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Qunntitutlw datil rqjardlng the composlf:on ranfi.:CIVLIrwhich SiC cw:lstsIllavr
I’{l?!J[!t!n r~portd. ~t 1~ ~,c:llcl-n] 1.V ;l~qllm~d that SIC Lxfntx iis a 1 inr compolml.~..)
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~n tlw vapor pressure as a function of ceLl orlflce :~rc.;land concluded that the

vn[mrizatLon coefftclent of Si(~;)from cubic SiC wa:;close to un”lty. They LIlrl,

howwer , observe a Clme-depencl[mrdezrcase in the vaporization ratu whl.chthey
attrll]utcdto impednnce of Sl(j;)vaporlza~lorrby a Er:lphl.tenlcrolnyer formed on
I,huSIC pnrticlcs dur[ng vcnporlzatlon.

MelL and ikodsky (15) obta!.~edthe mass spectrum of silicon cvitporat[ngfrom a
cnrhon-llned copper hearth under high vacuum (the tt:mperaturt?at which the mass
SpHCtrUIn wa:; tnken was L’tf)tr(!~fl~r(.!d). ‘rhey fh:;f!fV[+d pcnks for xm~t of [hf’known

SL-C ;ml Si moleculc~~but LIldlluL ohsens a pwk :Lttributdbleto SiC2(!j).

3.

A. S:mipl.cCharacterization......... -. .— ------.--.—.-

cr:JRtala
(~riented
rrystals

R.

The

nre carbon arc firwn, (AI mm h cro~s-smt ion, and 1 mm thick with the c-nxts
perpendhxhr to the “l:lr:~uI!:Icc.X-l:aydfffi-il(s.tom~?t.cr Hc:IrIi+ Crmflnrl Lhc?

to be hexagonal SIC.

-lJxperLmentalAppnratus.—

mass ~pectrometer used for both the Knudsen t?ffusionand T.nngmulr vnnor-
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Hultiplicd ion current~ p,m;sthrough iiprl”nmpllflcr,throu~;hn 107 or 109 ohm
rcsi:;tor, and into a dc clwctrometcr. OuLput from the chx.tromctlirin dispLayC’don
an mcilloscope, X-Y recorder, or a ntrlp chart recordrr.

The clcccron multiplier-mss filtur-ionizer nsscmb]y i~ mounted as ;ls[n~lc unit
on an 8-inch o.d. Conflat fl:m~c through which clcctrlcnl conncctlurwit.uthe qudtIIIJdc
power supply, ionizer control, and eleclt-onwturnrc miidP. Thu ns::t!mhl.yIs mctuu!.(wl
horizontally on a 5.5-inch id. stnlnlcsH stcul hellowtiwhich ~ilnlIQ;ldjlls~c(~to ptmrl~Lt
easy alj@ment of the ion source entrance hole with the rnolccularbpilmfrom the hifih
tvmperabme Knudsen cell region.(Sl!eFigure 1)
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Knudsen effusion cells used in the equilibrium vapor pressure measurements nre
rnacllinedfrom gr[tphltcand arc of two types. ‘rhefl.r::tLype consists of a base with
a lid, has a 1.3 cm outside diameter and Js approxim,~tel.y1..8c<::lon~. The cell lid
contains a knife-edge r..lrcularorLfLce with an r.rcaof 3.0 x 1(1-~cm2 and n Clausf.ng
factor of 0.502. The second type of Knudsrn c:ffusioncell Cansists of a single pi.ecc
of graphite 1.8 cm In length and 1.3 cm in outside diameter. A 0.48 cm lung graphite
plug with a cylindrical hole drilled through its cuntcr provides the orifice. The
orifice area is 0.027 cm2 with a Clauslng fnctor of 0.385.

Total mass-loss l,angmuirvaporization experiments are performed with an StC single
cry~tal wafer sLttlng in a l~r.~phitc!mlder. ‘l’hecrystal and holder are seatIxlin the
‘“L!tlt”+ril~.1!/:it”2r-i:(Jtlla~ “l:(i~-.”!ll:-~.”i:!: !:.J:’~:.?:!’:fl l!:.lf 1~:1 :1. ~’.!r”~:d “.””:.:’lr~::l p’.:~l:J~.:I:~, !iI::f~~ “’:-

The current roncentraLur is cuupLed to induction coils !’romd LGpel 2LIW induct~ull
Ileatingunit, The crystnl surEac(~ trmperaturi: ~.s :Iwasur(wl hy :i.L;;hting a l)yro (;Ejc.11

