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A detailed chemical kinetic model is presented for silicon oxide clustering that leads to particle
nucleation during low-pressure silane oxidation. Quantum Rice—Ramsperger—Kassel theory was
applied to an existing high-pressure silane oxidation mechanism to obtain estimates for the pressure
dependence of rate parameters. Four classes of clustering pathways were considered based on
current knowledge of reaction kinetics and cluster properties in thé1SO system. The species
conservation equations and a moment-type aerosol dynamics model were formulated for a batch
reactor undergoing homogeneous nucleation and particle growth by surface reactions and
coagulation. The chemical kinetics model was coupled to the aerosol dynamics model, and
time-dependent zero-dimensional simulations were conducted. The effects of pressure and
temperature were examined, and the main contributing processes to particle formation and growth
were assessed, for conditions around 0.8 Torr, 773 K, and an initial oxygen-to-silane ratio of 15.
© 2001 American Vacuum SocietyDOI: 10.1116/1.1355757

l. INTRODUCTION able predictions of Si@film growth rates under conditions
. . typical of LPCVD.
Low-pressure chemical vapor depositighPCVD) of In an experimental study on particle formation during

SiO, films from silane and oxygen is widely used in micro- | pcyp of SiO, films, Liehr and Cohéhidentified powder
electronics fabrication. SiQis used in electronic compo- formation or “snow” regions as a function of temperature
nents because of its insulating properties and as a barrier {ghq pressure in their multichamber reactor. They further de-
impurity diffusion’ duced that the generation of SiQHpecies from fast gas-
During LPCVD film deposition rates are limited by the phase reactions can significantly degrade film quality. Based
gas-phase nucleation of particles inside the reactor. Moregn their data we selected a base set of operating conditions
over, the generation of particles can be a significant source Qhat lies on the boundary between particle-free film growth
product defects and vyield loss. The critical diameter ofand strong gas-phase nucleation: an initial oxygen-to-silane
“killer particles,” defined as one third to one half of the gate molar ratio ofR=15, pressur@=0.8 Torr(107 Paand tem-
length, is projected to shrink below about 50 nm by 2003 peratureT =773 K.
and below about 20 nm by 20f2Homogeneous gas-phase  Recently Swihart and GirshiGkpresented a detailed ki-
nucleation can play a dominant role in generating these smafietic mechanism for gas-phase nucleation of hydrogenated
particles. Fundamental understanding of particle nucleatiorsilicon particles for the relatively simpler problem of thermal
growth and transport is crucial not only to optimizing oper- decomposition of silane, in the absence of oxygen, and this
ating parameters but also to obtaining desired film propertiesnechanism was coupled to a moment-type aerosol dynamics
Silane oxidation has been the subject of considerablenodef to predict particle growth, coagulation and transport
study since the investigation of the explosive nature of silangor conditions typical of CVD of amorphous silicon films.
and oxygen mixtures by Emeleus and Stewaithile there  There have been several previous attefiptgo model par-
are still many uncertainties in the reaction kinetics due to theicle formation in the more complex SH—O system. These
complexity of Si-H-O chemistry, a growing body of work models simplified the treatment of nucleation either by em-
enables reasonable estimates of rate parameters. Based gloying a highly simplified global reaction set and/or by uti-
previously reported mechanisms for silane oxidation and pykizing classical nucleation theory.
rolysis, Babusholet al* recently proposed a relatively com- A few theoretical studies have been conducted regarding
plete mechanism and made comparisons with experimentghe thermochemistry of the smallest clusters in the silane—
data on the critical conditions for chain ignition over a wide oxygen system. Kudo and Naga5ealculated heats of for-
range of temperatures at atmospheric pressure. mation of SiHO clusters up to the tetramer. Zachariah and
proposed a surface chemistry mechanism to simulate filfTsand®**appliedab initio molecular orbital theories in con-
growth by utilizing empirical calculations and data obtainedjunction with reaction rate theory to obtain thermochemistry,
from tetraethoxysilanéTEOS CVD experiments. Based on energetics and kinetics for a number ofl$jO, reactions
this body of recent work it is now possible to obtain reason-and SiO clustering reactions up to the tetramer. More re-
cently Nayaket alX® reportedab initio calculations of SiQ
dElectronic mail: mrz@me.umn.edu clusters containing up to six silicon atoms.
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In this work we have developed a detailed mechanism fosystem, careful treatment of the pressure dependence of rate
silicon oxide clustering leading to particle nucleation duringparameters is necessary. We applied quantum Rice—
silane oxidation. Thermochemical properties of silicon oxideRamsperger—KasséQRRK) theory®~*8to the base mecha-
clusters and their reaction parameters were estimated usifism to evaluate the pressure dependence of 19 unimolecular
data obtained fromb initio calculations together with statis- yeactions whose activation energies are kndfiviihe major
tical mechanical formulations. This clustering mechanismadvamage of QRRK theory over the more sophisticated
was coupled to a moment-type aerosol dynamics model. Irﬁzice—Ramsperger—KasseI—Marc(BRKM) theory’® is a

Secs. [I-IV we present d.eta|ls of the chemical klr'et'cssubstanual simplification of the input data required. In par-
model, conservation equations for a batch reactor, and an . Lo .

: cular, a geometric mean vibrational frequency is used rather
aerosol dynamics model. In Sec. V we present results o

time-dependent simulations for a batch reactor. than all thg V|'brat|.o'nallfrequenqes for the decompgsmg re-
actant. This simplification predicts fall-off curves with rea-

sonable accuracy in most situations as long as the rate con-

Il. CHEMICAL KINETICS stant k=10 %s 1120 A detailed description of the
Our base gas-phase silane oxidation mechanism is baségplication of QRRK theory can be found in Ref. 16.
primarily on the work of Babushokt al,* which was devel- Implementation of QRRK theory requires geometric mean

oped to study self-ignition and flame propagation propertievibrational frequencies, high-pressure-limit preexponential
of silane combustion systems at atmospheric pressurgactors, activation energies and Lennard-Jones transport
Babushoket al. compiled previously suggested mechanismsproperties. For the 19 unimolecular reactions considered, we

for silane oxidation and pyrolysis, and adjusted reaction paassymed temperature-independent recombination rate coeffi-
rameters to take into account recent experimental and the@jants to be X 1023 cmémol st following the generic rate

retical studies over a wide temperature rafg@0—2000 K.

