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A detailed chemical kinetics mechanism was developed to model silicon oxide clustering during
high density plasma chemical vapor deposition of Siiins from silane-oxygen—argon mixtures.

An inductively coupled plasma reactor was modeled in a one-dimensional multicomponent
two-temperature framework. Spatial distributions of species concentrations were calculated. The
effects of discharge parameters and the main processes contributing to cluster formation were
examined. A sensitivity analysis was conducted to determine the dominant reactions that affect the
model results. ©2003 American Vacuum SocietyDOI: 10.1116/1.1531143

I. INTRODUCTION postoxidation of silicon films on the surfaces of existing sili-
con particles.

Recently high density plasm@&DP) processing has be-  The modeling of inductively coupled HDP discharges in
come increasingly popular in the microelectronics fabricathe absence of particle nucleation has been relatively well
tion industry, because one can achieve high deposition rategudied®'2 but no model has previously been reported that
at low wafer temperatures while also having the capability ofireated both particle nucleation and a spatially varying
anisotropic deep etching. Inductively coupled plasth@®s  plasma structure. Bhandarkat al* developed a detailed
are widely used as HDP source for various thin film deposinucleation model for a pure silane plasma, but that model
tion and etching processes. Although the operating pressuigas zero dimensional, and treated species diffusion only in
of a typical HDP chemical vapor depositié@VD) process an approximate way as a sink term in the species population
is maintained very low(5-20 mTorj, some experimental equations. Meekst al1*>1® developed a detailed model for
studie$~3indicated that gas-phase nucleation of contaminanplasma chemistry in the silane-oxygen—argon system, with
particles can be a problem in many of these processes. Thi& neutral and ionic gas species together with 13 surface
problem will become more severe as the “critical size ofspecies participating in over 200 reactions under HDP
killer particles” decreases along with the characteristic fea<onditions'® This work adopted a zero-dimensional perfectly
ture size, which is projected to be about 50 nm by 20@3. stirred reactor approach, which allows computational effi-
thus becomes increasingly important to improve our undereiency by eliminating the consideration of species transport.
standing of the kinetics of particle nucleation, growth, and To our knowledge no model currently exists, for any
transport in HDP environments. Moreover, the developmenthemical system, that satisfactorily accounts for detailed
of experimentally verified numerical models will provide a chemical clustering that leads to particle nucleation, while
valuable tool for cost-effective process screening and optimialso considering species transport in a plasma discharge with
zation. physical dimensions. In this work, a fundamental kinetic ap-

To our knowledge no previous study has reported the deproach is represented to model homogenous nucleation of
velopment of a detailed model for clustering and particlesilicon oxide particles in an inductively coupled silane-
nucleation in low-pressure silane-oxygen plasmas. Mandiclexygen plasma reactor. A detailed chemical clustering
and Reenfsinvestigated the growth of large cationic clustersmechanism was developed that extends the neutral silicon
in the presence of silane—water mixtures, since water corexide clustering mechanism presented by subl!’ An ICP
tamination in silane plasmas has been a concern. They dertgactor was modeled by constructing a set of one-
onstrated sequential growth of large clusters starting with glimensional conservation equations for mass, momentum,
subsilane cation and concluded that low levels of water conand energy within a multicomponent two-temperature frame-
tamination can lead to the generation of macroscopic dugvork. The clustering mechanism was self-consistently
particles. Hollensteiret al? used infrared absorption spec- coupled to the reactor model, and time-dependent one-
troscopy and mass spectrometry in an experimental study ¢fimensional(1D) simulations were conducted for a variety
particle formation in a capacitively coupled silane-oxygen—of discharge parameters.
argon plasma. Anions of high mass were observed whereas
neutrals and cations were detected at lower mass ranges.'hS|L|CON OXIDE CLUSTERING MECHANISM
few theoretical and experimental studiésexamined the The base gas-phase reaction mechanism for
SiH,—O,—Ar plasma chemistry was adopted from the work
3Electronic mail: slg@umn.edu of Meekset all® The clustering mechanism presented here
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TasLE |. Summary of the clustering reaction types and rate constants in silane-oxygen—argon plasmas.

