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The purposeof this study was to evaluatethe impact of gas phasechemistryon recently reportedtwo step chemicalvapor
depositionprocessesfor epitaxialfl-SiC. Resultsarereportedfor equilibrium predictionsof speciesconcentrationsnearthesubstrate
surface and kinetic calculations to determineif theseequilibrium levels are obtained. These calculations indicate significant
differencesin thelevelsof hydrocarbonspeciesaswell asspeciescontainingsilicon—carbonbonds for equilibrium versuskinetically
limited situations.This result combinedwith availabledata on the surfacechemistryof theaffectedspeciesprovidesconsiderable
insightinto thedepositionmechanism.

1. Introduction initial growth and the beginning of the crystal
growth periods [8]. Despite these changes, the

Motivated by outstandingelectricalandmecha- techniqueshouldstill be consideredas a two step
nical properties[1—3],chemicalvapor deposition processsince deposition during the temperature
(CVD) of P-SiC is currently the subject of re- rampis requiredto optimizethe quality of theSiC
newedinterest.One of the major reportedresults producedduring the subsequentconstanttemper-
hasbeenthe developmentof CVD processescapa- ature crystal growth period. A similar technique
ble of reproduciblygrowing high quality epitaxial which uses C2H4 rather than C3H8 has been
thin films of /3-SiC [4—7]. reported by Liaw and Davis [6]. They refer to

The depositionprocessoriginally describedby growth during the initial temperatureramp as
Nishino and coworkers [4] involved two distinct conversionof the Si surface.
steps:aninitial growthperiodfollowedby a crystal The SiC layersformed during the temperature
growth period. During the initial growth period, ramp or initial growth periodmediatethe transi-
the substratewas heatedfrom room temperature tion from theunderlyingSi latticeto the epitaxial
to 1673 K in less than 60 s, maintainedat this SiC deposit.Accordingto AddamianoandSprague
temperaturefor about 60 s, and then cooled to [7], this deposit is 10 to 20 layers thick and is
room temperatureall while flowing 0.03 mol% highly strainedwith a large numberof internal
C3H8 in H2 over the substrate.This wasfollowed surfaces.Noneof the studiesperformedto date,
by a crystalgrowth periodduring which the sub- however,have provided a clear picture of the
stratewas again rapidly heatedto 1673 K in a initial growth mechanismand how this mecha-
flow of 0.02 mol% SiH4 and0.02 mol% C3H8 in nism relates to subsequentcrystal growth. It is
H2. simply observedthat omitting the initial growth

Subsequentmodifications of the deposition stepresultsin poorquality SiC. It is interestingto
processhavesimplified the procedureand involve note that adding SiH4 to the reactivegasmixture
introducing the SiH4/C3H8 in H2 gas mixture during the initial temperatureramp apparently
during the initial temperatureramp and eliminat- does not alter the nature or function of the mi-
ing the temperaturecycling betweentheendof the tially depositedlayers.
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In thispaper,wepresenta modelinganalysisof CVD processes.As illustrated in fig. 1, reactant
gas phasechemicalprocesseswhich occur during gasesenterthe CVD reactorwith a flow velocity,
the initial andcrystalgrowth periods.Resultsare VFO, andat essentiallythe sametemperatureasthe
reported for equilibrium predictions of species uppercold wall (T~= 300 K). As the gas passes
concentrationsnear the substrate surface and over the hot substrate,TH, temperatureand con-
kinetic calculationsto determineif theselevels are centrationprofiles are establishedin theboundary
attained.Basedon theseresults,depositionspecies layer. Consequently,the gas is acceleratedto a•
(i.e., speciesavailable for reactionon the heated new flow velocity, UF, and acquiresa diffusional
substratesurface)for the initial andcrystalgrowth velocity, VD, towardthe substrate.Thediffusion is
periods are identified. The implications of our driven by concentrationgradientsin theboundary
finding that the levels of somebut not all deposi- layer and,when combinedwith the temperature
tion speciesare kinetically limited are discussed. gradient,, imposes a “diffusional temperature

ramp”, 7’D’ on the gas speciesas they diffuse to
the substrate.

2. Methodof ~ During the crystal growth period, 7”D alone
may be used to estabhshthe time—temperature
profile for gas species.The magnitudeof TD may

Gas phase equilibrium calculations over the be estimatedusing theequation
appropriatetemperaturerangewere usedto iden-
tify the potentially importantdepositionspecies. ~ = VD 8T/~Y‘
Then, one-dimensional chemical kinetic calcu-
lations were performedalong appropriatetime— where ~T/8Y is the temperaturegradient,and
temperatureprofiles to study theevolution of the for a given gasphasespecies,v D is definedby the
important gas phasespecies.In this section, the equation
basic inputs to the modeling analysesare de- —

scribed.Theseare the time—temperatureprofiles ~ = PV ID = pD (3M/aY),
andthe thermodynamicandkinetics databases.

whereJ is the flux, p is the massdensity, and D
is the diffusion coefficient for a given species.The