To complete the reaction pathways for intermediate specie
we also included a number of reactions ofH§iO, species
proposed by Zachariah and Tsdfig.

coefficients of Dean® The high-pressure-limit pre-
%xponential factors in the reverse direction were then com-
puted from the equilibrium constants and the known activa-
tion energies. The geometric mean vibrational frequencies
A. Quantum Rice—Ramsperger—Kassel theory and Lennard-Jones transport properties, including collision

The Babusholet al? and Zachariah and Tsalfgate pa-  diameters, were estimated based on the resultboiitio
rameters were determined for atmospheric-pressure cond¢lculations by Zachariah and TsagTable | summarizes
tions, while our primary interest lies in the 1 Torr regime. the rate parameters of the reactions at 1 atm and the correc-
Because the role of highly reactive radicals such as H, OHion factors, k/Kk; 4m, at 0.8 Torr calculated using QRRK
and O in chain-branching steps is crucial to the-l$+O  theory.

TaBLE |. Rate parameters for unimolecular reactions at 1 atm and the rate correction factors determined using
QRRK theory at 0.8 Torr. Forward rate constants are expressed in the form=ofk/k; o) AT?
X exp(—E,/RT).

A Ea
Reaction (cm*mol 9 B (cal/mol) k/Kq atm Noteg(s)
1 SiH,0+H <« SiH,0H 6.50E+ 24 -3.6 8230 1.€-3 ab
2 SiH,0+H«— SiH,0H 1.2E+16 0.5 160 1.0 ab
3 SiH,+H,0+ SiH;OH 2.8E+31 -6.4 16 140 1.8-3 a,b
4 H+SiO,—SiOOH 8.5(E+24 -4.0 5660 1.6-3 a,b
5 SiO+OH«+SiO0OH 2.1€E+23 -3.6 1900 1.6-3 a,b
6 HSiIOH~SiO+H, 9.4(E+28 -3.8 38550 1.8-3 a,b
7 SiH,0H«SIHO+H, 9.6(E+27 -3.4 59 820 1.8-3 a,b
8 SiH;OH«+SiH,0+H, 2.01IE+27 -4.3 68 160 3.8-3 a,b
9 SiH;OH«—HSIOH+H, 2.2(E+26 —-4.2 66 570 28-3 a,b
10 SpH,+SiH,+SiH, 1.0CE+ 16 0 59 000 1.6-3 a
11 SpH4+SibH,+H, 3.0E+16 0 34990 1.6-3 a
12 ShHs—Si,Ha+H, 3.16E+14 0 53000 3.&-2 a
13 SiH;0,«>SiH,0+0H 8.6E +14 0 40 000 1.&-3 a
14 SiH;0,H« SiH;0+OH 6.5(E+ 14 0 48 700 7.E-3 a
15 HSIOOH-SIOOH+H 5.0E+14 0 90 000 2E-3 a
16 HSIOOH-SIO,+H, 1.0CE+10 0 54 000 8.E—-1 a
17 SiH,0+SiO+H, 1.0E+12 0 60 800 1.E-2 a
18 2HSIOOH-(HSIOOH), 1.7CE+49 —-9.6 12 300 1.0 b
19 2SiH0«(SiH,0), 3.6(E+38 -6.8 11227 1.0 b

*Reference 4.
PHigh-pressure-limit rate parameters are found in Ref. 14.
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B. Base gas-phase mechanism SiH,

ineti i i i 5
Our base kinetic mechanism consists of 36 gas species Si;Hg« Si,H; < Si,H; <« SiH;»SiH,;0# SiH,OH»-HSiOH

undergoing 221 reactions. In an oxidizing environment ther-

mal decomposition of silane is negligible, and silylene, * * /

which is the dominant reactive species formed under thermal Si;H; SiH, SiH, Si0
conditions, is only a minor contributor. Silylene is formed by ‘ \ ‘

the reaction . ce
Slez H3SISIH

SiH,+ M < SiHy+Hy+ M, (1) 2y
Si;H;  Si,H SiOOH

whereM denotes a third body.
Instead direct interaction between silane and oxygen iniFic. 1. Reaction pathways of gas species at 0.8 Torr, 773 KRand5. The
tiates the production of Si§ which then reacts with oxygen species in boxes showed the highest concentrations in the batch reactor

. . simulation presented in Fig. 2. Numbers in parentheses correspond to reac-
to produce an activated compound, 84 , which then de- tion numbers in the text.

composes to produce three primary chain carriers, H, OH
and O through reaction®)—(7):

SiHa+0,<SiH;0% (2)  reaction routes, reaction®)—(7), dominate the chemistry,
leading to the production of SiO and Si®@ia several inter-
SiHz0% > SiO0OH+2H, (3 mediate species. The silicon hydride network shown on the

left half of the diagram indicates that, unlike what would be

< SiH;0+O0H, (4) expected under nonoxidizing conditiofissilane does not
<+ SiH0+0, (5) direc_tly cregte SiK in this sys_t_em. The formation of silicc_Jn
hydrides with two or three silicon atoms through reactions
« SiO+H,0O+H, (6)  with H, OH and O behaves like a radical scavenging process.
. In Fig. 2 we plot the computed gas-phase species mole
—HSIOOH+H. 7)

fractions as a function of time for those species with mole
These chain carriers in turn participate in the destruction ofractions greater than 1 ppm. We note that SiO, Si6iH,O
silane or in chain-terminating reactions. The competition beand HSIOOH are predicted to be the most abundant silicon-
tween the branching and the terminating steps determines ttg@ntaining products of silane decomposition. These four spe-
explosion limits at a given temperature and pressuregies were identified as the most probable nucleating species
Whereas silane pyrolysis leading to particle formation undeby Zachariah and Tsang in previous studiet!