Reaction type Prototypical reactiéns ki (cm®s )P
1 Attachment e+(Si0),—(Si0), 8.6x10 ¢ T%®
2 Dissoicative attachment e+ (Si0,),—(Si0,),_,+ SiOx c
3 lonization e+ (Si0),— (Si0) +2e 1.2x 1073975365
2x107%T,
Electron 4 Dissociation e+ (SiOy) — (SiO),+ mH,+e lexp(1.2<10°/T,)
impact 2x107%T,
reactions 5 Dissociation e+ (HSIOOH),,— (Si0,) + MH,+ & lexp(1.2<10°/T,)
6 Electron detachment e+(Si0), —(Si0y),+2e 1.58x 10~ 10023725
7 Radiative recombination e+(Si0y); —(Si0),+hv 1.1x 10 47195
8 Dissociative recombination e+(Si0), —(Si0)n_1+ SiO, 1.1x 1075725
Mutual 9 Neutralization (SIOY; " +A* - (SI0)+A 2Xx1076T705
neutralizaiton 10 Associative neutralization (Si0)['"+B ' —(si0);B 2x10767705
11 lon-Neutral clustering (SIO) '~ +(Si0Y),—(Si0y); /3 2X10 %(a/m,)°®
Clustering 12 Self-clustering (SIP,+ (SI0,) ;< (SIO) 41 d
reactions 13 SiO addition (SiQ) (SiH,0)— (SIO),y 4 mt MmH, d
14 Sio, addition (SIOy) + (HSIOOH)— (Si0y) s e+ MH, d

<11, I<11, n+Is<11, x=1, 0or 2,m=1 or 2,n+m=11, andj=4. A is an ionic molecule. B is another cluster.

5T, andT are, respectively, the electron and ion temperature in kelviis. the polarizability of the neutral anu, is the reduced mass.
©2x10  for n=2, 2x107*2for n=3, and 2<10 3 for n=4.

9The rate parameters can be found in Ref. 8.

for a high-density Si-0,—Ar plasma extends the model cies. Reaction types and rate parameters are summarized in
for neutral clustering during low-pressure silane oxidationTable I. The resulting mechanism, including both the base
previously developed by St all”'8Given the complexity mechanism and clustering reactions, contains 104 species
inherent in the SiH-O system, and the enormous potential participating in 523 reactions.

number of SjH,0, species, our approach considers cluster- Electron-impact reactions include eight prototypical reac-
ing only by those silicon-containing species that are believedion types. Since silicon oxides have positive electron affini-
most likely, under these conditions, to cluster, and that ardies, electron attachment reactiomeaction type Lcan play
predicted to exist in sufficient abundance to play a potenan important role:

tially important role in clustering. The mechanism includes

k m
clusters containing up to 11 silicon atoms. Further growth of e+(SiQ,), :ax[(SiOX);]*, (5)
clusters beyond this size is not considered here, and, once
formed, clusters containing more than 10 silicon atoms are Kstabil
assumed to be chemically nonreactive. [(SIO), I* (+ M) — (SiOy), (+ M), (6)
A. Reaction types and rate parameters o e .
[(SIQ), T* — (SiOy, ,+SiC;, (7)

A detailed description of the neutral clustering mechanism
is provided in our previous worK. The neutral clustering whereM is a third body anck=1 or 2. In reaction5), it is
mechanism consists of the following four classes of reacassumed that the excited anionic clugiEsio,),, 1* is struc-
tions: the reversible self-clustering of SiO and Si®gether turally large and stable with a number of multiple bonds.
with contributions from SiHO and HSIOOH and their This assumption can lead to further simplification such that

dimers: autodetachment of the electrpreverse direction of reaction

(SiO) ,+ SiO— (SiO) 4 1, (1) (5)] is negligible and that the stabilization process, reaction
) . . (6), is dominant over the dissociation process, reaction

(Si0)n +Si0(SiO)n+ 1, (2) The overall nondissociative reaction rate, therefore can be
(Si0),+ (SiH,0) ;,— (SIO) 4+ MH,, (3)  approximated to b&,~k, max, and is obtained based on the
(Si0y) 1+ (HSIOOH) 1y (Si0y) s = MH,, (4 ~Maximum(s-wave electron-capture cross sectibh:

for 1<n<9, m=1 or 2, andn+m=10. ~[Ng)? 1197x10°%° 2
This neutral clustering mechanism is extended to include Tmax= T 5| = e(eV) (), ®

the following classes of reactions that are expected to be

important in HDP environmentg:l) electron-impact reac- where\g is the deBroglie wavelength of the electron and
tions with neutral and charged clusters of SiO, SiSiH,0, the electron energy. The overall cross section of the dissocia-
and HSIOOH;(2) mutual neutralization of charged clusters; tive attachment reactiofreaction type P can be roughly
and(3) clustering reactions between neutral and charged spestimated to be 10:%-10 2° cn?.2°
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For the reactions whose collision cross sections areinits, andT; is the ion temperature in K. Neutralization is
known, the rate coefficients are calculated by assuming thatssumed to occur associatively for silicon oxide clusters
the electron energy distribution functiocBEDF) is Maxwell-  larger than the trimer.
ian: Last, clustering between charged and neutral silicon oxide