2.1. Time—temperatureprofiles quantity ~ is the mass density of the gas and

M = p/p is the massfraction of a given species.
The time—temperatureprofiles simulate the During the initial growth regime, the situation

temperaturechangesexperiencedby reactivegas is complicatedby the fact that the substratetem-
speciesas they diffuse to the surface and are peratureis rampedto 1673 K at a rate, TH,

9f
approximationsto a complete,coupled flow and approximately70 K s’. In this case, TH or TD
kinetics model. In deriving profiles appropriateto may separately or in combination define the
the two-step CVD process,it is helpful to first time—temperatureprofile for the gas phasere-
consider the physical situation encounteredin actants.To obtain additional insight on this point

300K

~L VF B~ ~ VF h///////////////////x 300K � TH � 1673K

Fig. 1. Schematicrepresentationof CVD reactorandprocessparameters.Theboundarylayer (B) andevolving temperature(T) and
concentration(C) profilesareindicatedasaretheforced(v F) anddiffusional(v D) flow velocities.



CD. StinespringJ.C. Wormhoudt/ Gasphasekineticsanalysis 483

and to calculate the time—temperatureprofiles, which should be used to initial crystal growth
specific assumptionsabout the temperatureand regimes.
concentrationprofiles must be made. As this study evolved, different concentration

We assumedthat the temperatureprofile was profiles were considered.The linearconcentration
fully developed(i.e., linear) for eachspecific value profile overestimatesT’D in the coolerregionsand
of the substratetemperature,TH, considereddur- underestimatesit in the hotter regions. To
ing the temperatureramp.Thus, I 0T/3Y I = (T~ eliminatethis difficulty, DID was calculatedusing
— Tc)/h. This approximationcan bejustified by concentrationprofiles similar to that illustrated in
consideringsome numerical estimates.The dis- fig. 1. Thesewere determinedusing a diffusion
tance required to fully develop the temperature codecombinedwith a equilibrium chemistrycode
profile (the thermal entrancelength) is given by [10]. This resultsin a more accuraterepresentation
[9] /= 0.04 h Re, where Re = v~ph/ncr T17 is of the problem, and the calculations obtained
the Reynoldsnumber.Here, ~ is the viscosityof using this approachwill form the basis of our
the gasat temperatureT. Thetimeperiodrequired subsequentdiscussions.It shouldbe noted,how-
to fully developedthe thermalboundarylayer is ever, that our basic conclusionsare the samefor

eitherchoiceof diffusion profiles.
T = l/vF = T

0(T0/T),
2.2. Thermodynamicdatabase

where ~ is the characteristictime at temperature
T0. For a H2 carrier gaswith VFO = 1 cm s’ and The tables of reaction mechanismsgiven in
h = 2.5 cm, the time requiredto fully developthe appendixA serve to indicate to chemical species
thermalboundarylayer is on the orderof 0.2 5 at consideredin this work. A numberof a simpler
300 K and 2 X 10_i s at 1673 K. From these moleculesinvolved in the calculationsare listed in
values, it may be seen that the time requiredto the JANAF ThermochemicalTables[11]. Datafor
fully developthe thermal boundarylayer is quite additional specieswere taken from Benson [12]
short comparedto the time in which the imposed and Stull et al. [13] up to the highesttemperature
temperatureramp changesTH significantly. This listed andthenextrapolatedto 1800K. For silicon
is especially true at higher temperatureswhere speciesincluding SiH2, SiH3, and Si2H6, heatof
significantgasphasechemistryis expectedto oc- formationvaluesweretakenfrom Walsh[14] with
cur, structuresand vibrational frequenciesobtained

Initially, a linearconcentrationprofile overthe from spectroscopicobservations.Recentmatrix
boundarylayer was considered.In this case, VD studiesby Hauge and co-workers[15] had corn-
wasgiven by pletely reassignedthe SiH2 bandandalso put the

D 3M 2D SiH3 assignmentsin doubt. However, thesenew
VD ~j -- ~ datastill result in vibrational frequenciesthat are

essentiallyequivalentfor a purposeof calculating
Here 6 is the thicknessof the fully developed thermodynamicproperties.On the other hand,
boundarylayer. Weassumed8 to beequalto h/2. replacingthe 59.3 kcal/mol SiH2 heatof forma-
Also, D = D0 (T/TO)173 wherewe took D0 as 0.37 tion usedherewith the 65 kcal/mol valuerecently
cm

2 ~i at 300 K for SiH
4 in H2. For these recommendedby Walsh[16] would result in SiH2

values,wefind VD — 12 cm s’, 13T/3Y I = 549.2 concentrationsathigh temperaturesabouta factor
K cm