nonoxidizing conditions is overall an endothermic process,

silane oxidation to silica is extremely exothermic. The pyro-
phoricity of silane arises from the rapidity of the chain-
branching steps, reactiomg)_(7)' which have zero activa- The kinetics of nucleation were modeled by a chemical
tion energy. clustering approach based on the detailed gas-phase chemis-

There exist large discrepancies in the reported activatiofy. Considering the complexity inherent in the-5i—O sys-
energies for the reaction SiD,—Si0,+0. Brittenet al?!  tem, a mechanism that would include all possible species
used a value of 6.5 kcal/mol, which is lower than the 15would be unrealistically large. Our approach is to assume
kcal/mol heat of reaction that we used in this study.that the species most likely to contribute the dominant frac-
Babushoket al* used 30 kcal/mol, while ouab initio cal-
culations indicate that it could be as high as 61 kcal/mol. In
the future more attention should be focused on this chain- 1¢° o -
propagating reaction, especially for low temperatures, where
a lower activation energy would cause substantial production 10"
of atomic oxygen, which provides an additional chain-
branching step. In addition, as this reaction opens a conver:
sion route from SiO to Sig it plays an important role in
particle surface growth and clustering reactions, discussec
below.

Figures 1 and 2 show results obtained with the gas-phast
mechanism at the base operating condition. For these calcu 4o+
lations we utilized the SENKIN software modiffewhich is
one of the CHEMKIN family of codes designed for time- 10—
dependent chemical kinetics calculations. Figure 1 shows the
dominant reaction pathway based on an integration over 10
of reaction time. As discussed above, gilies at the core pg. 2. predicted evolution of gas composition at 0.8 Torr, 773 K Bnd
from which the reaction network propagates. The five chain=15 for a batch reactor.

C. Chemical clustering mechanism

ion

102

Mole fract
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tion of the nucleating mass are those silicon-containing spe-

= I
cies that are produced in the highest concentrations. g 20 ' ' ' ' 0§
Among the four most abundant species mentioned above, ® “ ] %
we considered, first, the reversible self-clustering of SiO and f‘\: %0 F - 80 g
SiO, as expressed in reactiort8) and (9). Our choice of = o 1 5
these two species is mostly attributable to the following rea- ¢ 0 E 1w S
sons. 0 C b
(1) Figure 2 shows that SiO and Si@re two of the most g 0 E 6 (_';)
abundant silicon-containing specig®) Ab initio data are 5 C a 1 8
available only for a limited number of these clustd®). As T 0L o &0 ] <
it is highly probable that polymerization and insertion during § r > o Y S a0 =
the self-clustering of SiO and SiQlusters occur withouta % 7°F ° o o 1 8
potential barriet>'*we can estimate the rate parameters of _ ¢ 5
the clustering reactions, 2O T e
(SiO),+ SIO—(SiO)+ 1, (8) Number of molecular units
(Si0,),+ Si0—~(Si0,) h1 1, ©) gl%ZS.ICet\Iculated standard heats of formation per molecular unit of SiO and
| Clusters.

for 1=sn=9.

Second, we included the contribution of $® and
HSIOOH and of their dimers through the two classes of ir- A linear least-squares fit on the smaller oxide clusters was
reversible reactions given in reactiofi0) and (11). Based used to provide extrapolated estimates of larger clusters con-
on the similarities of the ground-state molecular structures ofaining up to 10 silicon atoms. The results were checked by
the monomer and the dimer, comparing SHto SiO and comparing the calculated standard heats of formation of
HSIOOH to SiGQ,* the insertions of SikD and HSIOOH  these clusters with the known values for the bulk condensed
and of their dimers into SiO and Sj@Iusters, respectively, phase. Figure 3 shows that, although the sizes of clusters
were assumed to be barrierless. The following dehydrogen&onsidered are very small, the standard heats of formation
tion reactions were thus assumed to occur and to be barrieper molecular unit for SiO and Sixlusters asymptotically
less: approach the values of their condensed phases, 85 and 145
. . . kcal/mol, respectively.
(SIO)n + (SIHO)m— (SiO)n+m+MH, (10 The thermochemical properties of SiO and Si€usters
(Si0,),+ (HSIOOH) ;7— (Si0,) 1 m+ MH,, (11)  were expressed in terms of polynomial fitting coefficients

in the standard NASA format used in the CHEMKIN family

for 1<n=9 andm=1 or 2. _ of codes® The fitting coefficients are presented in the
We did not consider the other clustering pathways such aﬁ\ppendix

the cross clustering between SiO and Si€@usters since
including all the possibilities will be neither practical nor
helpful in gaining further accuracy and reliability of the
model with the current understanding in this system. More- To estimate the pressure-dependent rate constants of the
over, the consideration of additional clustering pathwaydour classes of clustering steps, reacti¢8s-(11), we fol-
would not change the results significantly especially for thdowed the same procedure described above, i.e., the use of
particle dynamics since we expect that the mass flux frongeneric recombination rate constants and QRRK theory.
gas clusters to particles will remain relatively unaffected so We used temperature-independent high-pressure-limit re-
long as we have suitable pathways. combination rate constants of>2L0*3cmPmol st for
Clusters containing more than 10 silicon atoms, ($iQ) dimerization and trimerizationn(=1,2), 3x 10"cm®*mol™*
(Si0,) 11, (SiO)y, and (SiQ);,, were assumed to form irre- s 1 for formation of the tetramern(=3), and 1x10"
versibly, and the nucleation rate was obtained from the sursm®mol *s ! for the higher polymerization stepsi¥4).
of their production rates. As the self-clustering of SiO and Sj@lusters occurs with-
out a potential barrie¥ we assumed the activation energies
of the dissociation reactions to be temperature independent
and equal to the corresponding heats of reaction at 773 K.
Ab initio calculations for SiO clusters up to the tetramerThe high-pressure-limit pre-exponential factors were then
were performed by Zachariah and TsdAgyhile the corre-  obtained from the equilibrium constants and the activation
sponding results for SiOclusters were reported by Nayak energies. The other input parameters to QRRK theory, in-
et al,'® who also provided us with their unpublished vibra- cluding vibrational frequencies and collision diameters, were
tional frequencies, zero-point energies and moments of inerestimated based on the work of Zachariah and T¥=amy of
tia. These data sets for ground-state clusters were used Mayak et all® for SiO and SiQ clusters, respectively. The
compute enthalpies and entropies derived by standard statisame pressure dependence of self-clustering react®ns
tical mechanics methods. and(9) was used for SikD and HSIOOH insertion reactions