8 \12/ 1 \32 s € clusters is considere@eaction type 1L The Langevin col-
i ( ) (kBTe) J GUi(G)eX!{ - kBTe)de’ 9 !ision rate is known_to represent a_thegretical upper limit for
ion—molecule collision rates, as given®By

where_cri(e) is _the eIgctron—energy-dependept Cross section Ky angevir™ 234X 10" %(a/m,) Y3 cnP s Y, (17)
of theith reaction,m, is the electron mas&g is the Boltz-
mann constanfl, is the mean electron temperature, &nés  Wheree is the polarizability of the neutral species ir? Aand
the integrated rate coefficient of tligh reaction. m, is the reduced mass in atomic mass units. Equatlan

lonization of silicon oxide cluster&eaction type Bcan  shows that the Langevin rate is not strongly dependent on the
take place when the electron energy is higher than the ionpolarizability. Since the polarizabilities of silicon oxide clus-
ization potential(IP). Electron-energy-dependent ionization ters are not well known, an approximate scaling law for si-
cross sections are used in the following semiempiricalane molecule¥ is used where the polarizability increases

| mg

form:?* with the number of silicon atoms. The contribution from
P € oxygen and hydrogen atoms is ignored:
Tionization— O'max2-7%?) log ﬁ) ) (10 (sio), = a’SiH4[1+ 0.8n—1)]. (18)

where o, IS the maximum electron-capture cross section

given in Eq.(8). B. Thermochemistry of ionic silicon oxide clusters
Electron-impact dissociation reactions of $H and

HSIOOH and their dimergreaction types 4 and)5that pro-

duce SiO and Sig respectively, with H elimination, are

considered, as the following:

e+ (SiH,0) ,— (Si0),,+ mH,+ ¢, (11

As the number of molecular units in a neutkainer in-
creases, its electron affinity, EAincreases while the ioniza-
tion potential, IR, decreases. Makoet al?* proposed ex-
pressions for EAand IR, of dielectric clusters:

62 fi_l
e+ (HSIOOH),,— (Si0,),+ mH,+ e, (12 EA=EA— 35 Areoret 8) | e ) (19
wherem=1 or 2. The rate parameters are estimated from e? e—1
analogous dissociation reactiofts. IP=1P,.+ 2 Tmeolr ¥ 0) IEi ) (20)

The rate coefficient for electron detachmésd) from an-

ionic clustergreaction type Bincreases with the cluster size, where EA, and IP, are, respectively, the electron affinity
and the upper limits are given and ionization potential of a flat surface, aade;, €, ry,
Keg mae= 1.7X 10—8Té/2m2/3 (cm®s™ 1y, (13) and ¢ are, respectively, the elementary charge, relative per-
. L mittivity (i.e., the absolute permittivity divided by the per-
wheremiis the number of molecular units m-mers. mittivity of free spacg permittivity of free space, cluster
The last two types of electron-impact reactions are elecfadius, and a radius correction. EAand IP, can be esti-
tron recombination reactions. Dissociative recombinatior}nated from the known properties of SiO and SiO

(reaction type Bis known to be a much faster process in monomer£528 To first approximation we assumg=0,

general than nondissociativeadiative recombinatiorn(reac- —5.8 for SiO clusters, ane, = 4.4 for Si0, cluster$>?The
tion type 7. The rate constants are weakly dependent on the,g ing values for SiO and Silusters, together with the
properties of ions, and have typical values3f estimated radii based on their ground state molecular
1x10°7 structure€? are summarized in Table II.
kgr~ —=—=(cm’s™ 1), (14 The heats of formation of charged clusters are obtained
Te (eV) from the values of the corresponding neutral clusters by as-
1x10 13 suming that they differ by their ionization potentials or elec-
Ky =~ ﬁ(cmz sh, (15  tron affinities depending on their charge status given by Egs.
e (8V) (21) and (22), whereas specific heats and entropies are as-
whereky, andk,, represent dissociative and radiative recom-sumed to be the same for ions as for their parent neutrals.
bination rate constants, respectively. O /i)~ |— A0/ Qi _
An approximate scaling law was proposed by HickfAtan AHL(SI00n |= AHL(SIOJn] —~EAn, D
for the reaction rates for mutual neutralization between an- AHY(SiQ); |=AHY(SiO),]+ P, . (22

ionic and cationic clustergeaction types 9 and 10 i i . .
The thermochemical properties of charged silicon oxide

Kneurar™ 5.34X 10" "EA—0.4m, *A(Ti/300 " *%cnf's™ ), clusters are expressed in terms of polynomial fitting coeffi-

(16) cients in the standard NASA format used in the CHEMKIN

where EA is the electron affinity of the parent neutral speciesamily of codes?’ The fitting coefficients are presented in the
of the anion in eVm, is the reduced mass in atomic massAppendix.
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TasLE Il. Estimates of the electron affinities and ionization potentials of through a similarity transformatiot. To account for addi-

silicon oxide clusters. tional dominant features of ICPs, an extended set of conser-
SiO clusters SiQclusters vation equations is formulated for mass, momentum, and en-

ergy within a multicomponent two-temperature framework.