1, and 1’D = 6590 K s~for TH = 1673 K of five lower than thosereportedhere, Si
3 con-

and h = 2.5 cm. Fromthis estimateit is clearthat centrationsa factor of morethan two higher, and
DID ~“ DH, and in defining the time-temperature small increasesin otherspecies.The 65 kcal/mol
profile, the diffusional rather than the imposed value is in turn lower than the 69 kcal/mol re-
substratetemperaturerampplacesthemostsevere cently measuredby Shin andBeauchamp[17] and
demandson the chemical kinetics. That is, DID the theoreticalvalueof 68.1 kcal/mol reportedby
rather than D~is the temperaturerate of change Ho et al. [18]. The latter paper,a usefulsourceof
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thermodynamicparametersfor SiH~species,ap- following the patternsseenin Si3H~and C3H~
pearedafter our calculationswere completed. A family tables.A few otherheatsof formation for
companionpaperon Si2H~radicals by the same carbon—silicon species have been measuredor
authors[19] was also not availableat the time of estimated.Theseincludevalues for SiC2H4 [24],
the work reportedhere; thus, more approximate SiC2H6 [25], SiC2H8 [12], and both Si2C2 and
estimationmethodswere used. The conclusions Si 2C3 [26]. Also, with SiH3CH3 [12] and SiC [11]
presentedhere,however,are not alteredby these being well known, it is possibleto fill in estimates
new data. for a numberof SiCHX species.However,noneof

In table3, Si2H4 andSiH3SiH refer to disilene theselatter silicon—carbonspeciesare important
and silylsilylene, respectively.The heatof forma- in themodel evenafter allowing for theuncertain-
tion for disileneis from Ring andco-workers[20], ties in their thermodynamicparameters.
the structureis a theoreticalprediction [21], and On the other hand, Si2C is predicted to be
vibrational frequenciesare estimatedby scaling important, anduse of a recent ab iitio calcula-
C2H4 values by the ratios of Si2H6 to C2H6 tion of its structure[27] and new matrix vibra-
frequencies.We expectedthe heat of formation tional frequencies [28] to construct a different
valuesof thetwo isomersto bewithin 10 kcal/mol thermodynamicmodel would result in predictions
of eachotherandso chosea valuefor silylsilylene of about twiceas much Si2C at high temperatures
basedon the assumptionthat LIH valuesfor H2 comparedto the JANAF model usedherewith no
removalfrom it and silaneare the same.Entropy changein theassumedheatof formation.Clearly,
and heatcapacityvalueswere assumedto be the uncertaintiesof this magnitudeexist for many of
samefor both isomers.For Si 2H~specieswhere the speciesconsideredhere, but our conclusions
parameterswere not available,the heatcapacity are unaffectedby factorof two changesin predic-
and entropyvalueswere estimatedby analogyto ted speciesconcentrations.
carbon compounds,using scaling factors from
known silicon parameters.For Si2H5, the heatof 2.3. Chemicalkinetic database
formation was taken from Walsh, while for the
otherspecies,the valuesestimatedby Schmitt [22] The reaction rate data basedivides naturally
wereadopted.An alternatemethodfor estimating into two areas: one for propanedecomposition
these parametersby analogy to carbon corn- which includescarbonspeciesonly andonewhich
poundsyieldsvaluessimilar to thosecalculatedin includes both silicon and organosilicon species
ref. [19]. If those values were used,Si2H2 and since they are often studiedtogether.The propane

Si2H4 rather than Si2H and Si2H3, as reported decompositionreactionsare takenfrom thepyrol-
here,would be the most importantSi2H~species. ysis modelingstudy of Edelson and Allara [29].

Information on larger compounds,although They performed a sensitivity analysis for their
even sparser,was adequatefor estimationas de- mechanism,andwe usedall of their reactionsthat
scribed above.Benson and co-workers[12] have receivedhigh ratings.Additional reactionswhich
considereda few silicon speciesincluding Si3H8. aremoreimportantin a dilutemixtureof C3H8 in
This estimatealong with the JANAF Si3 values H2 than in the pure C3H8 systemconsideredin
form two extreme caseswhich can be compared ref. [29] werealso included.
with their carbon analogs,after which the rela- A basic set of silane decompositionchemical
tionshipsobservedcanbeusedto scaleparameters kinetics was provided by the modeling study of
for other C3H~speciesto yield valuesfor Si3H~ Coltrin, Kee, and Miller [30]. We incorporated
molecules. Similarly, both experimental[20] and this set into our calculations.We did an analysis
calculated[23] heatsof formation as well as en- of the original experiments[31] on the initial
tropy andheatcapacityvaluesbasedon a correla- decompositionstepof SiH4 goingto SiH2 andH2
tion [23] areavailable for Si2CH8, and Si2C is a to provide a rate expressionwhich was better
JANAF listed species.Thus,onceagain, unknown adaptedto our conditions.At high temperatures,
Si2CH~speciesparameterscan be estimatedby the result from this fit was slightly fasterthanthe
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expressionof Coltrin et a!., so wecontinuedto use
their simpler form. Beyondthis reactionset,there 1 ci3 -

are only a few measuredor estimatedreaction — —. ‘—•—.—. — CH
4

ratesfor speciesin the depositionsystem,but they
coveredthe important types of reactionsand al- 1 -

lowed estimatesfor all needed reactions to be C2 H2

madeby analogy. Thesereactions include SiH2 -

insertioninto Si2H6 (originally studiedby Bowrey
andPurnell[32]), SiH2 insertioninto CH4 and H2 . / .‘~

elimination from the SiH3CH3 which is formed 0 106 - ,i ,... C2 114

[33], and SiH2 insertion into SiH3CH3 [20]. Re- o
cent work [34,35] which showed very fast SiH2 -

insertion into a number of substratesappeared ~1
after this study was completed, but these data U- -8 ‘1
would not affect the conclusionsreportedhere. 10 9,