2. Rate parameters

1. Thermochemistry of silicon oxide clusters
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TasLE Il. Clustering reactions considered and rate parameters at 0.8 Torr estimated by QRRK theory. Forward
rate constants are expressed in the fornkef (k/k..)A.. exp(—E,/RT).

A E,
Reaction (cm®mol s) (cal/mo) k/k., Note

SiO self-clustering
1 (Si0),+SiO+SiO 1.0E+15 49580 5.E-4 a
2 (SiO)3+(Si0),+Si0 3.7&+15 53160 1.€-2 a
3 (Si0)4—(Si0);+SiO 14€+14 36670 9.E-2 a
4 (Si0)5—(Si0),+SIiO 27E+14 51020 5-1 a
5 (Si0)g—(SiO)5+SiO 2.8%E+14 46 920 6.E—1 a
6 (Si0);+(Si0)+SIiO 2.8%E+14 46 920 8.E-1 a
7 (SiO)g—(Si0);+SiO 2.8&+14 46 900 9.E-1 a
8 (Si0)g+(Si0)g+SIiO 2.8E&+14 46 950 9.&-1 a
9 (Si0)1¢+(Si0)g+SiO 2.8E+14 46 920 9.&-1 a

Irreversible SiO clustering by (S#®),,, wherem=1 or 2

10 SiO+(SiH0)— (SiO)yy 1+ mH, 2.0E+13 0 5.E—4

11 (Si0,+(SiH0)— (SIO) 4 o+ MH, 2.0E+13 0 1E-2

12 (SiO3+(SiH,0),— (SIO) 4 3+ mH, 3.0E+13 0 9.E-2

13 (SiO4+(SiH0)— (SiO) 1 4+ MH, 1.0CE+14 0 5%€-1

14 (SiO5+(SiH0)— (SiO)y1 5+ mH, 1.0CE+14 0 6.E—-1

15 (SiOg+(SiH,0)— (SIO) 4 g+ MH, 1.0CE+14 0 8.E-1

16 (SiO7+(SiH,0),— (SiO) 4+ 7+ mMH, 1.0E+14 0 9.1E—-1

17 (SiOg+(SiH,0)— (SIO) 4 g+ MH, 1.0E+14 0 9.1

18 (SiOg+SiH,0—(Si0)1g+H, 1.0E+14 0 9.&E-1

19 SiH,0+(SiH,0),—(Si0)3+3H, 3.0E+13 0 9.FE-2

SiO, self-clustering

20 (SiGy),+SI0,+SI0, 1.91E+16 85670 1.E-1 a

21 (Si0)3—(Si0,),+SiO, 497FE+17 95810 5-1 a

22 (Si0)4(Si0,)5+SIiO, 1.2 +17 94 550 6.1 a

23 (Si0)5+(Si0,),+SiO, 6.1E+17 94780 6.1 a

24 (Si0)g—(Si0,)5+SIiO, 5.7&+17 94570 5E-1 a

25 (Si0);++(Si0,)e+SIO, 3.3E+17 92 050 1.0 a

26 (SiG)g—(Si0,);+Si0, 3.8E&+17 93530 8. E-1 a

27 (Si0)g(SiO,)g+SIO, 3.3FE+17 93530 1.0 a

28 (SiGy)19—(Si0y)g+SIO, 3.7E+17 93530 8.E—-1 a
Irreversible SiQ clustering by (HSIOOH),, wherem=1 or 2

29 SiQ,+(HSIOOH),,— (SiO,) ,+ mH, 2.0E+13 0 1.E-1

30 (Si0y),+(HSIOOH),,— (SiO,) 4 2+ MH, 2.0E+13 0 5%€-1

31 (Si0y)3+(HSIOOH),,— (SiO,) 4 2+ MH, 3.0E+13 0 6.6E—1

32 (Si0) 4+ (HSIOOH),,— (SiO,) 4 2+ MH, 1.0E+14 0 6.6E—1

33 (SiQ)5+(HSIOOH)— (SiO,) 42+ MH, 1.0E+14 0 57E-1

34 (Si0)e+(HSIOOH),,— (SiO,) 2+ mH, 1.0CE+14 0 1.0

35 (SiGy)7+(HSIOOH),,— (SiO,) 1y 2+ mMH, 1.0CE+14 0 8.7E—-1

36 (Si0)g+(HSIOOH),,— (SiO,) s 2+ mMH, 1.0E+14 0 1.0

37 (SiG)g+HSIOOH—(SIO,) 1o+ H, 1.0E+14 0 8.E-1

38 HSIOOH+(HSIOOH),—(SiO,)3+3H, 3.0E+13 0 5€-1
Irreversible particle formation, where+m=11,n=9 or 10 andm=1 or 2

39 (SiOg+SiO— particle 1.6(E+13 0.5 1.0

40 (SiO), + (SiH,0),,— particle 1.6(E+13 0.5 1.0

41 (SiG) 1o+ SIO,— particle 1.6CE+13 0.5 1.0

42 (SiG),,+ (HSIOOH),,— particle 1.6(E+13 0.5 1.0

@Activation energy is assumed to be the enthalpy of reaction at 773 K.