< (r;'{; (Ee/\*/'; (LP\;) (rib) (Ee/\*/k) (LF:;) Reactant gases are introduced at a given mass flow rate
through the inlet showerhead, where the induction coils are

1 4.10 0.22 11.43 4.86 221 12.13  assumed to be locatéf.8 cm distance from the substrata

2 452 037 1128 937 285 1149 (grjying frequency of 13.56 MHz for the radio frequengf)

3 4.99 0.50 11.15 12.26 3.02 11.32 .

4 566 066 1099 1514 312 112 POWeris assumed. o

5 6.08 0.73 10.92 18.03 3.18 11.16 The externally induced electromagnetic field is assumed

6 6.63 0.82 10.83 20.92 3.23 11.11 to decay exponentially in the plasma due to the skin effect.

7 7.18 0.90 10.75 23.80 3.27 11.07  While the heating of electrons through the inductive field is

8 rrs 096 1069 2669 330  11.04  nclyded in our model, heavy particles are unaffected due to

1?) 2'_22 iigg ig:gz ;g% :’?:'gi E‘lgé their inertia. Charged species transport relative to the

% 1.8 9.85 ® 3.54 10.80 mixture-averaged velocity is determined by the space-

charge-induced electric field, which is obtained by assuming
%, is assumed to be one half of the longest diagonal of the ground statmasma quasineutrality.

k-mer (Ref. 31). .
br, is assumed to be one half of the length of the linear chain of the ground Both the inlet showerhead and the substrate are treated as

statek-mer (Ref. 3. deposition surfaces. A very thin sheath is assumed to exist by
imposing a discontinuity in the plasma potential at each
boundary, so that the sheath regions can be excluded from

C. Surface reaction mechanism the computational domain. This assumption together with

%uasineutrality enables one to reduce the computational ex-

The heterogeneous chemistry at the deposition surface ense by avoiding the need to consider the sharp gradients
not precisely modeled in this study. Positively charged spe.p y 9 P9

. i . inside the sheaths and an additional set of equations for the
cies are known to gain a considerable amount of extra energ L
near the film deposition substrate due to the large gradient o lectric .f|elds. . .

Due in part to the complexity of the model, we avoid the

electric potential inside the sheath. The accelerated positive

. g solution of the Boltzmann equation by assuming a Maxwell-
species can produce a synergistic effect on the surface chem-

. , : ian electron energy distribution function. This is a reasonable
istry and thus on film growth and etching procesSesow- working assumption, especially considering the paucity of
ever, since the computational domain of interest in this stud 9 ption, esp y 9 P Y

does not include the sheath region, as will be discussed biqndamental data such as the collision cross sections for

; . lectron impact reactions that involve silicon oxides. Since
low, a detailed treatment of heterogeneous chemistry th : . . . :
. o . . ere is experimental evidence for non-Maxwellian behavior
leads to a reliable prediction of film growth is not pursued.

SO . "of the electron distribution function in ICPSsolution of the
Instead, a simplified approach is used. The surface reaCtIOQoltzmann equation may be added in future studies

mechanism serves somewhat as a boundary condition for the : .
. . . S .~ The electron temperature is obtained separately by solv-
species mass conservation equations, and a sticking probabhil-

ity is assigned to each gas species arriving at the depositio:rqg the electron energy equation. All heavy species regard-

surface(more precisely speaking, at the sheath adge ess of their size and charge are assumed to be at a common,

Neutral radicals are assumed to stick with unity probabil-SpeCIerd gas temperature that is uniform over the reactor

ity unless their surface reactivities are known from the litera->P € although in general there could be gradients in gas

ture. Positively charged species are assumed to neutralize taetmperature depending on the reactor configuration.
the surface via electron recombination reactions. All other

species, including negatively charged clusters, are assume Governing equations

to be nonreactive and thus to have zero net flux to the sur-

face.