0 .:, C2H6
—~ CH

~ C2H,~’ 2 3

3. Results of the calculations

3.1. Equilibrium concentrations 900 1100 1300 1500 1700 1900

The resultsof equilibrium calculationare sum- TEMPERATURE (DEG K)

marized in figs. 2 through4 which show plots of Fig. 2. Equilibrium carbonspecies.

silicon, carbon, and silicon-carbon speciescon-
centrationsas functionsof temperature.The first
observationwhich can be madeis that essentially
all the propaneshoulddecompose,and mostof it
should form methanewhich is favored by the 1 cc

3
large excess of hydrogen carrier gas. The next ~

non-silicon containingcarbon species,acetylene, 1 SH
2

has an equilibrium concentration almost two . / N,,

ordersof magnitudelower at thegrowth tempera- SIH

ture (1673 K) and substantiallyless than this at 10 / s~3ç
ramp temperatures.At the growth temperature, ,‘ ~/ si2
the methyl radical concentrationis an order of 9 o~ SiH3
magnitudebelow thatof acetylene,andethyleneis ,1 ~‘

down anotherfactor of two. The major equi- / / /
librium product of silane decompositionis SiH2, 10 / / I ~

although a significant amount of SiH4 remains. / / I ~
The only other species having concentrations 1 08 / / /.
within an order of magnitudeof SiH2 are SiH, Si ‘ / /1
atoms,andSi3. Downanotherorder of magnitude 1 - / ~
are the Si2H~speciesSi2H, Si2, andeitherSi2H3 / i~
or Si2H2 depending on the thermodynamic ,~ I I

parameterset involved. Finally, of the species ‘ 900 1100 1300 1500 1 700 1 900

having silicon—carbon bonds, only Si2C and
SiH3CH3 are potentially important. In equi- TEMPERATURE (DEG K)

librium, Si2C is predicted to be a major species Fig. 3. Equilibriumsilicon species.
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1 ~ - containingalmost as much silicon as does SiH2.
.4 SiH3CH3 is a minor species,but one of the best

10 - ~ ~.. Si2C candidates,along with Si2, to be an important
SiH4 intermediateon the way to Si2C formation. In

(I) lO~~
Ui ., ,~ . summary,thereareonly a few importantspecies,
C) -6w 10 ~ and most of them have quite well characterized
a-
a, ~ - ~“ thermochemistry.
U- ,I / ~SiH3CH~
0 8

z 10 / .1 ,—‘~ SI2CH2 3.2. Kinetically controlledconcentrations
0 4~ /
~ i0~

9 If /
0 In evaluatingvarious chemical kinetic mecha-

-10 / S
2CH4

U-
~-. Si2CH~ nisms,well over50 elementaryreactionswereused

10”

0 —. constants,and appropriatereferencesare sum-~ 10 ~ SC at onetime or another.Thesereactions,their rate
~ 1012

marized in tables2 and 3 found in appendixA.
Si2CH8 Many of thesereactionsare only minor contribu-

____________________________ tors,and this set can be reducedwithout produc-
io’

4
900 1100 1300 1500 1700 1900 ing anysignificantchangesin the predictions.Fig.

5 is a diagramof the pathwaysincluded in one
TEMPERATURE (DEG K) such reduced set. This will serve to focus the

discussionof which speciesmay not reach equi-Fig. 4. Equilibriumsilicon—carbonspecies.C~H
5 +H -H2

C2H4 C2H2

C3H8 CH3 +CH3 2

CH4

+SiH2 -H2 -H2 -H2 -H2
iI-{~H S12C

SI2CH8 Si2CH6 Si2CH4 Si2CH2

-FL
SiH2 Si

+CH4
-H2

+SjH4-H2 SiH2

-H2 -H2 +5jH2 -H2
SIH4 Si2H2 Si2 Si3

Si2H4 Si3H2

-H2
S1113 SiH

Fig. 5. Major pathwaysin themodelingof siliconcarbidechemicalvapordeposition.For SiH4 andC3H8, thediameterof thecircle
is proportionalto the log of their initial concentration.For the remainingspecies,the circle diameteris proportionalto thelog of

theirequilibriumconcentrationat 1673 K.
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librium levels. The reactionsincluded in this re- -

ducedset aresummarizedin table4. C
2 H2

Beginning at the top of the diagramin fig. 5, 1 ~

C3H8 decompositionproceedsby an initial split-
ting into CH3 and C2H5 radicals.The C2H5 can 5 ~ C2H4
lose hydrogen to produce the stable molecules 10

C2H4 and C2H2, but C2H6 is primarily formed C2116
by CH3 recombination. It is through CH3 ab- 0 io~