(10) and (11), respectively. The resulting rate parameters anism the neutral chemistry portion of the surface reaction
0.8 Torr are summarized in Table II. mechanism developed by Meeks al® to simulate film
growth rates during low-pressure high-density plasma CVD
of SiO, from silane, oxygen and argon gas mixtures. They
estimated thermochemical data for surface species based on
Single-particle growth occurs by heterogeneous chemistrgmpirical methods using their results for the TEOS system,
on particle surfaces. We adopted as our base surface mechard obtained quantitative agreement between their calculated

D. Surface growth mechanism
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film growth rates and their experimental results. Thirteen dif- 4, Kg . Kg .,

ferent surface species were defined, participating in 59 reac- qi > AS W+ >, Vw, W . (14

tions. Eight gas-phase species were allowed to interact with k=1 k=1

surface sites to form bulk silicon dioxide. Substituting Eq(14) into Eq.(13), we obtain the equation of
This base mechanism was extended to include the depspecies mass continuity:

sition of clusters from the gas phase. SiO and Sifdisters Y Kg A Kg

were assumed to deposit on particle surfaces to form bulk p_k: _Yk( > —SWt WEWk)

material with a sticking probability of unity. We assumed dt k=1 V k=1

that the resulting surface mechanism is appropriate for de-

Sy AL
scribing the particle growth process, although the Meeks + | WP+ wy + v S W, kK
et al. mechanism was developed to model film growth on a
flat substrate. We employed the formalism of the Surface =1,2,..Kq. (15)

Chemkin softwar® to implement the heterogeneous kinet-

ics To determine the particle surface-to-volume ratio, one needs

to solve the aerosol general dynamic equati@DE) to-
gether with Eq.(15).
The average mass density, can be obtained from the
[ll. SPECIES CONSERVATION FOR A BATCH ideal gas law,
REACTOR WITH GAS-TO-PARTICLE CONVERSION pV_V

A. Zero-dimensional model: Batch reactor P=RT (16)

We here adopt a zero-dimensional formulation, which isyherew is the mean molecular weight of the gas mixture
appropriate for systems whose behavior is dominated bY¥ndR is the universal gas constant.

chemical kinetics rather than by flow. The major advantage ) )
of such an approach is a large enhancement in computationgt Surface species conservation

efficiency, while still obtaining important insights into the  The concentratioror, equivalently, site fractionof sur-
system behavior. However it should be noted that, evemace species needs to be calculated to obtain the species pro-
where convective flow effects are negligible, actual reactorgjuction rates, which are then used to predict rates of particle
may have nonuniform temperature fields and other inhomogrowth by surface reactions. The procedure corresponds to
geneities, and that diffusion and particle thermophoresis cathat of the gas-species mass conservation equation derived
be important phenomena, especially at low pressures. earlier.

The mass conservation equation for each gas species was Following the derivation presented by Coltet al.,?® the

formulated for a batch reactor where particle formation occhange of moles of thkth surface species with time can be
curs. The change of mass of tkil species can be expressed ritten as

as AN, L )
whereN,, the number of moles of thkth surface species,
can be expressed in terms of site fractidp, site density]’,

wherew{, wy ands, are the production rates of thth gas  and the number of sites that theh species occupies,y :
species due to gas reaction, nucleation and surface reactions, 72 TA
k

dmk . “n .
W:VWEWk-FVWka‘FASka, k:1,21---Kgy (12)

respectively W, andm, are, respectively, molecular weight N = ) (18
and mass of théth speciesA is the area on which surface k
reactions can take plac.is the total volume of the ga&, Substituting Eq(18) into Eq.(17) and simplifying yields the
is the total number of gas species. surface species conservation equation in the form

The three terms on the right-hand side account for mass .

. . . dz, s Z dI'  zZ,dA
gain or loss of thekth species due to gas-phase reactions, —*— Sk Zedl ZcdA (19)

particle nucleation and particle surface growth, respectively. I I'dt Adt
After dividing Eq. (12) by m=pV, the total gas mass and Assuming that the total number of surface sites is conserved,

applying the chain rule, we obtain the second term on the right-hand side drops out to yield
T Yedm (oA WS AR 20
O TR VAN T AR RVA M t t
k=1.2,..K,, (13 V. AEROSOL DYNAMICS
To solve the aerosol GDE, which is a partial integrodif-

whereY, is the mass fraction of thkth species. ferential equation, the particle size distribution function must

The total mass change of gas species due to particle sube represented in some mathematical form. Several ap-
face reaction and nucleation can be written as proaches have been proposed to model the distribution func-
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tion, including discrete, spline, sectional, discrete sectional = 0
and moment. The moment approach is one of the most com- [Mlgrowth= — fo va(G N(vp,t))do,
putationally efficient methods, and is well suited for prob- P
lems in which extensive chemical reactions are invoR/ed. % dvf,

In the moment method one solves for only the first few = fo KGn(Upvt)dUp:k\I,Mk—lBa (27)
moments of the particle size distribution function, which is P
usually assumed to follow the general form of a lognormalwhere z,//:G-v;m is independent of particle size, aflis
function. These first few moments are directly related to theéhe particle volume growth rate, given by
qua_ntities that are .usuaIIy of most int'erest,' such as the t.otal (36m) V323 Ko
particle concentration, the mean particle size and the width e E :

RO, G(vp) SKW .

of the size distribution. Pp k=1

The homogeneous nucleation term in Eg1) can be
written as
A. Moment model for a batch reactor

k * * * *
Thekth moment of the particle size distribution is defined LM klnucleatior™ JO vpd(vy)8vp—v3)dvp=(v5) (),
by Mk=_f§v"§n(vp ,'_[)dvp_, wh(_ere_vp i_s particle_ volume and (29
n(vp,t) is the particle size distribution function. Following
the approach of Pratsinis and K#hthe time evolution of
thekth moment can be obtained by multiplying both sides of
the aerosol GDE by, and by integrating over the particle

size range. The result can be written . T
The noninteger moments appearing in the above equa-
M . . : tions can be expressed in terms of the first three integer mo-
1~ [Midcoagutatiot [Mi] syrtace ¥ [Milnuceation (21 ments,My, M, andM,, by assuming a lognormal size dis-
reactions tribution function of the general form
Expressions for each term on the right-hand side of Eq. ) _
(21) were obtained based on the detailed derivations of (v, t)= N exp{— In (UP/UQ)] i (29)
Chit?® and of Nijhawart® The first term accounts for the P 3\ 27In g 181rf o ’