8

The set of governing equations that describe the
stagnation-point flow between two infinite parallel plates in a
thermal system can be found elsewh&relere in Sec. 111 B,

[ll. 1D PLASMA REACTOR MODEL additional governing equations and source terms are pre-
sented that take into account the model assumptions dis-
cussed in Sec. Il A,

An ICP reactor is modeled by considering a Gaseous Gas species are transported by convection, diffusion, and,
Electronics ConferencéGEC) reference ceff? The flow in  if charged, by the ambipolar potential field. The mass con-
the center region of the reactor is assumed to be an axisyngervation equation of thkth gas species is given by
metric stagnation-point flow between two parallel plates,
separated by a distance of 6.8 cm. A detailed derivation of p&—k+puVYk: —ViktWi, k=12,..Kg, (23
the governing equations in this geometry in thermal environ-
ments can be found in the work of Coltrat al®® The gov-  wherep, u, Y\, Wy, andé, are, respectively, mass-averaged
erning equations can be reduced to one-dimensional formrmixture density, mass-averaged mixture velocity, mass frac-

A. Overview and assumptions
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tion, molecular weight, and net production rate of tib
species. Thekth species mass fluk, relative tou can be
expressed 4%

_ Dy Y,
Jk=PYk— VXt pYi Y, 2 DimVX;
Xk J;&e XJ

pYx
+ﬁ qkeka—E gj€YiDjm |Eambi» k#e€,
B J#e
(24
. Mg Ok .
—__¢ =i, 25
Je 0 &% kak ( )

wherekg, T, € Xy, Dym, My, andq, are, respectively, the

255

where u, is the electron mobility and, is the total mo-
mentum transfer collision frequency of an electron with neu-
trals, which can be expressed 8$,= >y neutraPek -
Energy transfers by elastic and inelastic collisions are in-
cluded in the next two terms on the rhs of E7), and can
be expressed as
kg

Sane<Te—T>k§1

e

-5 VY
Wk ek

melas_
loss

Q ke, (30)

lei

Q™= AH/A,, (39

wherel;, AH,, andA, are, respectively, the total number
of electron-impact reactions, the net enthalpy change of the

Boltzmann Constant, gas ter‘nperature7 e|ementary Chargg,h reaction, and the net rate of progress of the reaction.

mole fraction, mixture-averaged diffusion coefficient, the

molecular mass, and the number of charges per molecule
the kth species.

Inductive heating of electrons by the external electric field
&g given by the last term on the rhs of EQ7). The power
deposition per unit volume of the gas mixture can be ex-

The electron mass flux is determined from ambipolarityPressed as

by Eg.(25), where the subscrifg denotes electron. The am-

bipolar electric fieldE i, IS related to the electron concen-

tration gradient, and is given by
_ ksTcVXe

Eambi= qex (26)

The plasma potential can be computed by integrating Eq'.

(26). The electron number densitp,, can be calculated
either by considering species mass continuity, 28), or by
plasma quaSineUtra”ty]e: 2:k= cationd 1k~ §:kzanionspk :

The electron energy equation takes the following

form.33,34
d(pelie) . , . ~
T + V(Pe' eu) + peVU_J eFe_ weWeAhe
=~ VQi— Qioel™ Qoa™+ Qgam e, 27

wherep., pe, andi, are, respectively, the partial pressure,

Qgan "= 3Re( 0| Eindl*). (32)

The plasma conductivity can be obtained froma,
= €ow5d ven—iw,* where € is the permittivity of free
space. The plasma frequency is determined fram,
=(e?n./myeo) Y2 The angular frequency=2=f, wheref
s the antenna frequency of the induction coils, is assumed to
equal 13.56 MHz. The external electric field induced by the
induction coils,E;,q, can be expressed by the standard skin
effect law® as

g

5|

Eind: — EO eX[{ —
depth

where the skin can be expressed @
=(wl/cIm ey L. Herecis the speed of light, and the rela-
tive plasma permittivity is given byep=1—[w,2,e/w(w

—ived].

(33

mass density, and internal energy of electrons. The internat. Boundary conditions
energy per unit mass of electrons can alternatively be ex-

pressed ag,=3kgT/2M, Or ig=he—kgTo/mg, Whereh, is

the specific enthalpy of electrons. The second and third termb

on the left-hand sidélhs) of Eq. (27) take into account the

contributions of convective and pressure forces, respectively. jik= S Wi+ pU Y oo,
The fourth term accounts for a body force produced by the j, =s W,

ambipolar electric field=,=g.eE mpi/Me. The thermaliza-

tion of newly formed electrons with other electrons is con-
sidered in the last term on the |hs, with the electron enthalp)z'i

given by Ah,= — 5k To/2M, .
The first term on the right-hand sidehs) of Eq. (27)

accounts for the conductive heat flux of electrons, and can bFa

expressed as

kgTe.

