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A comprehensive study of the chemical vapor codeposition of silica, alumina, and aluminosilicates oA ,-CO, mix-

tures is presented. A hot-wall reactor, coupled to an electronic microbalance, is used to investigate the dependence ief the depos
tion rate on temperature, pressure, composition, and total flow rate over a broad range of operating conditions. The experimental
observations are discussed in the context of the results obtained in independent deposition experiments of silica anshalumina f
mixtures of SiCJ-H,-CO, and AICk-H,-CO,, respectively, in the same apparatus. The results show that the deposition of silica
proceeds at very low rates that are by more than an order of magnitude lower than those of alumina deposition at the same tem-
perature, pressure, total flow rate, and carbon dioxide and chloride mole fractions in the feed. When both chloyjdesl (SiCl
AICl ) are fed to the reactor, that is, in the codeposition process, the rate,afei@ition is much higher than that seen in the

single species deposition experiments, while the opposite behavior is observed for the rate of deposj@anTdieAtesults of
deposition experiments conducted on refractory wires, in order to obtain information on the effect of the substrate plosition in
reactor, show that manipulation of residence time offers a way to control the composition of the codeposited films in @umina an
silica. The experimental results are compared with those obtained in a past study using methyltrichlorosilane as silicon source
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The preparation of films of metal oxides is of interest for a num-the deposits showed that the increase in the codeposition rate was
ber of applications, such as high-temperature gas separations, praccompanied by a dramatic enhancement of the deposition ef SiO
tection of metals and other materials from corrosion and oxidationand a reduction in the rate of,8l; deposition, the combination of
heterogeneous catalysis, and microelectrohfcan important ap- ~ which led to very low Al/Si ratios in the deposits.
plication of inorganic oxides is in the field of structural applications, In order to obtain higher Al/Si ratios in the codeposited films
where they find use as coatings for the protection of metals and othécorresponding to stoichiometric mullite or alumina-rich mullite), it
materials from high-temperature corrosion caused by combustiois necessary to suppress the enhancement of @&fosition and
gases and trace contaminants. Because of their high hardness and ewintain the rate of AD; deposition at least at the levels seen in the
cellent corrosion resistance, alumina and zirconia are very attractivabsence of silicon precursors from the feed. Since the rate of SiO
for use as coatings for wear and corrosion proteétfoMullite deposition in the codeposition process is much higher than the rate
(3Al,05-2Si0,) also possesses very attractive properties for strucof silicon deposition in the absence of AJCl is evident that it is
tural applicationg. Its thermal expansion coefficient is lower than the interaction of aluminum and silicon precursors that is responsi-
those of alumina and zirconia and similar to that of Si-based ceranble for the enhanced deposition rate of silica and hence, the en-
ics (e.g.,silicon carbide). As a result, it is suitable for application on hanced codeposition rate. If the silicon surface species involved in
SiC components that are subjected to thermal cycling in the coursihe fast deposition steps are the same as those that lead to silicon
of their usage. deposition in the single species deposition process, it is possible to

Several methods can be used for the preparation of inorganilower the rate of silica deposition in the codeposition process by em-
oxides, such as thermal oxidation, sol-gel processing, and chemicgloying a silicon precursor that exhibits a much lower rate of SiO
vapor deposition. Because of their low cost, metal chlorides are thdeposition than MTS, such as SjiCI
most frequently used metal sources for the chemical vapor deposi- The preparation of alumina, silica, and aluminosilicatg.(mul-
tion of metal oxides. An extensive amount of work has been done olite) coatings through chemical vapor deposition from mixtures of
the chemical vapor deposition of 85 through the oxidation or hy-  AICl3, SiCl,;, CO,, and H is the subject of the present study. Depo-
drolysis of AICk, 4¢816put only a few groups have dealt with the sition experiments are carried out in a gravimetric, hot-wall chemical
deposition of silicd/-18and fewer studies have examined the depo-vapor deposition (CVD) reactor over a wide range of operational
sition of mullite1®-?1SiCl, is typically employed as silicon source in  conditions in order to determine the dependence of the codeposition
the chemical vapor deposition of silica and mullite. and single-species deposition rates on temperature, pressure, flow

In a previous stud$? we investigated the chemical vapor codep- rate, and feed composition. The effect of the substrate position in the
osition of SiQ, Al,O; and aluminosilicates from mixtures of reactor on the deposition rate and deposit composition is also studied
CHj5SIiCl; (methyltrichlorosilane, MTS), AlG| CO,, and H. MTS by conducting experiments on thin refractory wires placed along the
was used as silicon source because preliminary experiments showednter line of the reactor. The results are compared with those ob-
that the rates of deposition of silica and alumina froCi@, mix- tained with MTS as silicon source and discussed in the context of
tures containing MTS and AlgIrespectively, were of comparable past studies on silica, alumina, and aluminosilicate deposition and on
magnitude for similar chloride concentrations, whereas mixtures othe basis of the results of thermodynamic equilibrium computations.
SiCl,, CO,, and H gave much lower rates of deposition of silica. Experimental
The experiments revealed that the codeposition process exhibited ) P ) ) i
deposition rates that were not only larger than those of the simple CVD experiments were carried out in a vertical hot-wall reactor
oxides (AbO; and SiQ) from MTS and aluminum trichloride, re- made of quartz Wlth a ;5 mm internal dlamt_atgr. The rea(_:tor is cou-
spectively, at the same operating conditions, but also larger than thefl€d to an electronic microbalancey( sensitivity) for continuous

sum by a factor of two to three. The analysis of the composition offfonitoring of the weight of the deposit. Aluminum trichloride is
formed in situ in a packed-bed reactor (chlorinator) loaded with
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the reactor using a @acitance manometeand it is egulated by a
throttling valve contolled by a pessue contoller. Subambient @s
sures ae genested using a mdwnical \acuum pumpThe pump
and the contl valve ae piotected § using a liquid nitogen tiap, a
soda-lime tap, and a paiculate filter. The eactor tube and the sub
strate ae heded with a high-tempeture single-pne esistance fur
nace which provides dout 25 cm (10 in.) of héiag zone Temper
ature measwements in theaactor shwved tha the pat of the eactor
tube tha lies in the heing zone is almost isotheral 23 with the
tempeature being within=5°C of the set-pointalue