.-pyrometerthrough a quartz window located at the top of the concanLrntor onto tile
crystal surface. The mass change nf the crystal after heating far n ~iven time period
19 cietarrr[nedby removing the crysLal from the:conccntrntor and we:[[;hingit on n
Mettler pan mtcro-balrumc.

c. Data Treatm+nt—. —.- .—

where ~1 ~S tk,epr@SSLIr(?of lIIOkCllhr SlJJ?Ch!5 U With l!IHWLlrC!d kn ht~~S”Lty ~,,, ; -~At, h

the instrument sensitivity; T is the thermod:,m=rnictcmpurature; .~:1.sthe vlectron...
multiplier Rain; ~ is the .I.sotol)icubundnnce; ~ is m cmlsslon current corrccc.[un
factor; and a is the calculafcd i.oni.mt~oncross-section at the wnrlclngelectron
energy. The .LustrurnentHensltivlty, CAU, J.sohtaineilfrom tll~:;:o1.dvap~~riz~.ltinn
experiment tandthe known vtnporpLzssuru of gnld.(18)

Vapor pressure.Hobtained uHLng equation (l.)aru Iitled LO the relation

(2) R !n(p/atm) = -AH?T + AsO

by :1 l~ilHt-HqUilKCH, Ca~CUlilkLOn. Seti{jnd-law \-alue,.io! AII’’(?!]H) ;UId Ai;C}(29H)arc
calculated by n ~ cvnluation of the v.~porpre.+sures.(1~) Thirc!-.lawvalues of
AH0(298) are obtained in the usual miuuv:r.(20)

(3) R kt(lT) = - AH”/T + constant
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AU* and A]IO to be compared to yield an cnthalpy bnrricr, AH* - AHO, fur I:lw
kinetically slow step(s) in the vaporization process.

4. Expcrlmental Results-——

A. Knudsen lIffusLonMass S~trom— .—-... ...—.- .- -..— +urcments on the S~C-C System-—-—— ----.— -—— .---—-

The most important vapor molecule in .C-C syHtcm over the cxperimwntal
tempernturt?range rJf 1835-2?64:< i~ !:OIInd 10 I~F. s[fc!) wl.thS-!OC(TI)ard S,L(:7(::)kf+hl’:
L:l<,,<:<~:!LJ.;ti7.p(J.~~Llr,t i:lol~+~.lli.!%. ()!l [./ f’,~,1~:... ,L;:lll:ar ; ,Jf” ,.!!l:.: ’”. !,:.l:)! .(. ;:;., )(:;; , - ‘‘; 1.:1., t}:] ,

S1 (g), nnd Si3C(g) are detected to be ~lrcsent at 2213K. I.LIs.+ f:pe!c Lrum ~fuiks ““ .-

2at rlbutable to ion~ of oth~r :;”ll.lcm or :;llicorl-.carbt)n inokcubs nrc IInt tlrt:!ctcd.
These results are in accord with the mass sp&cLromf:terrcsulta of I)rowartr!t :11.(10).
X-ray analys”Ltiof the solid product remafnLnK n[ter complete vnpor.1.zntlonOF silicon

—-—-

shows it to be graphite.

Temperature coefficient plcJtsfor S“i+(m/c= 28), SLC~+(m/o = 52), md Si7(l+(m/(:4S)
are shown in Figure 4 for a typJ.c~Ilnass sptictromt~tu~’xper.i.mcntusl.rfgn ~,rrapl;i.t~h
c,ffusloncell with ;l3 x 10-~ rmz oriflcc are;lnnd 325 m+sh SJ.Cj)t)wdinr. For th:ls
p:lr:icular tw]l~+rim,nt,elu~run I’II;rf;ics 0[ 1~~ ~.v .nr. I!sI.d IIIY tll~j f;.i+ ill f(msi.ly

measurements and 15 ev for til~SiC2+ and Si2C+ measurements. An cmisslon current nE

2.0 ZU4is used for all the measurements.

‘, Si2C+, anclSiL~E’iguru 1{ shows nttenuntlon of the Si .,”}J .,lnLenwltii:s :Ir IIi[;h

temperatures. ThLs hehnvlor ~~ i]e].iuv,w!to be c:ulsedby Jntrnmoll?clllar:sc:lkt(~rln;!ill
the molecular beam. IOn int~’us:lty nttcnuat~on CiJUSt!il by illtr:lmrll.Cl:lllilr :;cattL!ci.n:; :13

pre(lictedby a model duvelGpeLIby McHc11L(21,22)is Jndh:ateciin Figure 4 hy the
d:+sh+dlines. Tne total vapor pressure inside the StC-cont:LInLngfiraphituKnld:+en
cell at which attenuation Is first observed is in good flgrl?t’iflentwith t:llnt]lrL!k;[CtL”d hy