Je-

"__
e

5 5
NkgDV T+

-5 > (28

e

HereD, is the electron diffusion coefficient, given by

kgTe KgTe
e MeVen

Me (29

e:
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The flux of negative ions is set to zero at the boundaries,
\g/hereas the mass fluxes of neutrals and of positive ions are
alanced by their surface production rates, given by

at z=0, (34
(35

wheres,, u.., andY, .. are the surface production rate, inlet
elocity, and inlet mass fraction of thH&h species, respec-
vely. Radicals and neutral clusters are assumed to react with
unity probability at both boundaries.

To convert the sticking probability expression of the sur-
ce recombination reactions that involve positive ions to the
usual kinetic rate constants, the following relafiis used:

/kBTe
W 1

ion

at z=L,

Yi
(T
where vy, is the sticking(reactior) probability of theith re-

action,I" is the surface site density, amdis the sum of the
stoichiometric coefficients of reactants in fitie reaction that

(36)

Bohm—
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are surface species. This expression uses the assumption that T Ll —— IS —
the ions enter the sheath with the Bohm velocity, :

VKgTe/Wign.

IV. NUMERICAL IMPLEMENTATION: A
MODIFICATION OF SPIN

SPIN®” the CHEMKIN? application program for one-
dimensional stagnation-flow CVD reactors, was modified to
solve the stagnation-point flow. The set of governing equa-
tions including Eqs(23) and (27) must be solved simulta-
neously together with the silane-oxygen—argon plasma
chemistry and the chemical clustering mechanism.

Although time-dependent simulations were conducted in
this study to reduce computational difficulties, a steady-state
solution was ultimately intended. The simulation results were 10° L Cee
obtained after a time integration of a few milliseconds, dur- 10 10° 10°
ing the latter part of which the solution did not change no- Power (W)
ticeably. However, it is not clear physically whether a Steady'FlG. 1. Electron concentration at reactor midplane vs power for a pure
state solution exists in a plasma system, especially one igxygen plasma at 20 mTorr and an oxygen flow rate of 10 sccm. Solid line:
which particle formation takes place, since negativelyPredictions of the present model. Symbols: Model predictions of Gud-
charged particles can be trapped in the plasma and undergdrgndsson and LiebermdRefs. 39 (#) and their experimental data at 10

. . (O) and 60 mTorn(A).
growth process for a long while, thereby affecting the
plasma.
TWOPNT?® a boundary-value-problem solver based on

—r
o—l
T
%

Electron concentration (cm®)
3,
o
T
1

*

silane-oxygen—argon plasma. The flow rates of argon, oxy-

- . . en, and silane are, respectively, 100, 2.3, and 1.0 sccm. We
the modified Newton method, was used to search iteratively. . . ; T
. ) . irst consider a base case in which the pressure is fixed at 100
for converged solutions. Time-dependent calculations were . . ) o
mTorr, the power input at the induction coil is equal to 1.9

performed here. Initially the species concentrations every; i) . -
. 2W.em™ <, and the gas heavy species temperature is fixed at
where in the reactor space were set to be the same as the in 0 K
condition. However, for the range of conditions considere ' - . .
C . : . For the base case conditions, Fig. 3 shows the predicted
in this study, the solution became practically independent of _ : : i o
- " ; .~ "species concentration profiles for all nonsilicon-containing
the initial conditions after a few tens of microseconds of time : . ) ;
) . . S species present anywhere in the domain at a concentration
integration. The time step had to be maintained at less tha 0 . 3 ) . .
5 . . bove 16° cm™3. The shapes of these profiles are primarily
10 ° s to guarantee convergence. For a time integration of . " .
; . ffected by two factors(l) the deposition of power into the
ms, a typical run required about 20 CPU hours on an SG? : . . .
D plasma close to the induction coil that is located 6.8 cm from
Origin 2000 supercomputer. ) . T
the substrate; an(?) whether or not a given species is as-
sumed to be reactive at surfaces.
V. SIMULATION RESULTS
In order to validate our model, we performed initial simu- 5.0 F— Ty ey
lations for a pure oxygen plasma. Results of the simulations
are compared with experimental and modeling results of
Gudmundsson and Liebermérin Figs. 1 and 2. Figure 1 :
shows the electron density as a function of rf power. The
predictions of our model agree to within about 50% with the
predictions of the Gudmundsson and Lieberman model.
Also, the comparison with their measured electron densities
is good. Electron temperatures as a function of the rf power
applied are shown in Fig. 2. Our model yields electron tem-
peratures that are within 3% of the Gudmundsson and Lie-
berman model. The measurements of these authors, per-
formed at different pressures, gave higher temperatures than
predicted by both models. However, it is well known that
Langmuir probe measurements in rf plasma often tend to i
overestimate the electron temperature. In general, the com- 2.0 — --'-'1 — uwlz e '3
parison of our model to the results published by Gudmunds- 10 10 10
son and Lieberman is very reasonable. Power (W)

Since our simulation results for an oxygen plasma appeat. 2. Electron temperature at the reactor midplane, with the same condi-
reasonable, we now turn to the more complicated case of @ons and comparisons as those in Fig. 1.