’ v
p
contribution from particle coagulation. For the pressure re-

gime of interest particles are much smaller than the meaH"hereN is the total particle concentration. The geometric

free path for collisions in the gas. Thus, free molecule regimé?1ean particle volumayg, and the geometric standard devia-

expressions were used for the coagulation term. To obtain atﬁon’ og, €an also be expressed in terms of the first three

where 6 is the Kronecker delta function arﬁiv;) is the
nucleation rate, which we take to equal the production rate of
silicon oxide clusters containing 11 or 12 silicon atoms, cal-
culated from the chemical kinetics model.

analytical form for the coagulation term in the free moleculemoments by
regime, Lee and Chéhintroduced a polynomial function, M2
By, which is dependent on the geometric standard deviation Vg™ 32 T2 (30
of particle size distributiong . 02
and
Bo=0.633+0.0927;—0.022;. (22)
, 1 [MgM,
B,=0.3%+ 0.50,— 0.214r2+0.02%. (23) In Ug=§'”(—z—Ml ) (31

The final form of the first three coagulation terms is obtained  Finally, thekth moment is related tog, o4 andM, by
as

. My=Moug exp3k?In? o). (32)
[Mo]coagutation= —A1Bo(M2gM _ 1)+ 2MsM _ 16

One thus needs to solve only for the first three moments of

+MyeMo), (24 Eq.(21), i.e.,k=0, 1 and 2, to obtain the value of any arbi-
- trary moment.
[M1]coagutatior= 0 (29 In spite of the advantage of moment methods in terms of
and computational efficiency, it should be noted that the moment
: equations can potentially cause numerical instabilities, due to
[M2]coagulation= 2A1B2(Mg/3M 15+ 2M 4sM 56+ M 1 M7jg), the large difference in the relative magnitudes of the mo-

260 ments:Mg:M;:M,~1 cm 310 BcnPem %10 3cm?® for
where A; is a size-independent variable defined Ag @ 0.1um diam particle. Therefore the use of a normalization
= (3/4m)Y8(6ksT/p,) "2 kg is the Boltzmann constant and ©f the following form is usefuf?

pp is particle mass density. R M,

The second term on the right-hand side of E2{l), rep- My =——x, (33
resenting particle growth due to surface reactions, can be p(va)
expressed as wherev is the volume of nuclei angd is gas mass density.
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Fic. 4. Predictions of the aerosol dynamics model coupled to the chemical kinetic mechanism at 0.8 Torr, 77/R=Kl&nid a batch reactofa) nucleation
rate,J, total particle concentratiomN, concentration of particles larger than 50 mit,, and particle volume fraction/; (b) particle surface growth rat&§p,
and median diameteBp.

B. Coagulation enhancement by van der Waals forces nucleation, growth and coagulation during the low-pressure
Most models of particle coagulation neglect the effect ofCVD of Si0, from silane and oxygen. We conducted zero-

interparticle van der Waals forces. However the effect can bgimensional time-dependent calculations in a batch reactor at
significant®®®® and we have accounted for it in the presentf'xed temperature and pressure. The set of governing equa-

work. Marlow?® showed that, for water droplets in the free oS, Eas.(19), (20) and (21), must be solved simulta-
molecule regime, the enhancement in collision rates coulf€0USly because of the cross-coupling terms. We used the
range from a factor of 1.01—2.44 depending on the size offifferential algebraic sensitivity analysis cod®ASAC), a
the two colliding droplets and the Knudsen number. tme-depen_dent algebralc/d|ﬁeren_t|§l equation solvgr with

In the free molecule regime, the particle flux including theth® capability of parametric sensmwty.a.naly§‘fsChem|caI
effect of an interaction potential can be written as source terms were evaluated by utilizing the CHEMKIN
~ family of codes?® A typical run for a time integration of
D= V1o Py, (34 10 s required 2 CPU minutes on an SGI Origin 2000 super-
computer.

Figure 4 shows results of these simulations for base case
sence of an interaction potential. Marlow’s expresdige ~ conditions. The production rates of the species with more
used for the correction facto’y,, which is a function of f[han 10 silicon atoms, V\{hICh were assgmed to form irrevers-
the radii of the two particles, temperature and the interactioP!y, were summed to give the nucleation rate curve labeled
potential for which we adopted Hamaker's formdfaA  J in Fig. 4@). J increases very rapidly as the radicals are
value of 1.8<10 *2erg was assumed for the Hamaker con-Produced in sufficient concentration to initiate the chain
stant based on Hamaker’s estimate for Sprticles. branching reactions at 0.01 s, and peaks at 0.02 s. This initial

Our numerical integration revealed that the correction facsharp rise is due to (Siy+(HSIOOH),— particle. How-
tor, ¥,,, is a rather insensitive function of the radii of the €Ver, (SiOyo+SiO— particle dominates the subsequent pe-
two collision partners for the conditions of interest. At 773riod of nucleation, from 0.03 s until the growth species are
K, the correction factor¥ ;,, was calculated to vary slightly completely consumed at 0.5 s. The total concentration of
from 2.6 to 2.8 for particle radii ranging from 0.5 to 100 nm. particles, labeled, closely follows the sharp increase in the
The calculated values oF ;, were affected by temperature, nucleation rate, and then declines due to coagulation. Using
ranging from 3.4 to 2.4 as temperatures ranged from 293 tthe calculated standard deviations of the size distribution
1273 K. We assumet¥’ ;, to be radii independent for sim- function, we also determined the concentration of particles
plicity of calculation, and obtained a fitting formula in terms with diameters larger than 50 nm, roughly indicative of a
of temperature. This correction factor was incorporated intcritical particle size that within the next few years is pre-
the coagulation terms in Eq&22) and (23). dicted to pose a serious contamination problem in semicon-
ductor manufacturing. This filtered concentration, labeled
N*, remains low in the initial stage, where nucleation pro-
duces a large number of very small particles, while it ap-
proaches the total concentration after 1 s, by which time