6/
stractionof a hydrogenatom from H

2 that most
of the CH4 must be formed. This relatively slow .~ —‘

0 10.reaction turns out to be one of the potential
kinetic bottlenecks.As a result, more CH3 and m
less CH4 are predictedkinetically thanarepredic- 1 0~8

ted by the equilibrium calculations. C2115

The overabundanceof CH3 leads to larger
C2H6concentrations.In turn, hydrogenatomscan
abstract a hydrogen to return C2H6 to C2H5, .‘

which is seento beconnectedto C2H4 andC2H2. 10 10 ‘ ~

Naturally, all reactionsindicatedcan proceedin
both directions, and when C2H5 is initially rn DISTANCE ABOVE SUBSTRATE(iCi

4m)

excess, it is a source. At all times the kinetic
predictions for all C

2H~speciesare larger than Fig. 6. Kinetically limited carbon speciesfor a 1665 K sub-

the equilibriumlevels. stratetemperature.
The kinetic analysis of C3H8 decomposition

summarizedin fig. 5 was obtainedby comparing
the equilibrium carbonspeciesconcentrationsas 1

plotted in fig. 2 with the results of an example SiH~.

kinetic calculation shown in fig. 6. In fig. 6, the 1 - .. ..., SiN4

abscissarepresentsdistance abovethe substrate a,

surface. For simplicity, only data for distances . ... _..._._—...~-‘

within 10 ~ m abovethe surfaceare shown. In 10

proceeding along a path normal to the surface ~‘

over this distance,the temperaturerisesfrom 1610 0 10.6 Si2,,_... Si3 SiH

K in the gas to 1665 K at the surface. The Z —- wO ~ 0)
completereactionsequenceusedin thesecalcula- 7 ,.J Si2H2 —I

tions is given in table 2. It can be seen that 10 ~ Si2H3

conversionof CH3 to CH4 is not completeat the m
substratesurfaceand as a result the concentra- 1O~

tions of C2H2, C2H4, C2H5, and C2H6 are all 0

higher than their equilibrium values. 10~~

The completeset of reactionsusedto describe
SiH4 decompositionis given in table 3. Kinetic .10

calculationsof the decompositionproducts near 10 10 0
the substrateare shown in fig. 7 for a substrate
temperatureof 1665 K. Comparingfig. 7 with fig. DISTANCE ABOVE SUBSTRATE(1O

4m)

3, thecorrespondmgequilibriumresult,we cansee
that all siliconspeciesconcentrationsagreeto well Fig. 7. Kinetically limited siliconspeciesfor a 1665 K substrate

within an order of magnitudebetweenthe equi- temperature.
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librium andkinetic calculationsover the last seg- 1 o~-

ment of a fast-changingtemperatureprofile. As .~, SiH
4

illustrated in fig. 5, the major pathwayfor SiH4 10

decompositionis into SiH2 and H2. The minor ~ io~ Si,

branchto SiH3 is adequateto maintainessentially .~ —.. —..— —..

equilibriumvaluesof this radical.Formationof all 10

the otherimportantsilicon speciesproceedsby H2 U- 1

eliminationand SiH2 insertionsteps,all of which 0 ....‘.

are fast enoughthat concentrationsare kept quite 10 ~__..~•••••=

close to equilibrium values as the moleculesap- o~ ~

proachthehotwall. 10_la ~ ~

The formation of Si2C through severalkinetic U- SIC m
mechanismswas investigated.Wenotethat availa- ~ io~ S12CH,

ble experimentaland theoretical evidencepoints .12

to a symmetric structure(Si—C—Si) for Si2C [15]. 10 __...~

No reaction mechanismcould be found which 1 O~

13 .-‘ Si
2CH4

both favored this structureas an initial product 1 I

and gavesignificant Si2C production.Of course, 10 8 6 4 2 0

rearrangementof an intermediateto give a more
stable final productis possible.With this assump- DISTANCE ABOVE SUBSTRATE(lci

4m)
tion, somereactionsetswere found whichat least
produced non-negligible amountswith plausible Fig. 8. Kinetically limited silicon—carbon speciesusing the

rateconstants,and the besttwo areshown in fig. Si
3CH3 decomposition mechanismfor a 1665 K substrate

temperature.

The first Si2C formation sequenceis shownin
table 5 andbeginswith theformationof SiH3CH3 The secondmechanismfor Si2C formation is
by insertion of SiH2 into CH4. This is efficient shownin table6 beginningwith a reactionwhich
enough that the kinetically controlled SiH3CH3 hasnot beenstudiedexperimentally.The assump-
concentrationis indeed able to attain the equi- tion was madethat the Si2 moleculeis as reactive
librium level (SiH3CH3 is the nextmost populous as SiHX radicalsand caninsert into CH4 with a
speciescontaininga silicon—carbonbond). Then, similar rate. If this were true, then the Si2CH4
a secondSiH2 insertionleadsto Si2CH8, followed formed needonly eliminate two hydrogenmole-
by successiveH2 eliminations which eventually cules to yield Si2C. The complete reaction se-
result in Si2C. In this mechanism,both SiH2 in- quenceusedin kinetic calculationsfor this mecha-
sertion reactionrateshavea basis in kinetic ob- nism is given in tables4 and 6, and results for a
servations,while the H2 eliminationratesmay at substratetemperatureof 1665 K are shownin fig.
least be expectedto be similar to those for well- 9.
studiedanalogousreactions.The SiH2+ CH4 rate For nominal rate constants, the Si2C con-
we used is still almost an order of magnitude centrationsformedfrom eachof thesetwo parallel
lower at high temperaturesthan theroom temper- mechanismsare essentiallyequal, but they are
aturevaluerecentlyreportedby InoueandSuzuki more than threeordersof magnitudebelow the
[34]. However, it is not slow formation of equilibrium level. This is seenby comparingthe
S1H3CH3, but rather its low equilibrium con- equilibrium results in fig. 5 with the kinetically
centration,which limits this mechanism.The corn- controlledconcentrationsfor the two mechanisms
plete reaction sequenceused in kinetic calcula- as plotted in figs. 8 and 9. It is seenthat the
tions for thismechanismis given in tables4 and5, two-atomprecursorsSiH3CH3 and Si2 reach es-
andresultsfor a substratetemperatureof 1665 K sentially their equilibrium values(in fact Si2 ex-
areshown in figure 8. ceedsit becausedifficulties in forming larger sili-
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con speciespushmore silicon into the remaining Table 1