Local deposition etes were measwed using small silicon sub
strates (typicaly, 1.35 cm lengthQ.75 cm widthand 0.20 mm thic
ness) obtainedybdepositing silicon fom mixtues of silicon tet
chloride and lydrogen on subsétes made of high-densityraphite
blocks. The substites were hung fom the sample ar of the mico-
balance and placed within the tieg zone with the dgosition suf
face paallel to the fow of the eactve mixtue, which entes the
chemical eactor fom the top. Expéments vere also caiied out on
thin molybderum wires placed along the center line of theutab
reactor in oder to obtain indrmation on the pofiles of deosition
rate and dposit composition along theactor At ead set of &-
petimental conditionsthe deposition pocess was allaved to occur
for a peiod of time tha was suficient to etract a eliable deposk
tion rate from the slope of the @ightvs.time cuwve.

Results and Discussion

The overall reactions thiadescibe the deosition of silica,alu-
mina,and aluminosilicges €.g., Al gSi,O, 3 andAl,SiO;) are

SiCl, + 2H,0 = SiO, + 4HCI
2AICI; + 3H,0 — Al,O; + 6HCI
2SiCl, + 6AICI; + 13H,0 = AlSi,O,5 + 26HCI  [3]
SiCl, + 2AICI; + 5H,0 - Al,SiOg + 10 HCI [4]

The overall reaction br the brmation of water vapor is the vater
gas-shift eaction

(1]
(2]

H, + CO,— H,0 + CO [5]

These eactions do notepresent vhat actualy occus in the CVD
reactor The deosition pocess imolves mag homaeneous and
hetepgeneouseactions in \ich mary gas-phase species and species
adsorbed on the gesition suréce paicipate. The dgosition ete &
a cetain locdion in the ©iemical eactor is detenined ly the con
centetions of the arious species thdake pat in the hetesgeneous
reactions thialead to solid deosition. These concerdtions ae in
tumn detemined not ony by the composition of theekd hut also ly
the fow field in the ©iemical eactor and theates of the othertem
ical reactions thiatake place in theaactor The diemical eactor ve
use in this stughas length mch larger than its diameteand thusit
is characteized ty a simple fow field, which pemits its opegtion to
be desdbed by a simple pluglbw model. Havever, the intepretaion
of the \arious efects thaare revealed ly the expeimental déa still
requires considetion of wha the eactve mixtue epeiences be
fore it reates the deosition surbce

Most of the esults thawe present in this stuydwere obtained
using mixtues of AICI; and (or) SiC] in H,, and CQ with
300cm?/min total fow rate & 100Torr total pessue. The substtes
were placed with their midpointt@ distance of 4 cmdm the top
of the heting zone of the eactor (0 cm position)The top of the
heding zone almost coincided with the gening of the isothemal
zone of the hemical eactor The \alues of the opeting paametes
are reported in the iigures br ead cuwve of &peimental esults
shown thee.

Tempeature efects—Figure 1 pesents typical esults on the
variation of the deosition gte of the single xides and of the code
position ite with the tempeture in Arrhenius coadinates,thd is,
as InRy vs.1/T, with Ry being the dposition ete andT the dsolute
tempeeture in the eactor To obtain theseesults,the tempeature
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Figure 1. Tempeseture dgendence of gmsition and codeosition etes a
100Torr.

was \aried betveen 850 and 110C & 50°C incrementsThe mole
fractions of the soge gses were 0.006 SiC] (xgjc),), 0.012AICI;

(Xaici3), and 0.035 CQ(Xcqy)- Itis seen thiathe tempeature has a
positive efect on the deosition etes of all thee pocessesThis

effect is stonger in the case of Sileposition,whetre the ete \aries

by more than thee oders of manitude betwen the laer and the
upper tempeture limit. When the CVD system opates @ 1000C

or above, the deosition of silica poceeds asignificant iates. The

decease of the tempature from 1000 to 95T is followed by a

dramdic reduction in the dmosition ete. The esulting lav values,
of the oder of 10 mg/cn? min, lie within the limitaions of our
microbalance dér small-surce-aea (nonpasus) substtes.

The ppaent actvation enegy (Eyyp), the slope of the IRy vs.
1/T curve, deceases with in@asing tempeture for the case of sil
ica deposition. Linear egression wer the entie tempegture range in
which daa ae shaevn in Fg. 1 gves an actiation enegy value of
71.5 kcal/mol,while a much lower value of 28.5 kcal/mol is eb
tained vhen the d&a & low tempeatures (<1000C) are not indud-
ed in the calcukions. TheArrhenius plot of the alumina gesition
process tyes an ppaent actvation enegy of 14 kcal/mol.This
value is laver than the &lue (19.6 kcal/mol) thavas detemined in
a past stugf? in the same>@elimental arangement using dferent
concentations of aluminim tichloride in the &ed ¢ 13 = 0.009).