Meschl’s model. IIoweverSagreemunt between the magnitude or the uh.+~?rv~datt~.llll:iLi[)il
,nml that predicted by Me.schlrs❑odel is only ql~~ilitiltiv~.l’hl.~dl:lcrep:~ncymay he
caused by incorrect assum?tion~ contained in the model.,iIICOrrPCt ilS3U~iJfl~OIl$3

concerning colJ.isLoncross-section.+for Si-C molecules Iu+edin the culc~ll.l~ion.?,or
by an added contribution due to scattering of nolecules in the IIIt_)lt!L:Uhr beam by
background Rases.
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area nre 65 percent low.:r~l:anthose obtained u:iil.gthe 325
cffuaion cell with a 3 x 10-3 CM2 or.[ficeare-a. Samplc:uof
vaporized in the cftusion cell w[th an 3 x 10-3 cm2 orifice
pressures tl~esame as obtained w~.ththe 325 mesh samples.

mfwh pwdcr h m
2fVJmesh S!C powder
,are:ifilvernensllrcclpartial.

Because of the orifice and partlcl.esize effects, thermodynamic qu:mtities for
SIC vaporization arc calculated using diit~ from thosu cxperJmcnts with 200 and 325 mcs]l
SIC powder and a 3 x 10-3 cm2 orifice area. Sccond- r.ndthird-l,awenthal.piesof vapor-
ization at 298K for the reactions

1. sic(s) = Si(g) -tc(s)

2. Sic(s) + c(s) = sic,(g)

3. Xtc(s) = s12c(g) + c(s)

are sunnnmized in Table 1. ‘1’hesevalues are obtained aH described in Section 3-C
and using JANAF(6) free energy functions. Vilporpressures computed using the pre+wnt
third-law cnthalpy changes nnd JANAF free cnerl;yfunctions are ~Lven 13 Table 2.

B. .Ma4aSpectromete~ and Total Ma9s-Lo9s l,anfimutrVaporization Exnerlrnents— — — ——.. — — ..-..—-----k-—.— .—-..

Two mass spectrometer experiments, performed owr the tc~mperaturc~range 220f)-
25(JOX, investifint(’d the hm~llir v~porlznt.io:; ~Y(tIll tll~,(0001) llfl~;alpl;inf’ (JI l~t)i~

separate SiC single crystal:;. Slwtterable ions olx+erveclare S~}, SiC2”F,:UMISi2C_F.
Ikn intensitie~ are found to be indepwldent of time after m initial .Inductionperiod
during which the l.ntenHityof Si+ (and presumal>LySiC2+ and Si2C+) incraa.+eswltllt~me.
‘J%esteady-stato Si-kintensity is a factor of 1.5 higher thiin that rw.wured drrlng
the initial sta~cs of he:ltlng. At 2~}OOKmeasured steady-state ion ini~,l::l.tic:+:Irt!a
filr.tc)r of 80-100 lower than f.nterifllti~s cxtr:lpolatcxlfrom,thuse IIWIHllrL!(l in the Kml!(!.+vll
rffusion e~perLment:j.

The mensllrd temperature-dependenceof Si+ and S,LC+
f

fl.ntcnnitictiyield nctivatlun
enthalpl(+~of AH*(2350) = 141.6* 2.7 kcal MO1-L ror St g) and AH*(2350) = 166.2 *3.5
kcal mol-l for SiC2(g) siilblimationfrom the (0001) plane of hexagonal.SJC. Compsrlson
of these activation enthalp.Leswith the corresponding equilibrium Csrithillp.ka obta~nd
in the present work, A1~(2350) = 1.11..3kcal mol-l and AHo(2350) = 143.7 k al mol-],
respectively, giveH enthalpy harriers of 30.3 kcal mol-J- -!and 22.5 kcal mol [or S[(g)
and SlC2(g) suhlimation-