molecules). These concentrationsare not large Key depositionspecies
however,and this makes formation of Si2C un- Gasspecies Temperaturerange Growth regime

likely. (K)

A numberof other mechanismswere investi- SiH4, C3H8 T<1050 Initial

gated,both for Si2C formationandfor the poten- SiH4, C2H4, CH3, 1050<T<1300 Initial

tially analogous case of Si3 formation. In the - CH4
SiH2, SiH4 C2H2 1300 <T<1673 Imtial/crystal

latter case, formation of 2’ msertion of SiH2, CH C H

and loss of H2 from Si3H2 is an adequatepath- ~‘ 2 4

way. An analogof this mechanismfor Si2C is not
useful due to the instability of SiC on the one
hand and the small concentrationof CH2 on the carbon speciesare listed in order of decreasing
other. Thus, basedon theseresultswe can only concentration,and speciesbelow the 10—6 level
concludethat thereis a good chancethat Si2Cand arenot listed sinceis is unlikely that theycontrib-
other gaseousspecieswith silicon—carbonbonds ute significantly to thedepositionprocess.
are in fact not formed in silicon carbidedeposi- Comparingthe results summarizedin table 1
tion systems. with the equilibrium calculationsshownin figs. 2

By performingsimilar kinetic calculationsfor and 3, it is evident that kinetics altersboth the
different substratetemperatures,it is possibleto identity and relative concentrationof the hydro-
identify the key gas phase specieswhich must carbonspecieswhich reacton the surfaceto form
reacton the surfaceat specific temperaturesdur- SiC. Moreover,differentspeciescanbe associated
ing the initial and crystal growth phases.The with specific temperaturerangesandgrowth regi-
results of thesecalculationsare summarizedin mes. More to the point, thereis clearly a dif-
table 1. It shouldhe noted that the silicon and ferencein the identityof the reactivespeciesin the

initial andcrystalgrowth regimesas well aswithin
the initial growth regime.

io~

io~ SiH4

~ Si, 4. Discussionand conclusions

Ui 106
In assessingthe results of thesecalculations,

Li. 10 . SiH3CH3 severalpointsconcerningthe gasphasechemistry

z 1 08 - ,,,..-~‘ —. ~ ~ can be made.The SiH4 decompositionproducts
2 ~ 2 are seento be near equilibrium levels for essen-

1 0~- ___“~ tially all deposition conditions. In contrast, the

SIC C3H8 decompositionproducts havedifficulty in
attainingtheir equilibrium levels,although sigrnfi-

~ 10 - Si2CH2 cantdecompositionis achievedat lower tempera-

1 0~2 - tures than for silane.At low temperature(<1050
Si2CH8 K) in the initial growthregime, C3H8 ratherthan

- ~ CH4, the equilibrium species, is the primary
1 ~ “~I~ ~ - carboncontainingspecieswhichmustinteractwith

10 8 6 4 2 0 the surface.At intermediatetemperatures(1050to
1300 K) in theinitial growth regime,C,H8 decom-

DISTANCE ABOVE SUBSTRATE (10
4m) position occurs,but C

2H4andCH3 arepresentat

Fig. 9. Kinetically limited silicon—carbon speciesusing the higher levels thanCH4. Only at the highesttem-
Si2+ CH4 mechanismfor a1665 K substratetemperature. peratures(1300 to 1673 K) in the initial growth
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andcrystalgrowth regimesdoesCH4 approachits observationthat CVD of “good” SiC is accompa-
equilibrium level, andevenat thesetemperatures, medby the formationof a largenumberof pits in
the C2H2 and C2H4 levels are higher than at the Si substrate.
equilibrium. The rationalefor a ramp during initial growth,

The questionswhich must now be addressed then, could be the needfor hydrocarbonspecies

concern the implications of theseresultson our with high sticking coefficients at low tempera-
understandingof the two step /3-SiC deposition tures,coupledwith the needfor higher tempera-
process. Does the multiplicity of hydrocarbon tures to give high surfacemobilities.The insensi-
speciesproducedby gas phasekinetic limitations tivity of theinitial growth phaseto thepresenceof
causeany inherentdifferencesbetweeninitial and SiH4 could be accountedfor by the fact that SiH4
crystalgrowthmechanisms?Additionally, doesthis remainsessentiallyundissociatedduring much of
result have implications with respectto the need the initial deposition and that the hydrocarbon
for androleof the initial growth step? speciesprobably react more rapidly than SiH4.