The overall deposition ete in the codposition pocess hanges
with the tempeature in a similar way as the ate ofAl ,05 deposition.
The Arrhenius plot of the cogesition pocess (k. 1) yields an
activation enegy of 22.1 kcal/molThis wvalue is ly a factor of thee
larger than the actétion enegy reported in Ref 19 (7.4 kcal/mol),
where the @iemical \apor deposition of nullite from mixtules of
SiCly, AlICl 5, CO,, and H, was irvestigated The deosition etes tha
are reported in tha study are of the same der of m@nitude as those
found hee. The diference in the gpaent actvation enegies is most
probably a reflection of the diferent reactor confurations and the
different opeating conditions.

The codeosition ate and the dgosition ate of alumina hee, in
geneal, compagble values At tempegtures geaer than 95€C, the
codgoosition @te is higher than the desition ate of aluminaand
since the lger is much lamger than the deosition ete of silica,high-
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er than the sum of the plesition etes tha are measued when ony
one of the tw chlorides (AICK or SiCly) is contained in theekd &
the same concertion as in the mixte (composite cwe in Fg. 1).
This is an indiction thd in the codposition pocess alumiam-con
taining species and silicon-containing speciesigpate in surace
reaction stps tha lead to solid ppduct d@osition & rates tha are
greder than those of the gte tha lead to the deosition of SiQ and
Al,0O5 in the indg@endent dgosition epeiments.

Pressue efects—The efect of pessue on the eaction ate of
the thee d@osition pocesses is sk in Fg. 2 & 1000C and a

CO,/(SiCl, + AICI ;) feed gtio of 2.An increase of the total system

pressue is accompaniedyban incease in theate of SiQ, deposk
tion, with the dgosition ete chandgng by a factor of thee betveen
the two limits of the pessue range. The deosition ate of alumina
also inceases with in@asing pessue over the entie pessue range
covered in Rg. 2. In contast to the deosition ates in the single-
oxide deposition systemsthe deosition ete of the codpgosition
process displgs a comple dependence on pssue. The codposk
tion rate increases as the ggsue moves fom 75 to 150Torr, but
then it stais to decease readiing a mininum \alue & 250 Torr.
Subsequeny] it stats to incease gain with the ate & 300 Torr
being higher  more than adctor of two than the local mininm
rate & 250Torr.

The neative efect of pessue on the codeosition ete & the
range 150-250Torr is not suprising consideng tha a lise in the
pressue of opeation afects \arious factos which may have quali
tatively different efects on the deosition ete. With the £ed com
position and the tempature kept constantan incease in the oper
ating pressue increases both the conceations of the eactants and
the esidence time in theeactor Larger concenttions tend to lead
in geneal, to higher dposition ates,but this efect ma be ofset by
the geder consumption ofeactve species and theegter poduc
tion of product species upsam of the deosition site because of
the inceasedesidence time

It must be noted thahe d@osition ete mag/ be ngatively influ-
enced i the brmaion of pavder in the eactor since vhen this hp-
pens,the consumptionates of the gseous @actants a& increased
Insignificant pavder formation was obsered in our &petiments,
even a 300 Torr. This obsevation is consistent with theesults of
Fig. 2 which shav increasing dposition ate with inceasing pessue
in the upper parof the pessue range where pavder formation, if it
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Figure 2. Pressue dependence of gmsition and codeosition etes a
1000cC.

occured should poceed with higherate. A reduction in theate of
mullite deposition & pressues higher than 150orr was obsered in
Ref. 19,and was dtributed to pavder poduction. Bsitive influence
of pressue on Al,O; deposition was eported ly Colmet and
Naslain® who conducted >®eiiments & low alumirum tichloride

concentations (e, = 0.008) without detecting ocaence of pa-

der formation even & ambient pessues. Funket al® noticed a da

matic drop in the dposition ete of Al,O; at pressues d&@ove 200
Torr. They dtributed it to pavder formation even though the used
mixtures with lav AICl; content Kuc; = 0.004).

Feed composition fefcts—Results on the ihfience of the ded
composition on the gsition ate ae shavn in Hg. 3-6,which pre-
sent deosition @te vs.reactant mole fction déa for various tem
pefatures. The esults of k. 3 refer to the deects of SiC) on the
deposition gte of silica. It is seen théhe opeating tempeature mgy
affect the dpendence of the gesition ate of silica on the mole
fraction of SiC} both qualitéively and quantitéively. The efect of
the mole faction of SiC} on the dposition gte of silica anges
from neyative & 1000C to positve & 1050C. At 1100°C, the dpo-
sition rate dgpends veakly onxgicy,, presenting a shalie minimum
in the laver pat of the 0.005-0.04 moledction ange thd is cor-
ered in the igure. As in the case of the tlareported in Rg. 2, very
small amounts of peder were obseved d the «it of the eactor It
should be noted thgownder formaion cannot be the cause of the
negative dgendence of the gesition ete on the SiGlmole frac
tion & 1000C, because this phenomenevheneer it occus, tends
to intensify with inceasing tempeture. The compl& dependence
of the deosition ete of silica on the mole dction of SiC} most
probably reflects the dects of the @action ly-products andin par
ticular, of HCI. An increase in the Siglmole fraction in the éed
leads not onyl to higher concerdtions of SiC}, in the eactor lit
also to higher concertions of HCI and of the otherykproducts of
the gas-phase decompositiogarctions.