40 F .

Electron temperature (eV)
T
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The first factor causes the concentration profiles ofHSIOOH dimer. As discussed in Sec. lll A, these species are
excited-state argon (A), argon ions, and OH to peak close believed to be potentially important in silicon oxide cluster-
to the induction coil(however, see also the discussion ac-ing, through hydrogen elimination reactio(® and (4).
companying Fig. 9 belowThe second factor causes the con-  Figyre 4 also indicates that the concentration of silicon
centration profiles of radical species suqh asOandHto droHimers, Sj, rises steeply toward the deposition substrate,
close to the surfaces, whereas the profiles oHp, and Ar finally becoming the most abundant silicon-containing spe-

are _relatlvely flat. . . cies atx=0. However we believe that the predicted abun-
Figure 4 shows the predicted base case concentration pro-

files of the dominant species that contain one or two siliconOlance of S is an artifact of the model's limitations. Sis

atoms. Silane decomposition is seen to be over 90% conf"€ of the end products of chain terminating reactions in
plete by the middle of the axial domain. The SiO dimer isSilane oxidation. Our mechanism does not consider its de-
predicted to be the most abundant species, followed by thatruction in subsequent reactions, nor is it assumed to react at
SiO monomer and then the Si@imer. The next most abun- surfaces. Therefore its predicted concentration is expected to
dant silicon oxide species are predicted to be,8ikind the  be artificially high. We do not expect bare silicon clustering

10" I T T T T T
100 mTorr
1.9W/em 2 Si,0,
500 K
—
o Sio
Si
E 1012 2
L
c
-_g Fic. 4. Predicted concentration pro-
E - files of dominant species containing
-E SiH —- P one or two silicon atoms for base case
8 » 2T conditions.
o (HSIOOH) SiH_
Si H, . :
. Si_H ‘\
10'° 1 ] MSIH%l z 2 1
0 1 2 3 4 5 6

Distance from substrate (cm)
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5 g species for base case conditions.
Q |
c
3 1w )
{
i
/
103{&‘: i ) 1 ) 1 1
0 1 2 3 4 5 6

Distance from substrate (cm)

to be significant in this system, because of the high relativaeutral SiO clusters. Consistent with Fig. 4, the SiO dimer is
abundance of oxygen and hydrogen. predicted to be more abundant than the monomer, but other-
Figure 5 shows the concentration profiles of the dominantvise the relative abundance follows a monotonically de-
negatively charged species, exclusive of species containingreasing sequence as the cluster size increases. Insofar as the
more than two silicon atoms. These profiles all drop sharplylargest clusters included in the simulation can be treated as
near the electrodes, because anions are electrostatically cdiparticles,” these results suggest a particle concentration in
fined in the plasma, except for the electrons, which are athe range of 10-10° cm 3.
much higher temperatur@ee also the discussion accompa- For clusters of any given size the base case calculations
nying Fig. 10 below. The electron concentration is predicted predict that neutrals are most abundant, followed by anions
to equal~10' cm™3, but it is interesting to note that the and then cations. The calculations also predict that SiO clus-
dominant negatively charged species over most of the plasntars are far more abundant than Si€usters, consistent with
are not electrons but the SiO dimer anion, which is formedhe relative abundances seen in Fig. 4. These trends are il-
by electron attachment to the abundant neutral SiO dimer. lustrated in Fig. 7, in this case for trimers.
Figure 6 shows the predicted concentration profiles for The primary clustering pathways in the center of the re-

1013

; . .
foo mTor, 1.9wW/cm %, 500K |

Fic. 6. Predicted concentration pro-
files of neutral (SiO) clusters for base
case conditions.

Concentration (cm ?)