The answerto thesequestionsis yes only if the The Si required to form SiC during this stageof
surface reactivity of the C3H8 decomposition the depositionprocessis available from the sub-
productslike C2H4andC2H2 differs from that of strate.
CH4 which dominatesthe depositionspeciesun- The orientedmicrocrystalsof SiC formeddur-
der equilibrium conditions. Fischman and ing theinitial growth periodprovide the substrate
Petuskey[36] havepreviously suggestedthat dif- for SiC homoepitaxy during the crystal growth
ferencesin the surfacereactivity or reactivestick- period. At the temperaturesencounteredduring
ing coefficientscould play a role in the SiC de- crystal growth, SiH4 decomposeslargely to the
position process.Intuitively, we expectmolecules more reactive SiH2 radical species.Thesereact
like C2H4 and CH4 to have different sticking with the availableimpinging hydrocarbonspecies
coefficients. At low temperatures,this has been on the evolving SiC surface. It shouldbe noted
confirmed by the work of Yatesand co-workers that the transportof either Si or C through the
[37] andCeyerandco-workers[38]. Studiesin our SiC depositis precludedby the low diffusivity of
laboratory indicate that this is also true for tem- these species in SiC, and, presumably, grain
peraturesrelevant to SiC deposition[39]. boundary diffusion is no longer a factor once

With this addedinsight weproposethe follow- epitaxial growth begins [40,41].The formationof
ing hypothesis.During the initial growth regime, such a diffusion barrier has been observedin
gas phasekinetics providereactiveC3H8 decom- related surfacestudiesby Yates and co-workers
positionproductsto the Si surface.Thesereactive [37].
hydrocarbonsinitiate SiC depositionat relatively For depositsgrown by first exposingthe surface
low temperatures.Becauseof the propensityto- at high temperatureto the hydrocarbonreactant
ward surfacenucleationat low temperatures,the (i.e., without a ramp),thelow nucleationprobabil-
resulting thin films havea large numberof grain ity leadsto a small numberof grains. This most
boundarieswhich can accommodatethe Si—SiC likely produces extended defects as the grains
lattice mismatch.Thesegrain boundariesalso al- grow to cover the surface. Initiating growth at
low rapid out-diffusion of Si neededto form the high temperaturewith a SiH4 andC3H8 mixture
initial SiC deposit.Becausetheinitial film growth alsoraisesthepossibility thatSi growth from SiH2
is carriedout mainly at higher temperatures,the or other reactive specieswill competewith SiC
surfacemobility of the carbon(andsilicon) atoms growth. Thus, the quality and reproducibility of
is sufficient to allow epitaxial ordering of the SiC grown without the initial temperatureramp
individual grains relative to the substrate.This would be quite limited.
would be consistent with Addamiano’s [7] ob- In summary, potential differences in surface
servationsthat theinitial layersweresinglecrystal reactionratesmayresult in a sensitivity to the gas
but strained with a large number of internal phasekinetics and thereforeto depositioncondi-
surfaces.This model is also consistentwith the tions such as gas composition, flow rate, and
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substratetemperatureandits uniformity. The im- G.T. Seng of the NASA Lewis ResearchCenter
pactof thesedifferencesin surfacechemistrymay and ProfessorP.P.Gasparof WashingtonUniver-
be quiteextensive.Differencesin speciesreactivity sity, St. Louis, for many helpful discussions
may lead to depositswhich transmit orientation throughoutthe courseof this work.
information and accommodatethe lattice mis-
match.Whateverthe actualsituation,however,it
is evident that information on the surfacechem- Appendix A: Model reaction mechanisms
istry of individual carbon containing speciesis
requiredto developan understandingof the two The tables 2—6 list the model reactionmecha-
step deposition mechanismsfor /3-SiC. We are nismsused in this study.The parametersA and E
presentlyinvolved in studiesto resolvetheseand
otherissuesrelatedto the surfacechemistryof SiC

Table 3deposition. . -
Reactionlist for SiH

4 decomposition

Reaction A E (kcal/mol)

SiH4—aSiH2+H2 5.00E12 52.2
Acknowledgements SIH4 + Si SiH2 + SiH2 1.55E11 2.0

Si+H2—’SiH2 1.92E—10 2.0
SiH2+Si—*Si2H2 1.21E—11 2.0

This work was supported by the National Si2+H2sSi2H2 2.57E-11 2.0

AeronauticsandSpaceAdministrationundercon- Si+Si3—4Si2+Si2 - 3.43E—12 24.1
5tH + Si —~Si H + Si 2 38E—13 18 8

tract number NAS 3-24531. We wish to thank SiH3SiH±H21 SiH4 +SiH2 1.04E-7 2.0
M.A. Kuczmarski, J.A. Powell, L.G. Matus, and Si2H4+H2 -~ SiH4 +SiH2 1.04E-7 2.0