Figure 4 pesents @sults on the gendence of the cogesition
rate and the deosition mte of Al,O3 in single-xide deposition
expetiments on théICl; mole fraction in the éed athree tempex
tures (1000,1050,and 1100C). The mole factions of SiG] and
CO, are 0.006 and 0.035espectiely, but similar esults vere
obtained 6r other \alues of these tw opesting paametes. It is
seen thathe intoduction of small quantities @ICl 5 in the SiC)-
CO,-H, mixture leads to a steeise of the dposition ate. A simi-
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Figure 3.Effects of the SiGlmole fraction on theate of SiG, deposition &
100Torr and \arious tempeatures.
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Figure 4.Effects of theAlCl; mole fraction on the deosition ete in the pes
ence or hsence of SiGlat 100Torr and \arious tempeatures.

lar obsevation was made ¥ Auger and San,2° but Mulpuil®
noticed a pecipitous dop in the dposition ete as theAl/Si feed
ratio changed from zro to 0.5As theAlCl ; feed mole faction in the
feed is inceasedboth the codgosition ete and the daosition ete
of Al,O5 fromAICl 3-H,-CO, mixtures incease Enhancement of the
codeposition ete with futher incease of thé\l/Si feed etio was
obseved in Ref 19 after the initial dip, but the opposite bekier
was eported in Ref 20 for expetiments conducted in a similar
chemical \apor deposition gparetus.

In the lover pat of the AICI; mole fraction ange covered in
Fig. 4, the codeosition pocess poceeds with laver rate than the
deposition of aluminaTheAICl ; mole fraction \alue @ which the ce
deposition ete becomes lger than theate of dgosition of alumina
deceases with in@asing eaction tempeture. Expeiments & other
conditions shaved tha this \alue also dgends on thesed mole fac
tions of SiC} and CQ. Using the esults of kg. 1 for the d@osition
rate of silica,one fnds tha in the upper parof theAlCl; mole frac
tion range of Hg. 4,the codeosition ete is much higher than the sum
of the dgosition etes ofAl,Oz and SiQ in indgoendent dgosition
expeliments.This was also obseed to be the case ing- 1 & high
tempeatures. These esults einforce the conlasion tha the surbce
chemisty of the codposition pocess mst in/olve reaction stps tha
include both silicon species and alunnin species.

Data on the dct of the éed mole faction of carbon diide on
the dgosition ete of the single xides and on the cogesition ete
are pesented in i§. 5 and 6 81000C for several combinéions of
mole fractions of blorides. For the codposition pocessdaa ae
also gven & 1050C for 0.6% SiC) and 1.2%AICl; in the feed
(Fig. 6). The esults she tha the fed mole faction of CQ influ-
ences the gmsition etes of the thee pocesses in a complavay.
Depending on the alues of the other opatng paametes, an in
crease in the COmole fraction mg increase deceaseor have no
effect on the deosition ate. For the codposition ete and the deo-
sition rate of aluminathe most common behiar patem is an ini
tial increase as the GOnole fraction is aised fom the lavest \alue
used in gpeliments {.e., 0.035) bllowed by a region on small
change or a maxiram. For deposition of silica with 0.6% Siglin
the feed the deposition ete undegoes a small a@ip as the C®in the
feed is banged from 3.5 to 7% and sk little change after tha On
the other handfor 0.011 SiCJ mole fraction, it increases contin
ously, but slowly, as the C@mole fraction is inceased
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Figure 5.Effects of the C@mole fraction on the deosition and codmosk
tion rates @ 100Torr and 1000C for two sets of hloride mole factions.

All codeposition etesvs.CO, mole fraction cuves in kg. 5 and
6 present a maxinmm, which is moe ponounced dr reaction con
ditions tha give high etes of dgosition. The CG mole fraction
value & which the maxinum occus lies in the 0.07-0.1&ngg, and
it tends to mwe tovard lower values as the tempature is educed
or as the mole &ction of SiCj is increased Since thesehanges
lead to laver deposition etes, this behaior sugyests thathe loca
tion of maximum is maed to lager CO, mole fractions as the code
position ete is inceasedThe ppeaance of a maximm in the \ari-
ation of the deosition ete with the CQ mole fraction has been eb
sewred in may expelimental studies on thehemical \apor deost
tion of alumina fom mixtues ofAICl 5, CO,, and H,. 131624
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Figure 6.Effects of the C@mole fraction on the deosition and codeosk
tion rates & 100 Torr and 1000C. Cod@osition esults ae also shan &
1050C.
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The incease in the gmsition ete with an incease in the CO
mole fraction is most mhably caused ¥ the incease in the concen
tration of H,O or of other ®ygen-donor species with high sack
reactvity, sud as OH.The gpeaance of a maxinmim sugests tha
the formation of axygen-donor species ceases to be #e-limiting
step of the werall process hove some glue of CQ concentation.
As the mole faction of CQ in the ®ed is inceasedthe concentr
tions of species thaontain metal (Si oAl) and ocygen should also
increase aithe expense of silicon or alumim species thiacontain
chlorine or tydrogen. For deposition of silicon fom SiC},, past stuel
ies>26have shevn tha SiCl, are the species thare mainy respon
sible for Si incoporation in the deosit. If an analgous situéion
exists in the case of metal inganation in the deosit duing deposk
tion of axides,tha is, SiCl, andAIClI, are the main sudce eactve
speciesthe eduction in the concemtion of metal-tlorine with the
increase of the conceation of CG, should &entuall offset the pos
itive efect of the inaease in the conceations of the aygen-donor
species on theeaction ate. CO, appeas to afect diferently the
deposition ete of silica fom the dposition ete of alumina and the
codeposition ete because thefmer is considebly lower & similar
reaction conditions; thefore, the formaion of water and of other
oxygen-donor species stops being the agliig step of the dposk
tion process amuch lower \alues of CQ concentation.