Results of a total mass-loss Lnn,gmuirvaporization study of the SiC (0001) face
are shown for one experiment conducted at 2498K .LnFigure 6. The results show tha~ ?.hu
total mass-loss 1s time-dependentdurfng the entire course of vaporization (1.c. from
initial heat-up until all the silicon is vaporiz~l from the crystal). Figure 7 shows
the mass-loss data of Figure 6 plotted agalnsk tl)2 lndicat~ny a parabolic time-
dependence- Figure 8 shows Lhe tim&lepende~ce OE the appurcnt flu%
vaporizing from the (OOOL) crystal face calculated Eror.the data-~ho~ in Figure 6
It should be noted that the flux measured inj.tially(0.31 mg mln cm ) :1.Ha ~n[;toi:

.

of about 104 L?elowehe cqulllbrium flux of SL(g) at 24!JFIK,ad that during the 13CM’I
minute vaporization, the apparent flux drops by a factor of four. The flux then
innneclintelydrops to zero at whLch tLme it is believed that the titllconis completely
depleted from the cryfital.

The re~idue formed on the SiC rdngl.ecrystal 13dmtr~Le was j.nvest~g~ted usin:;
X-ray dLffractLon ilrld scanning ch?ctron rulcrusco:)v(SFX). X-ray dlfl!ractinnHcan:;
show the residue to be Rraphitc. Broadening of Lhe 002 :mcl004 ~raph.1.tediEfrncti(m
peaks .Lndicatesthe grrphLte mrEace to be cumposwl of small }zrilpllLtecrystallite,?+,
Scanning electron microscopy :ihowsno pores to he prewnt at magnlfLc:ltionsof up to
50,0(’)OX.
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Tnble 1. Comparison of Vaporization Enthalpies for the SiC(hcx)-C Syst~m

Keactlon AlIO(298),second-law AH0(298).thir -IaW
(kcal mol-l~ 5(kcal mol- )

This Work
(a)

This Work Keference 10(a)Reference lQ _____

sic(s) = Si(g) +c(~) 114.2~2.l(b) 136.9f0.7(b) 115.2f0.8 124.6~0.3

2SiC(9) = Si2C(g) +C(5) 162.422.1 169.6?7.5 1.45.3~1.2 161.3f0.5

——.— .
(a) Kecalculateclfrom partl:llpr’~s~ures

.-.—— — — — .—.--—. —. —— .-
reported in Rcff’renre1(1ll~i.np,.l.WkF free

energy functions.
(b) All uncertainties arequoted aanne ~:tan(’nrdd~mviatioll.

Table 2. Comparison of Calculated Equi. ~rlum l’rc~:+urcsin tlw SM(lIex)-C SystL:m

Molecule— .. m

Si 1800
2000
2200

sic2 1800
2000
2200

Si2C 1800
2000
220CI

1.2 x 10::
2.9 X 10_4
3.8 X 10

3.6 x 10j~
2.3 X 10-5
6.6x 10

1.2 x 10::
5.7 x 10-4
1.4 x 10

R.::::::lo(a).—
-8

8.7 x .IO-6
2.7 X 10-5
4.4 x 10

1{5 x 10:;
1.3 x 10-6
4.7 x .Lo

-9
1.3 x lo_7
1.0 x .lo_6
3.5x 10

P
total 1800

2000
2200

1.4 x 10::
3.7 x 10-4
.5.9x 10

-8
9.0 x 10-6
2.9 X 10_5
5.2 x 10

(a]cnlculard using tlltrd=lawvalueH ofAII”(2!)N)~.ivenill‘1’:lble1 illld.TANW
free energy functions.
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5. Discussion---——

A. Knudsen Hfuslon Naw Spectromstcr E~erlments—— — —. —.— - —- ...

Over tlie temperature rengti 1800-2200K cqu~.llhr~um partkl prcssurm of Si(g),

SiC2(fl), and Si2C(f3)above SiC-C mca~urfvdjn the.~[lrrt.nt~rk mr~ }li~herthnn pressurrs
reported by Drowmrt c:t al.(10) by factors OJ 1O-J5, 15-25, mnd 40-90 respectively.— .—
Accordingly, total vapor pressures of the present work arc a factor of 10-15 higher
than those of Drowart et al.(10). Present total vapor pressures extrapolated to
2800-2900K are in excellent ngrcement with t:ltalpressures measurrd nt these temp-
eratures by RuFF and Konschak(8) and Ruff and Griep,er(!J).