The chemical kinetics model coupled to the aerosol dy-most of the small particles have undergone coagulation. The
namics model described above was used to simulate particfgarticle volume fraction curve is label&fl which increases

where ¥, and 512 are, respectively, the correction factor
and the flux between particles of radij andr, in the ab-

V. RESULTS

JVST A - Vacuum, Surfaces, and Films
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Fic. 5. Effects of particle surface growth, coagulation and van der Waals f@aceucleation rates(b) total particle concentrationse¢) particle volume
fractions;(d) particle median diameters.

during the nucleation process and then levels off in the absurface reactions or clustering, particle coagulation becomes
sence of nucleation and surface growth. Since the major gabe only process affecting the particle size and concentration.
species contributing to particle surface growth are the twdNo new particles are generated, and the median particle size
clustering species, SiO and SiQOthe particle volume frac- increases rapidly.
tion barely increases after 0.5 s, because these species haveFigure 5 shows the predicted effects of surface growth
been consumed during the nucleation process. and coagulation. To account for their individual contribu-
Figure 4b) shows the particle surface growth rate curve,tions, we disabled each of these processes in turn. Nucleation
labeledG p, and the particle median diameter curve, labeledrates are shown in Fig.(8. When surface growth is dis-
Dp. Among the gas species, the two clustering species Si@bled, more of the growth species are available for cluster-
and SiQ are predicted to make the largest contributions toing, allowing nucleation to persist for a longer time. On the
particle surface growth, primarily because these high-other hand, when coagulation is disabled, more surface area
concentration species are assigned unity sticking probabilis available for heterogeneous reactions to take place, deplet-
ties on the particle surface. It is seen that the particle surfacieg the species responsible for clustering and thus leading to
growth rate begins to increase as the concentrations of then earlier cessation of nucleation. Figuig)Sindicates that
two growth species build up at around 0.01 s, and reaches@agulation has a large effect on the total concentration of
maximum value of 36 nm ¢ at 0.02 s. The decrease of the particles, while surface growth has a much smaller effect.
particle surface growth rate after 0.02 s is due to the depleAfter nucleation ceases, the particle concentration remains
tion of the two growth species both by clustering and byconstant in the case in which coagulation is disabled. The
surface growth itself. Figure(B) reveals a clear division in effect of surface growth on particle volume fraction is clearly
the particle growth process. During the initial surface-seen in Fig. &). When surface growth is turned off, the
reaction-controlled region, where more surface area is availgrowth species have no route to react on the particle surface,
able, the two growth species, SiO and $j@ake an active and instead participate only in clustering. The net result is an
part in surface reactions. After they are consumed, via eitheincrease in cluster concentrations in the gas phase and a de-
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Fic. 6. Effect of pressure on particle dynamics at 773 K B¥d15: (a) particle total concentrations and filtered concentratidosparticle volume fractions
and median diameters.

crease in particle volume fraction. In the base surface mechavith pressure—0.075, 0.038 and 0.019 s for 0.2, 0.4 and 0.8
nism used in this study, a unity sticking probability is as- Torr, respectively. All of the particle concentration curves in
signed for SiO and SiQ whereas the other major gas Fig. 6@ are observed to peak and then to reach similar val-
species including HSIOOH and Sj8 are assumed to be ues past 2 s. This asymptotic behavior is explained by self-
unreactive on a surfacelt should be admitted that the as- preserving size distribution theofywhich predicts that, for
sumed surface reactivities of the gas species, which usuallgn aerosol undergoing Brownian coagulation in the free mol-
involve greater uncertainty compared to gas kinetics, carcule regimeNot~ %% and is independent of the initial par-
strongly affect the calculated particle growth. Particle me-ticle concentration. Although the particle concentration is
dian diameters are compared in Figdb When surface predicted to reach approximately the same value after about
growth is disabled, we do not observe as great an increase &for 3 s regardless of pressure, pressure does strongly affect
the median diameter in the initial stage compared to in thehe particle size and aerosol volume fraction, as seen in Fig.
base case. It is also worth noting that particle size barely(b). The aerosol volume fraction after alidus isseen to
increases in the absence of coagulation. scale directly on the pressure, i.e., on the initial silane con-
In Fig. 6 we examine the effect of varying the pressurecentration. Smaller particles are produced at lower pressures
from 0.2 to 0.8 Torr. The peaks in the particle concentratiorat any given time, which is a consequence of the strong
curves scale linearly on the pressure—410', 2.3x 10" effect of particle concentration on coagulation rates.
and 4. 10" cm™3, respectively, for 0.2, 0.4 and 0.8 Torr.  Figure 7 shows the effect of varying the temperature from
Pressure also affects the time for the onset of nucleatior§73 to 773 K. At 573 K, as seen in Fig(&, the particle
resulting from a change in species partial pressure. The timeoncentration at 10 s remains higher than in the other cases
at which the particle concentration peaks scales inverselghown by two orders of magnitude. This result is attribut-
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Fic. 7. Effect of temperature on particle dynamics at 0.8 Torr Brel5: (a) total particle concentrations and filtered concentrati¢hsparticle volume
fractions and median diameters.
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able, in large part, to the chain-propagating reactionmodel to predict particle dynamics. Time-dependent zero-
Si0O+0,—Si0,+0. At low temperatures, this route be- dimensional simulations were conducted to assess the effects
comes practically shut off and more SiO becomes availablef the contributing processes, and of temperature and pres-
for clustering reactions. As a result, nucleation persists for &ure.