The esults of ky. 3 sheved tha the incease of the Si¢lmole
fraction in the éed has a metive efect on the silica gmsition ete
at 1000C. Hgure 5 shavs thd this is also the caserfthe codposk
tion rate & this tempegture. The alumium cloride mole faction is
larger in the case with the highealue of SiC} mole fraction,but this
parmeter does notfafict signifcantly the dgosition ete of alumina
and the codeosition gte & 1000C when its alue is &dove 0.01 (see
Fig. 4). Because of the dease thiathe codposition ete undegoes
as the SiGmole fraction is &anged from 0.006 to 0.011he code
position ete and the daosition ate of alumina hee compagble val-
ues br 1.1% SiCJ in the ed whereas thg differ by almost aéctor
of two & the laver value It was agued in the mrsention of the
results of fg. 3 thd the ngative efect of the inaease of the concen
tration of SiCl, on the dposition ete of silica is most wbebly a con
sequence of the inease in the conceation of gas-phaseeaction
products (sule as HCI),which have an inhibitoy effect on the solid
formation reactionsThe esults of k. 5 sugyest tha this nust also
be the case in the cqulssition pocess.

Effects of esidence time-The total fow rate and position in the
reactor ag the tvwo variables tha have the most intience on thees
idence time of theeactant molecules in the haire of the eactor
upsteam of the subsite. The efect of the total lbw rate on the
codegosition and the single-speciespdsition etes is shan in
Fig. 7 for two tempeatures (1000 and 108Q), 100 Torr total pes
sure, and anAl/Si feed etio of two. As the fow rate changes flom
200 to 500 crifmin, a damdic reduction in theate of silica deo
sition tales place Above 500 cr/min, the mte deceases opl
slightly with an incease in theléw rate. Since the massanspor
coeficient inceases with in@asing elocity of flow of the gaseous
mixture over the dposition surdce the n@ative efect of fow rate
on the deosition ete indicdes tha there ae insignifcant mass-
transpot limitations from the lulk of the @s phase to the desition
surface The incease in the totaldw-rate also has a getive efect
on the codgosition ete. However, there ae regions of fow rate val-
ues where the dposition ete tends to in@ase with ineasing fow
rate, and this leads toppeaance of local maxima in the plesition
rate vs.flow rate cuve. The neative efect of the fow rate on the
codeosition ete becomes ginger as the tempaiure deceasesA
maximum also apeas in the wanation of the alumina deosition
rate with the total lbw rate.

Decrease in the gmsition ete with inceasing total lbw rate
was obsered in a stuyl of SiO, patticle genegtion from axidation
of SiCl,. 2" A similar obsevation was also madeybKlaus et al?8
andWise et al.?° who reported tha the gowth rate of SiQ, films
formed on silicon susites though @mic layer contol from SiCl,

and HO using binay reaction sequencéemisty increased signif
icantly with increasing gposue time For alumina dposition, the
decease of the gmsition ete & flow rates higher than 400-
500 cm®/min in Fg. 7 is & variance with the behdor seen in
Ref. 30, wher a squa oot dgpendence on the totdbiv rate was
obseved This was constred as an indi¢an of the &istence of
mass-tanspot limitations on the deosition pocess. Bik et alllre-
ported linear de@ase of dgosition ete of Al,O; with deceasing
flow rate from 800 to 300 cRimin & 1050C. The pesence of mass-
transpot limitations was poposed as arxplandion for this beha-
ior. Other obsestions made in Refl1 were insignifcant dang of
the deosition ate for flow rates geaer than 800 cfimin and no
deposition belev 300 cn¥/min. These esults ae in dis@reement
with the behwior seen in k. 7. The diferences a& most pobadly
due to the use of a @éfrent reactor aangement fom thd used in
the pesent stug namey, a \ertical cold-wall reactor

To obtain esults on the &cts of the position of the sula& on
the deosition ete from a single ¥peliment, expeiments vere car
ried out on thin mglbderum wires placed along the center line of the
reactor Results on thearation of the codposition ete with the dis
tance fom the entince of theeactor £1000C ae gven in Rg. 8.
Kinetic daa ae shavn in the fgure for positions ying within the
isothemal mne of the eactor tha is 0-23 cm,and theefore, the
changes in the deosition ete reflect changes in the composition of
the gaseous mixtwr and not in the tempature of the eaction.The
vaiiation of the codposition ate with the distance in theactor pe-
sents a maxiem & about the midle of the isothenal ne of the
reactor This behaior is in agreement with thiaseen in k. 7 for the
effects of fow rate. [It must be noted thiadeposition ate measwe-
ments conductedt éhe same distanceofin the entnce of theeac
tor on diferent subsates (walls of the eactor plates, and wies)
shaved small diferences among theawous substtes.This is a fur
ther indicdion of the &sence of signifant mass-anspot limita-
tions d the conditions of ourxpeiiments.] The gpeaance of the
maximum in the wariation of the deosition ate of alumina and in the
codgposition ete with the esidence time is mostagiebly the esult
of the inteaction of the drmaion of surfice eactve speciesthe
depletion of the species in thepimsition eactionsand the érmation
of reaction ly-products thehave inhibitory effects on soliddrmation
reactions€.g., HCI). This inteaction nust also be taking place in the
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Figure 7.Deposition ete vs.total flow rate for the d@osition and codmsk
tion processestal00Torr and 1000 and 1080.
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Figure 8.Deposition gte vs. position in the CVD eactor br the codposk
tion process 8100Torr and 1000C.

case of silica deosition, but because of the uh lower values of
deposition ete, the maxinum dgposition ete piobably occus & flow
rates belav the laver limit of the ange covered in Hg. 7.