T:tble1.:;huws f!xcollene .~~rwment ll~rw==rl pr~~,+ult ,:5cvnr!- OIml I::lir’!-1:1’w ./:ll.ud* fir
aiP(2!Jtt]tor rcdct~on (1). A~t~dment ktwe.:n sdcond- and third-law cnthalpit:s~or
reactions (2) and (3) IM not good, the mcond-lav enthalpics being 17 kcal mol-~ lnw+r
than the correspondhg ~hlrd-law values. The rcmmn for this discrepancy Js not known.
Hote, however, that the premnt necond-law cnthalpies for rcactfons (2) and (3) arc in
8ood agreement with the corresponding third-law cnthalples reported by I)rowartct nl.— --

The enthalpy of formation of SiC(tlexagoncl)at 298K ~omputcd from the present
third-law cnthalpy change for reaction (1) and the cnthalpy of forma[.ionfor Si(g)
given in the JANAF tableu, 107.7 kcal MO1-l at 298K, is -1”.5kc~l mol-l. This value
fti9.4 kcal •nl-~ more poBitJvfIthan that rrwmmended hy JAHAY. Thr .~a\NAF vtilueis
ha~ud on the cnthalpy of reaction for SiC(hex) + 4F2(g) = SIE (g) + U’ (g) measured
by fluorine bomb calurhwkry. However, an accurate entha~.py$E hrmstfon for SIC
measured in this manner depends on accurate enthalpies of fometlon for SiF4(gJ md CF4(E).
We believe the cnthalpy of formation of SiF (g) to be sufficiently uncertnln so as to

traise serious questlontirc~rdlng the rclia illty of the JANAF’rCCo~ik!Ldd value ior
the cnthalpy of fmnetlon of SiC.

.
lhttha”lple~of

5
ormation for S1 C(g) nnd SIC (g) are computed to he 130.3 kcal m’ul

-1

and 144.6 kcal mol-. rcspactively u?lng the pres?nt third-law cnthalpy changes for
reactions (1) through (3) Elven in Table 1. These are in excellent agreement with
vallies rccomnended by JANAF b,med on the maatiepectrometcr resultu of Drowart rt nL.(10,12),
128 ~ 6 kcal MO1-l and 147 t 7 kcal mol-l respectively.

— --

B. Langmuir Vaporization Experiments

Activation enthalpy barriers of 30.3 kcal mol-l for Si(g) and 22.5 kcal mol‘1 for
SiC (g) vaporization from the SiC(hexagonal) basal plane lead to vaporization

?coe ficlcnte of 1.5 x 10-3 nnd 8.1 x 10_3 rmpectLvely tit 2350K if 11 la aswmed there
fireno corresponding cntzopy barriers for the kinetically-slow step in the vapor-
ization process(i.e. As” “ As*).

The time-independent St+ and SiC + intensities observed in tAL! I~nsaspectrometer
rJ.mgmuir ~ingle czystal experJnwnts SIOW that thn porous graphite layer formed as n

result of SIC decomposition hau little or no affect on the trunspnrt rate of Si(g) and
SiC2(g) from the crystal surface. The p.~rabollctime-dependence of ths total mssN-
lons obsened in the mass-loss L_uir experiments is believed to be due to a decrease
ic the surface area O* the single crystal as decomposition proceeds and not d~e to a
diffustun-cent OUWI rate-l”lmftfngstep h the vaporization procem. A time-dependent

$
dccreas~ in Si , SiC2+, and Si# intensities duc to a decrease in the Hingh crystal
wr~ncc area is not expected to b observed in the hmgmuir mas~ spectrometer experhnmts
:IMonly a small portion of the vapor flux from tileccntur of tuneS.lCcrystal surface
h+ ~amplt?dhy the masw sp~ctrnmeter.

A ~lmple model used to cnlculatu the UUWI-1OS9 of a cube with n mrface nrea
clecreaslngwith time give~ mati~-lonseuin qualitative n::reemnt wJtlIt.ho~eubssrved
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experimentally. The data shown in Figure 6 best fit tlm ti~odslat short Lin!c!s

(t<500 minutes). At longer times, the moclclpredicts a too-slow dccrcasc in tile
surface nrea with time and hence too-fnst ~ loss of m~tcr”ld in cnmp:wi:+nn wft!l LIIC

oxperlmental data.

Details concerning the mechanism for the dccompos:Ltfonof Si(’cannot lM+presented
at this time. IIowevcr,on the basis of a model dcvclopcd by !%xircy for cnclothennlc
decomposition reactions which form porous solid react.ionproductti,the preliminary
vaporization data acd SIIF!results reported here indicate Lkat either a chemically
act[vated mechanism of surf~ce diffusion or a step involving the f,aseousreaction
products is rate-lhniting(24,25).
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