longer time, keeping the median diameter of particles below The dominant reactions that formed “particles” in our
15 nm. Particle volume fractions are predicted to be slightlymechanism were found to be (SIQ+(HSIOOH),
larger at lower temperatures, since the extended nucleationparticle and (SiQ,o+SiO— particle. SiO and SiQ are

time at a lower temperature allows more surface area foalso predicted to play an important role in particle surface
particle growth. It is also interesting to note in Figs. 4—7 thatgrowth. The particle growth process is characterized by two
the leveling off of the volume fraction curves coincides with distinct regimes: an initial surface-reaction-controlled regime
an inflection point in the median diameter curves. This iswhere the particle volume fraction increases due to nucle-
consistent with the explanation made above of the twaation and surface reactions, and a subsequent coagulation-
growth regimes, surface reaction controlled and coagulatiomontrolled regime where coagulation leads to a rapid increase

controlled. in particle size and therefore to a gradual decrease in particle
concentration. Pressure affects the nucleation process mainly
VI. SUMMARY through a change in precursor partial pressures, whereas tem-

A detailed kinetic model has been developed for siliconPerature affects nucleation through changes in reaction rate

oxide clustering that leads to particle nucleation during low-constants.

pressure silane oxidation. QRRK theory was applied to an
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APPENDIX: ESTIMATED CLUSTER THERMOCHEMICAL PROPERTIES

TaBLE Ill. Polynomial fitting coefficients for clusters in the standard NASA format.

Species a; a, as ay as ag a;
Sio 3.709 1712+ 00 9.069 728E—04  —4.233 047807 9.034407B—11 —7.280257&—15 —1.3494045+04 3.184 2188+ 00
Si,0, 9.762 584E+00 —1.593 530& —04 2.318072B—-07 —7.572098&—11 7.771686B—-15 —5.337 107€+04 —2.302 176&+01
Sis05 1.561348&+01 —2.211691E-04 3.452 367E—07 —1.139627&—-10 1.1741058—14  —9.507 011&£+04 —4.974 662&+01
Si,0, 2.115701E+01 2.073 941604 1.799 426807 —8.450 138E—11 9.740 73915 —1.283 113E+05 —7.056 093&+01
SisOs 2.619 121E+01 1.3338466—03 —3.282 795&—07 1.749 274811 2.1543416—-15 —1.685028E+05 —8.829 925&+01
SigOs 3.185 195& + 01 1.502 8756—-03 —3.012504&—-07 —1.051596&—11 6.134 535E—15 —2.069 406&+05 —1.097 032&+02
Si;0; 3.751 270£+01 1.6719046—03 —2.7422146—-07 —3.852468E—11 1.0114728—-14 —2.453793E+05 —1.311072E+02
SigOg 4.317 345E+01 1.8409336—03 —2.4719238—-07 —6.653339&—11 1.409 492F—-14 —2.838050&+05 —1.525111&+02
SigOq 4.883 419E+01 2.0099626—03 —2.201632E—-07 —9.454211F-11 1.8075116—14 —3.222609&E+05 —1.739 151&+02
SiyO10 5.449 494& + 01 2.1789916—-03 —1.931341&-07 —1.225508&-10 2.205530B—-14 —3.607 017E+05 —1.953191&+02
Sio, 6.209 053& + 00 1.363104B—-03 —5.942 205E—07 1.199155B—-10 —9.228230&—-15 —3.554879E+04 —8.428 744E+00
Si,O, 1.412 411&+01 1.595016E—03  —5.422 005&—07 8.203284B—11 —4.467734E—15 —1.153294E+05 —4.543596&+01
SizOg 2.245902& +01 1.917 362B—-03  —5.322 153E—07 5.317 489 —11 —4.433486&—-16 —2.005466K+05 —8.854 152&+01
Si,Oq 3.078 920€ +01 2.250499B—-03  —5.288 545& —07 2.594 208 —11 3.439335E—-15 —2.851276KE+05 —1.293 223&+02
SisO19 3.911175&E+01 2.592 881E—-03 —5.302764&—-07 —1.378365K—13 7.217 414B—-15  —3.698 225£+05 —1.709 503& +02
SigO1o 4.738577€+01 3.015721F—-03 —5.799 780£—-07 —1.383 030&— 11 9.844 724615 —4.543886&+05 —2.122 498&+02
Si;014 3.796 773&+ 01 3.3222336—02 —1.876 270E—05 4.700925B—-09 —4.329124#—-13 —5.295908&+05 —1.532087E+02
SigO16 3.753 4746 +01 4.833158B—-02 —2.777 296&—05 7.028634B—09 —6.512376E—13 —6.096 589E+05 —1.451 480&+02
SigOsg 3.710 175K +01 6.344 084802 —3.678321&—05 9.356 344B—-09 —8.695627&—13 —6.897 270E+05 —1.370873E+02
Si;0Ox9 3.666 876&+ 01 7.855009E—-02 —4.579 347&—-05 1.168 4056—08 —1.087887&—12 —7.697951E+05 —1.290 265%+02
(SiH,0), 1.397 258& + 01 7.488 142E—03  —2.920575E—06 5.3249786—-10 —3.733706E—14 —8.528313&+04 —4.999 556& +01
(HSIOOH), 1.951 476&+01 6.427 4928—-03  —2.005 888%& —06 2.817547E—-10 —1.416085E—14 —1.765097&8+05 —7.454585E+01
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The specific heat capacity at constant press@@g, the
standard-state enthalplt°®, and the standard-state entropy,

S°, respectively, are defined as follows:

ce
Fp =a;ta,T+agT?+a,T3+asT?,
H° a, a3_, 84_, as_, &
ﬁ—al+?T+§T +ZT +§T +?,
and
° az_, @_, as_,
—= + + =T+ =T°+—T"+
= a;InT+a,T 2T 3T 4T a;,

whereR is the universal gas constant aids the gas tem-
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