Deposit composition and mphology.—The composition and
morpholagy of the dgosits were examined emplging enegy dis-
pesive X-ray anaysis (EDXA) and scanning eleotr micioscoy
(SEM), respectiely. X-ray diffraction (XRD) analsis evealed tha
the flms of pue alumina consisted of palystalline k- and 6-
Al,03, 2 wheras the silicailins were amophous. Bms deposited
from SiC},-AlICl 3-CO,-H, mixtures were dense and umifm in thidk-
ness. Seeral codgosited iims were anayzed with XRD, and br
deposition tempeatures dove 1000C, they were found to be a mix
ture of an amgrhous component and and6-Al,O;. The alumina
peaks in the cogmsits vere rather weak in compason to the peaks
seen in pw alumina dposits,sugyesting thathe amounts of gs-
talline Al ,O; were small and thasignificant amounts oAl,O5; were
incomporated into amgohous aluminosilid@s. No cystalline phase
was detected in g@sits obtainedtdempeatures laver than 100TC.

Figure 9 shavs SEM micographs of codposited fims formed &
4 cm locdion, 100 Torr, 300 cn¥/min total fow rate, 0.006 SiCj
mole fraction,0.012AICI; mole fraction,0.035 CQ mole fraction,
and two degposition tempeaatures (1000 and 1100). It is seen tha
the macoscopic mopholagy of the surfce of the deosits is of
nodular stucture. The arerage nodule sie deceased slighyl as the
tempeature was danged from 1000 to 110 (compae Fg. 9a and
b), and the sugce of the deosit becameaugher and similar to tha
of pure alumina dposits. The anajsis of the composition of the
deposits (see belw) revealed thathis thang was accompaniedyb
an incease in the aluminm content of the ghmsit.

The composition of the gesits vas anajzed by EDXA. Since
the deosition of alumina mceeds much higher ates than the
deposition of silica (k. 1), one would expect thaif the two axides
(SiO, andAl ,0O4) were degposited in the cogmsition pocess arates
propottional to those seen in the imdent dgosition peiments
at the same opeting conditions Al ,O; would be the main compo
nent of the codeosited fims, especiay a low tempeatures
(<1000C) where the codposition mte is compaable to tha of alu
mina. Havever, the lesults shaed tha SiO, was the main con
stituent of the degosit in the ente tempegture range, suggesting
that the incoporation of silica in the codmosit is moe favored than

(b)

Figure 9. SEM miciographs of CVD fims & 100 Tor, xgic, = 0.006,
Xaiciz = 0.012,substete & 4 cm,and 300 crifmin total fow rate. Deposk
tion tempeature: (a) 1000 and (b) 110G.

that of alumina. Fom the \alues of the cogmsition ete and theifm
composition in Si@ and Al,O5, the rtes of incoporation of the
oxides in the codeosited fims were computed as functions of tem
perature, and the esults ae shovn in FHg. 10.The compadson of the
alumina and silica gmsition gtes in the codeosition ppcess and
in the single-gide deposition &peliments shwss thd the codposk
tion process isdllowed by a damaic enhancement of the plesk
tion of silica and an equglidramaic reduction of alumina q®sk
tion. As a lesult,the Al/Si ratio in the d@osit is ly a few orders of
magnitude laver than theatio expected on the basis of thepaesk
tion rates of silica and alumina in singledde expeiments & the
same conditions (compadashed and solid a@s in kg. 10).

An increase in theeaction tempeture has a posite efect on
the content of the cogesited fims in Al in Fig. 10, but the oppe
site efect is obsared for theAl/Si ratio tha is predicted on the basis
of the single-gide degosition expeliments. InceasingAl/Si ratio of
the deosit with inceasing tempeture was alsoeported in Ref 19,
where it was also obseed tha the deosition ete and the alumimm
content of the dmosit inceased with in@asing dposition time
Insignificant \aiation of the composition of the gesit and of the
deposition ete with time was obsered in the pesent stug and a
similar obsevation was made in our past studf aluminosilicée
deposition using MTS as silicon saar®?

Figure 11 pesents theasiation of theAl/Si ratio along the length
of the eactor br the fim formed on aefractoy wire & the condi
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Figure 10.Effect of tempeature on the ates of incoporation of Al,Oz and
SiO, in the dposit and the\l/Si ratio at 100 Torr.

tions of Ag. 8. It is seen thaheAl/Si deposit r@tio increases with
increasing distancedm the entnce of theeactorreading a max
imum dose to the center of the haire Since the maxiom in the
deposition ete and the maxiom in theAl/Si ratio in the dgosit
occur & the d@out same position in theactor (compar FHg. 8 and
11), one is led to corade tha high deposition etes pomote the
incomoration of Al in the deposit. The lesults of kg. 11 sugest tha

it may be possile to cicumwent the efects of the enhancement of

the dgposition ete of SiG in the pesence oRICl; in the fed and
obtain dgosits with signitant alumina and aluminosilia .g.,

mullite) content ly manipulding the esidence time of thesactie

mixture in the eactor

Silicon tetachloride vs. MTS as silicon sa& gas—It was men
tioned in the inimduction thain a past stugf? we caried out a com

1.0

©
®

o
)}

Codeposition
1000 °C; 100 Torr

o
»