Si2H2+H2—4SiH3SiH 4.08E—10 2.0
Si2H2+H2 -~ Si2H4 4.08E—10 2.0

Table 2 SiH4 +SiH4+SiH2 —~Si2H6 8.35E—12 1.29
Reactionlist for C3H8 decomposition SiH4 +SiH3 - Si2H5+H2 2.95E—12 4.4

SiH4 + SiH —‘ SiH3 + SiH2 2.30E—12 11.2
Reaction A E SiH4+SiH—aSi2H5 4.88E—12 2.0

(kcal/mol) SiH2+SiH—.Si2H3 2.1OE—11 2.0

C3H8 —‘ CH3 +C2H5 7.94E16 85.1 SiH+H2 —~SiH3 5.75E—11 2.0
C3H8+H~C3H7+H2 2.1OE—13 9.7 Si2H3-fH2—*Si2H5 4.93E—11 2.0
C3H8 +CH3 —~C3H7 +CH4 1.67E—15 11.5 SiH4 -~ SiH3 +H 3.69E15 93.0
C3H8 +C2H5 —~C3H~+C2H6 5.27E—16 12.3 SiH4 +H — SiH3 +H2 1.73E—10 2.5
C3H7~H+C3H6 1.58E13 38.6 S1H3SiH+H2—4Si2H6 1.55E—11 2.0
C3H6 +H -~ C3H5+H2 1.67E—13 3.5 Si2H4+H2 —* Si2H6 1.55E—11 2.0
C3H8 -l-C3H5—~ C3H7+C3H6 1.32E—15 20.5 Si2H2+H - Si2H3 1.44E—9 2.0
C3H6+CH3~C3H5+CH4 2.64E—16 8.8 S12H6+SiH2—*Si3H8 1.1OE—12 0.4
C3H5+H2—#C3H6-1-H 5.27E—14 19.7 Si3H8~Si3H6+H2 2.50E14 48.9
C3H7—9CH3-1-C2H4 1.26E13 32.5 Si3H6—*Si3H4+H2 2.50E14 44.4

C2H4+H~C2H5 6.64E—14 2.6 Si3H4~Si3H2+H2 2.50E14 32.4
CH3 +CH3 C2H6 4.19E—14 0.0 Si3H2—~Si3 +H2 2.50E14 23.7
CH3+H2—~H+CH4 2.64E—15 11.3 Si2+SiH4—aSi3H4 1.OOE—12 0.0
C2H5 +H2 C2H6 +H 6.64E—15 14.0 Si2+SiH2 Si3H2 1.OOE—12 0.0
C3H8-i-2-C3H7—’1-C3H7N 1.70E—16 12.9 Si2H3+SiH4—aSi3H7 1.OOE—12 0.0

Si2H3+SiH2 -~Si3H5 1.OOE—12 0.0
C3H7+C3H7~C3H6+C3H8 1.70E—14 0.0 Si2H2+SiH4—oSi3H6 1.OOE—12 0.0
C3H7+CH3—.C3H6+CH4 4.20E—15 0.0 Si3H7-I-H--+Si3H8 1.OOE—12 0.0
C3H5-i-C3H7-.C3H6+C3H6 1.70E—15 0.0 Si2H2+SiH2—#Si3H4 1.OOE—9 0.0

Si3H5+H—.Si3H6 1.OOE—9 0.0All rate constantparametersin the above table were taken _____________________________________________________
from EdelsonandAilara [291.In addition,a ratecoefficient for The parametersfor the first 23 reactionsare taken from
C2H2 +H2 —~C2H4 of 7.6xlO~

2Texp(—36.52/RT)taken Coltrin,Kee,and Miller [30]; thosefor Si
2H6+SiH2 arefrom

from Westbrookand Dryer[44] wasincluded. White etal. [42], while theremainingvaluesareestimates.
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Table4 sensitivity analysis,the combined set of 56 ele-
Reducedreaction list for combinedSiH

4 and C3H8 decom- mentary reactionsshown in tables 2 and 3 was
position reducedto 14 reactionswhich were sufficient to

Reaction A E (kcal/mol) accuratelydescribethe behaviorof key Si, C, and

SiH4 -~ SiH2 +H2 5.00E12 52.2 Si—C species.This reducedreaction sequenceis
Si+ H2 —a SiH2 1.92E-10 2.0 shown in table 4. Tables5 and 6 show the reac-
SiH2 +Si Si2H2 1.21E11 2.0 tions leading to Si2C via the Si2CH8 and Si2
Si2 +H2 —~Si2H2 2.57E—11 2.0 mechanisms,respectively.In thecalculations,these
SiH2+SiH~Si2H3 2.1QE—11 2.0
SiH+H2 -~ SiH3 5.75E—11 2.0 reactionswereaddedto the set shownin table4.
SiH4 —~SiH3+H 3.69E15 93.0
Si3H2~ Si3 +H2 2.50E14 23.7
Si2+SiH2—*Si3H2 1.OOE—12 0.0
C3H8 -+ CH3+C2H5 7.94E16 85.1 References
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