However, the

MesSiCl and (MesSi),NH componentswere not

observedn this case.n addition,productssuchas

MesSIiOH and (MesSi),O resulting from the

hydrolysis of MesSi radicalswere detected[base
peaks [Me,SiOH]" (m/z=75) and

[MesSiOSiMe] " (m/z= 147)]. Thiswasalsonoted
in the TG-MS analysisof CpTiCLN(SiMe;),.%?

Proton NMR spectrashowedthe typical signals
correspondingo protonson MesSi, MeCp, andCp.

It shouldbe notedthat the volatile CVD products
wereidenticalto thosedetectedoy TG-MS studies
of separateprecursorsThey also containedother
compoundghat could not be identified. From the

comparisonof the identified specieswith those
analyzedafter independeniCVD from CpTiCILN

(SiMe3), and from Cp,VMe,, it seemsthat the

precursorgio not interferein the gasphasebefore
undergoingdfilm formationat the substratesurface.
Thenatureof thevolatile productsdoesnot seento

differ with CVD temperatureand pressurecondi-

tions.

2.6 ’‘Two-precursor’ CVD using the
unit equipped with a high-vacuum
diffusion pump and NH; as reactive
gas

At this point, it may be statedthat (i) oxygen
contentin the depositds sohigh thatthefilms may
be just titanium—vanadiumoxycarbides,and (ii)

thatthe nitrogencontentis muchtoo low for stating

Appl. OrganometalChem.12, 173-187(1998)
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Figure 9 SEM of the depositsobtainedfrom CpTiCI,N(SiMes), and Cp,VMe,. Substrateemperature873K. N, (top) andHe

(bottom)carriergas.

that titanium—vanadiumcarbonitride films have
been obtained. Additional experimentsusing a
CVD unit equippedwith a high-vacuumdiffusion
pump and with helium as carrier gas showedthat
the oxygencontentwasconsiderablyreducedrom
40% downto lessthan 7% (Fig. 11). The nitrogen
contentwas noticeablyincreasedfrom 3% up to
12% when NH3; was addedto the reactive gas
mixture (Table5, experiment® and3). Along with
thedecreasén the oxygencontentdownto 7%, the

© 1998JohnWiley & Sons,Ltd.

carbon contentsof thesefilms were correspond-
ingly higherthanthoseobtainedby usingthe other
CVD systemequippedonly with a primary pump.
XPSanalysis(Fig. 12) showedthatthe carbonwas
presentasboth carbide(10%) and graphite(46%).
The addition of hydrogen to the reactive gas
mixture might be effectivein reducingthe graphite
content.It shouldbe pointedout that the deposits
then containedequal amountsof titanium, vana-
dium, carbonas carbideand nitrogen,i.e. approx.

Appl. OrganometalChem.12, 173-187(1998)
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Figure 10 XRD pattern(main lines) of a depositobtained
from the co-decomposition of CpTiClLN(SiMes), and
CpVMe,. @ Line dueto the substrate.
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45

10%. As shownon Fig. 13 homogeneousleposits
1 umthick wereobtained XRD studiesshowedhat
they werenot crystallized.

3 EXPERIMENTAL

3.1 General procedures

All manipulations were carried out by using
standard Schlenk and dry-box techniquesunder
argon. Solvents were dried and distilled over
sodium benzophenoneketyl. CpTiClLN(SiMejs),
and Cp,VMe, were prepared via previously
reported methods’>*®> CpTiClLN(SiMes), was
purified by recrystallization from hexané® and
Cp.VMe, was sublimed. After purification, the
compoundswere storedin sealedampulesunder
argon.

3.2 Analytical techniques

GaschromatographyGC) datawererecordedon a
Intersmat GC-121-DFL chromatograph (10%
SE30/Chromosorb/DAW 80/100/1.5m column)
and GC-MS dataon a DELSI DI 200 chromato-
graph(capillary Supelco/3Gm column)coupledto
a NermagModel R10-10HEI massspectrometer.
Standardmassspectrometry(MS) analyseswere
conducteddirectly on the samespectrometer’H
NMR wererecordedn toluene-g onaBrukerWM
200 or WM 250 spectrometerScanningelectron
microscopy (SEM) observationsof the deposits
were performed on a JEOL JMS 840A unit

Table 4 CVD underheliumfrom CpTiCLN(SiMes), and CPZVMez at atmospheri@andlow pressureanalysisof the depositshy
EDSandXPSandof the exhausigaseshy GC, GC-MSand"H NMR

CVD conditions

EDS: XPS: GC: "H NMR in
Experiment Temperature Pressure Atoms Atoms Detected toluene-g¢ GC-MS:
no. (K) (Torr) found found species (6 ppm) Detectedspecieqn/z)
1 623 9 Ti Ti CpH MesSi CpH (66)
\Y, \Y CpMe MeCp (2.12) [Me,SIOHT" (75)
Cc C Me;SiCl CpMe (80)
o o] HN(SiMejs), CsHiMe, (94)
[MesSiOSiMe)] ™ (147)
2 623 Patm Ti Ti CpH — CpH (66)
\Y; \Y CpMe [Me,SIOHT" (75)
C C Me;SiCl CpMe (80)
Si Si CsHsMe, (94)
Cl [MesSiOSiMe)] ™ (147)
o o]
3 873 9 Ti Ti CpH MesSi CpH (66)
\Y; \Y CpMe CpH (6.05) [Me,SIOH]* (75)
C C MesSiCl CpMe (80)
N [MesSiOSiMe)] ™ (147)
o o]
4 873 Patm Ti Ti CpH MesSi CpH (66)
\Y; \Y CpMe MeCp (2.12) [MesSiOSiMe] " (147)
C C MesSiCl
Si Si
o o]