Al/Si Ratio in the Deposit

300 cm3/min
0.2 - Xsicl,= 0.006
XAICI3= 0.012
7 XCOQ= 0.035
0.0 I B S S e e e E

T T T

I
0 3 6 9 12 15 18 21
Position in the CVD Reactor, cm

Figure 11.Al/Si deposit etio vs. position in the eactor &the conditions of
Fig. 8.

prehenste stugy of the d@osition of silicaalumina,and aluminosik
caes fom mixtues of CHSICl; (MTS), AICI 5, CO,, and H. Results
from thd stud/ on the waiation with the tempeture of the codgosk
tion rate and the dmosition etes of silica and alumina in ingendent
expeliments ae compaed in Fg. 12 with d@osition ete results meas
ured when SiC} is used as silicon sawe (Fg. 1). The compason of
the two sets of d@ reveals thawhen MTS is used as silicon soar
both the dposition ete of silica and the ¢@®sition ete in the code
position pocess & rmuch higher (ly almost an ater of manitude)
than the caesponding alues or SiCl, at all tempestures. It should
be noted thiawith the exception of the mole fiction of CQ and the
total pessue, the other opeting paametes (chloride mole factions,
flow rate, and meas@ment loction) do not hge the samealues in
the two sets of di@. Havever, as the esults of kg. 3-8 on the décts
of these pametes on the codeosition ete and the deosition of sit
ica shav, the diferences in [g. 12 ae much lager (by more than an
order of m@nitude in some cases) than thdaténces thiawould be
expected fom the diferent opeating conditions andn several cases,
of the opposite sign.dfF example as the esults of kg. 3 and 5 shw,
chandng the SiC} mole fraction flom 0.006 to 0.011 (the MTS mole
fraction in kg. 12) would decease both the copesition ete and the
deposition ete of silica # 1000C and thus lead to Iger differences
between SiCJ] and MTS as silicon soce

The gpaent actvation enegies tha are extracted br dgposition
of silica and aluminosilida deposition (codposition) flom the e
sults of kg. 12 with MTS as silicon soce (25.9 and 22.Rcal/mol,
respectiely) are \ery close to the alues dund in this stug for
deposition flom mixtues containing SiGl[26.5 (ecluding dda
belov 925C) and 22.1 kcal/molkespectiely (see kg. 1)]. Even
though ppaent actvation enegies ae influenced § several other
factoss in adlition to the intinsic kinetics of pocesseghe small dif
ferences in the aetition enegies for the tvwo silicon souces ofer a
strong indicdion tha the same comiling stgps ae piobadly in-
volved in the dposition mebanisms of aluminosilitas and silica
in the two cases.

It is possilte to explain some of the diérences thieare obseved
in Fig. 12 betveen MTS and SiGlusing themodhemical equilibi-

0.20
—@— Codeposition from MTS and AICl5

—A— Deposition from AICl;
—m— Deposition from MTS

0.15 4 —9O— Codeposition from SiCl, and AICl3
—A— Deposition from AICl;
—0O— Deposition from SiCl,

0.05

Deposition Rate, mg/cm2-min

1100
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Figure 12.Compaison of dgosition etes using MTS@®, A, B) and O, A,
0) SiCl, as silicon soure @ 100 Torr and 3.5% C@Q Other eaction condi
tions: (@, A, H) 1.1% MTS 0.9%AICl, 250 cn¥/min total fow rate, and
substate & 7 cm. O, A, 00) 0.6% SiC}, 1.2%AICl 5, 300 cni/min total fow
rate, and substte & 4 cm.
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um anaysis. kgure 13 pesentsesults on thenochemical equilibi-
um in the Si/C/CI/H/O systenoff elemental loadings a@sponding
to MTS-CO-H, (Fig. 13a) and SiGICO,-H, (Fig. 13b) mixtues
having the compositions usedrfdeposition of silica in k. 12. Hg-
ure 14,on the other hangresents esults br themochemical equi
librium in theAl/Si/C/CI/H/O system dér elemental loadings aer
sponding to the\ICl;-MTS-CO,-H, andAlIClI 5-SiCl,-CO»-H, mix-
tures useddr codgosition in kg. 12 (Rg. 14a and pbrespectrely).
More results on thenochemical equilibium in silica,alumina,and
aluminosilicae deposition with MTS as silicon soce hae been B
sented in Ref22. Ony species hang mole factions lager than
1075 are shevn in FAg. 13 and 14and the pesentedasults efer to
themodynamic equilibium with only gas-phase species alled to
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Figure 13.Equilibrium mole fiactionvs.tempesture for SiO, deposition &
100 Torr. Solid phases arnot alleved to brm. (a,top) CO/MTS = 3.3,
Xurs = 0.011; (h bottom) CQ/SICl, = 5.8,xgic), = 0.006.

form. This was done because the quantities ofene tha must be
transered fom the @s phase to the solid phase.(to the valls of
the reactor) in oder to esthlish complete gs-solid equilibum ae
vely large, requiting residence times thare seeral orders of may-
nitude lager than those prailing in the &peiments or in typical
CVD reactos.A large ddabase of gs-phase species with theydy-
namic déa compiled fom various souces (see Ref22 and efer-
ences thazin) was useddr the themodynamic computé@ons, which
were caried out using a &e enagy minimizaion method

The compason of Hg. 13a and 14a withif. 13b and 14pre-
spectvely, shavs tha even though the MTS moledction in the éed
is by about a &ctor of 2 lager than the mole #ction of SiCJ, the
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Figure 14.Equilibrium mole fiaction vs. tempegture for codgosition &
100 Torr. Solid phases arnot allaved to brm. (a,top) CG/AICI/MTS =
3.3/0.8/1,xyrs = 0.011; (b bottom) CQ/AICI4/SICl, = 5.8/2/1,%gic), =
0.006.
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mole fractions of SiCJ and SiC} are almost an ater of manitude
larger in Ag. 13a and 14dlhese tw radicals a& the main mrducts
of silicon tetachloride and MTS prolysis2°28and their high suaice
reactvity rendes them the pncipal precusors for silica incopora-
tion in the deosit. The themodynamic equilibium results of kg. 13
and 14 ae theefore consistent with the meh higher dposition ates
of silica and aluminosilidas when MTS is used as silicon soar
The intoduction ofAICI 5 in the eactve mixtule gppeas to afect
insignificantly the fraction of HCI bothér MTS and ér SiCl, in the
feed The computdon of themodynamic equilibium in the
Al/CICI/H/O system (seeesults eported in Ref 22) gwve nuch
lower mole factions of lydrogen dloride & the conditions of ig. 13
and 14. Since HCl is the maiy-product of eactions érming alu
mina fom AICI, and HO, speciesthis result can xplain the sup
pression of the geosition of alumina Wwen silicon bloride (MTS or
SiCly) is adled to theAlCl 3-CO,-H, mixture. Fgures 13 and 14 skho
tha the intoduction ofAICl 3 in the eactve mixtue also hasather
insignificant efects on the concemtion of the \arious Si-containing
speciessud as SiC|. Therfore, the damaic enhancement of the
deposition of silica with the atition of AICI5 in the fed cannot be
justified on the basis of th@odemical equilibium anaysis alone
It is believed tha the inceasedate of silica deosition is due to sur
face eaction stps involving alumirum and silicon specieadsorbed
on the suidice whose main @action poduct is silicon mide. It is
interesting to point out thastudies on the cogesition of C and SiC
from MTS and etylene mixtuesi! indicated tha a similar inteac

vealed thain compaison to the ates seen in single-speciegdsi
tion expeiiments,the codeosition pocess was harmcteized by a
dramdic enhancement of the plesition of SiQ and a eduction in
the deposition ofAl ,05. This result vas in @reement with Wa was
seen in a past stydvher metlyltrichlorosilane vas used as silicon
souce However, in tha casethe ite of silica deosition in single-
species deosition &peiments vas nuch lamger (by more than an
order of manitude),and the codaosition ete was ty more than a
factor of thee higher than the sum of thepdsition gtes of the tw
oxides in ind@endent gpeiiments.

The mopholagy and the composition of thémis were deter
mined using SEMXRD, and EDXA. The silica fims were amor
phous,and the aluminailins consisted ok-Al,O3 and 6-Al,Os.
These tw alumina érms were also 6éund to a&ist in codeosited
films along with amgshous component$he anajsis of the compo
sition of compositeilins deposited on wies shaved tha the Al/Si
ratio increased with in@asing distancedm the entance of theaac
tor, reading a maximuim in the midle of the hot ane The alu
minum content of the co@esition ppduct also inaased with in
creasing tempeture. These esults indicte thd it may be possile to
obtainAl/Si deposit itios thd are dose to thaof stoichiometic mul-
lite and aluminaich mullite by manipulaing the tempeture of the
reaction and theesidence time of the mixteiin the eactor
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ic enhancement of the jplesition ate of carbon.

Condusions

The demical apor codgosition of silica,alumina,and alumi
nosilicaes flom SiC}-AlCl3-CO,-H, mixtures was irvestigted in a
subambient @ssue hot-vall reactor ly monitoiing gravimetiically
the deosition ate on small subsites.To detemine the waration of
the deosition ate and dposit composition with the lotian in the
CVD reactor deposition &peliments vere caried out on efractory
wires placed along the center line of tkaator

The results sheved tha both the codgosition ete and the single-
oxide deposition etes were positiely influenced § tempesature.
Similar values of ppaent actvation enegy (around 20 kcal/mol)
were detemined Pr the thee d@osition ppcessesdr tempeatures
above 1000C. The dgosition ete of alumina and silica in ingen
dent epeliments inceased with in@asing pessue for pressues
between 75 and 30Torr, but the codposition ete ehibited local
minima and maxima in the inteedide pessue range. The alu
minum tichloride mole faction had a posite efect on the ate of
codeposition and theate of alumina dposition.The efect of carbon
dioxide mole faction on the daosition ete was also imestigated
The deposition ete vs.CO, mole fraction cuves ehibited a maxi
mum for all three dgosition pocessesThe fow rate had a stng
influence on the cogesition ete and the deosition etes of silica
and alumina.The codeosition ete and the SiQdeposition ete
were n@atively affected ly an incease in theléw rate, whereas the
deposition ete of Al,O5 exhibited a maximm in its \aration, the
location of which was shifted to higheddw rates with inceasing
tempeature. A maximum in the codposition ate was also psent
at about the midle of the isothenal region of the CVD eactor

The deosition of Al,O; from mixtures containingAlCl 3 pro-
ceeded mch faster than the gesition of SiQ from SiC|-CO,-H,
mixtures of compaable chloride concenttion. When both blorides
were fed into the hemical eactor the overall deposition ete (.e.,
the codeosition ete) was higher than the sum of thepdsition
rates of the simplexdes in the single-species misition eperi-
ments &the same condition®if tempeature dove 950C. The dif
ference betwen the codmsition ete and the alumina gesition
rate incleased with in@asing tempeture and alumiaom trichloride
concentation. The elemental angdis of the codeosited iims re-

the Institute of Optics of the Urersity of Rohester with the lear
acteization of the fims.

The Unversity of Robester assisted in meeting the ficdtion costs of
this atticle.
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