© 1998JohnWiley & Sons,Ltd.
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Figure 11 XPS of the depositsobtainedfrom the co-decompositiorof CpTiCl,N(SiMes), and Cp,VMe,. Primary pumping
conditions(uppertrace),after purification of the CVD apparatusvith a secondarypumpingsystem(lower trace).

equippedwith an energy-disperse spectrometry
(EDS) analyser.The voltageacceleratiorwaskept
constan{15kV) in all analysesElementalanalysis
of the depositswas determinedby X-ray photo-
electronspectroscopyXPS) usinga VG Escalab
Model MK2 (MgKea radiation, 1253.3eV) after
sputteringthe surfacewith anAr™* ion beam.Semi-
guantitativeresultswere obtainedusing standards
andsensitivityfactorstakenfrom Scofieldtables>®
Electron microprobeanalyses(EPMA) were per-
formed on a CamecaSX-50 apparatusequipped

with three wavelength-dispersivespectrometers
(WDS). Thermal analysesincluding thermogravi-
metry (TG) anddifferentialthermalanalysigDTA)
were carried out using a SetaramTG-DTA 92
systemcoupledto a Leybold—HeraeuQX 2000
guadrupolarmassspectromete(QMS) through a
capillary that let the gasphasecontinuouslyenter
the analysis chamber. Thermal studies were
performedin dynamic mode and in isothermal
mode by following previously reported proce-
dures®®

Table 5 Conditionsof co-decompositiornf CpTiClLN(SiMes), andCp,VMes in high-purity CVD equipmentandcorresponding

analysisof the deposits.

Massof Carriergasflow )
, ) _ Substrate precursordmg) rate(1h~Y)  Reactivegas pepositcompositionfrom XPS (at%)
Experiment Carrier Reactive temperatte ———————— Pressure ———————  flow rate
no. gas gas (K) ks V12 (Torr) [Ti]® \%hs @anh? \Y Ti C N (@)
1 He — 873 545 330 10 2 2 — (No O detected)
2 He NH3 873 700 420 10 2 2 3 10 10 56 12 7
3 He NH3 873 660 350 15 3 3 3 10 10 56 12 7

2[Ti], CpTiCLN(SiMes); [V], CpVMes.
Semi-quantitativeesults.
¢ EDSresults.
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Figure 12 XPSanalysigcarbonregion)of a depositobtained
from CpTiCl,N(SiMes), andCp,VMe,. Substratdemperature:
873K. He carriergas,NH; reactivegas.

S

D

Figure 13 SEM of the cross-sectiorof a depositobtained
from CpTiClL,N(SiMes), andCp,VMe,. Substratdemperature:
873K. Hecarriergas,NHz reactivegas.S, substrateD, deposit.

— lpm

Reactive
Gas

3.3 Chemical vapor deposition
(CVD)

Thedepositionof thin films wascarriedoutin three
hot-wall CVD units differing by the precursor
driving systemor the pumpingunit.

Thefirstunit hasbeenpreviouslydescribed®and
was used for the independentCVD study of
CpTiCl,N(SiMes), andCp,VMe,. Thesecondunit,
used for the two-precursorexperiments differed
from the former by the precursor-drivingsystems
which consisted of two identical linear-type
saturators heated with heating tapes wrapped
aroundthe tube (Fig. 14). The temperaturesf the
precursorsveremeasuredvith K-type thermocou-
ples. In both setsof equipment, ASM massflow
meterswereusedto controlthe gasflow rates.The
precursors were heated at their vaporization
temperaturesgeterminedby preliminary TG and
DTA analyseqvide infra) (Cp, VMe,, 80°C/low
pressure 100°C/atmospherigressure,CpTiCLN
(SiMe3),, 125°C/low pressurel50°C/atmospheric
pressure)Thesefirst two setsof egwpmentwere
connectedo a high-flow-rate(12m® h™*) primary
pump (EdwardsE2M12). The poor efficiency of
this pumping systemin purging the CVD reactor
beforethe experimentied us to useanotherunit.

This third unit was equped with U-type
saturatorsnda high-vacuum(10~° Torr) diffusion
pump.Electronic-gradéheliumwasusedascarrier
gas.Beforethe experimentwasstarted the reactor
andthelinesbetweenthe saturator@ndthe reactor
were heatedat 423K and 373K, respectively for
12h at 10 ® Torr. NH3 was addedto the gasflow
betweenthe saturatorandthe reactor.

Thesaturatorsvereloadedinsideanargon-filled
dry box in orderto prevent,as much as possible,

Substrates

‘ Furnace /I

< ]

|

Precursor

. Furnace
Containers

Temperature

to pump

Line |
Temp. 1 ligN,

Gas
Flow 1

Line
Temp. 2

Gas
Flow 2

Pressure
Controller

)
|

Figure 14
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oxygen and water contamination. Si(100) and
35CD4 steel substrateswere located in the
constant-temperatureone of the furnace of the
units. They were pretreatedas follows: Silicon
substrateswere cleanedin H,SOy/H,0, (1:4),
rinsedin distilled water anddried; steelsubstrates
were mechanicallypolished using abrasivepaper
(grade 600—4000)and diamond paste,and soni-
catedin anethanolbath.

The film thickness was estimated either by
measuringthe cross-sectior(silicon substrate)or
by comparingthe film (Ti, V)/steel substrate(Fe)
EDS signals. In most cases,the thicknesswas
approx.1pm.

As (i) the depositswere very thin, (i) the
precursormasswas not constant(350-1500mg),
(iii) depositionoccurredin suchhot-wall reactors
on both the substrateand the reactorwalls, and
althoughthe durationof all experimentsvas kept
constantt 3 h, theactualdepositiontime could not
be determinednor the depositionrate.
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