8/// i
10 — 10 S

107 1 1 | 1 L 1

Distance from substrate (cm)
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actor for the base case conditions are shown in Fig. 8. Posthem to the reactor center, allowing relatively long residence
tive clusters are predicted to play little role in clustering be-times if the neutralization rate is not fast enough. The pri-
cause of their recombination reactions either at the surfacasary clustering pathways are expected to remain largely un-
or in the gas phase. Anionic monomers and dimers are praffected by the change in pressure or power, although the
duced by electron attachment to their neutrals. The anionimagnitude of the rates will change, a result of the variation
clusters grow mainly by the addition of SiO dimers producedin precursor concentrations and from pressure-dependent ki-
by the dissociation of (SikD),, because dimers are pre- netics.

dicted to be more abundant than monomers. Neutralization Figures 9—12 explore the effects of varying several pro-
of anions is predicted to occur at much faster rates than clusess parameters, including pressure, power input, and gas
tering among neutrals. This explains why the neutral cluster§.e., heavy speciggemperature. In each case the base case
exhibit higher concentrations in Figs. 6 and 7 relative toresults are compared to simulations in which one of the pa-
anionic clusters. Anionic clusters might have been expectecameters was varied, as indicated in Figs. 9-12, while the
to be the major species since the plasma potential confinesther parameters were kept the same as in the base case.

140 800 87 110 22 10 5 3 1
Anions SiO-  (SiOy),- (Si0)s-  (S8i0)s-  (Si0)s-  (SiOys-  (SiO)r-  (Si0yg  (SiOye-  (SiOio-  (SiO1-
- _— T — > > > — » —— > ——»
31 180 19 24 5 4 1 0.6 0.2 0.1
200 800 180 l 130 l 100 l 26 l 16
Neutrals Si0,  (Si0,); (8i0;  (Si0)s  (S8i0Ys  (S8i0Ys  (Si0y);  (Si0)s  (Si0Yy  (SiO1o (Si01
——— L Sy T Ty ey e — > ——»
3 3 1 3 2 0.8 0, 02 0,
0.4 8 7 2 7 2 1 0.6
(8i0,), addition SiO, addition Neutralization (8i0,),- addition

Fic. 8. Primary clustering pathways: base case. Arrows and numbers represent the net direction and the net production rates of the reaction intéunits of 10
molcm 3s2,
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power, or gas temperature was varied,
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Figure 9 shows the spatial profiles of the positive ionion density increases in rough proportion to the increase in rf
density for all cases considered. As seen in Fig. 3, the Ar power. Increasing the gas temperature(t600 K) or de-
ions are the dominant ions and the only ones that appear wittreasing the pressure (@0 mTorp both lead to a less colli-

a concentration greater than'¥@m™3. The ion density pro- sional electron transport and correspondingly to less local-
file of the base casd 00 mTorr, 1.9 W cm?, 500 K) shows  ized electron energy dissipation. At 100 mTorr and 1000 K

strong asymmetry with a peak close to the position of thehe ion density profile still shows a slight peak close to the

induction coil. This is caused by the strongly asymmetric rfinduction coil but far less pronounced than at 500 K. At 10

electric field that decreases rapidly in the skin layer, andnTorr, the ion density profile becomes almost symmetric

additionally by the fact that at 100 mTorr both the electronwith a maximum in the center. While the electrons are still

and ion transport are strongly collision dominated. The reimainly heated in the skin layer close to the induction coil,

sulting localized energy dissipation of the electrons causes dhe low pressure enables efficient energy transport via the
ionization profile that is peaked close to the induction coil.electrons throughout the plasma volum®nlocal case

At higher power(8.2 W cm ?) the axial ion density profile Figure 10 shows the corresponding electron density pro-
has approximately the same shape as in the base case and fites. The electron density profiles are far more uniform and

103 T T T T T T

12 8.2 Wem®
10°°T ]
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7 Fic. 10. Predicted electron concentra-
Base case tion profiles, with comparisons similar
e —— to those in Fig. 9.
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symmetric than the positive ion profiles due the fact that thencrease in rf power the plasma becomes less electronega-
electron temperature is much higher than the heavy specidwe. Increasing the gas temperature at constant pressure
temperature. The ambipolar space charge potential hence déads to a drop of the electron density compared to the base
justs such that the negative ion profile more closely recase. This may simply be related to the associated decrease
sembles the positive ion profile seen in Fig. 9. The relativelyin the neutral gas density as the temperature increases at
small potential variations needed to achieve this cause thiixed pressure. However, the drop in electron density is less

electron density profile to lack the peaks seen in the positiv@ronounced than observed for the positive ion density, which

ion profiles. In the 10 mTorr case, the electron and positivaneans that at higher gas temperature the plasma again be-
ion density are almost equal. This is a result of the negligiblecomes more electronegative. All these trends are consistent

261

Fic. 11. Predicted profiles of electron
temperature, with comparisons similar
to those in Fig. 9.

clustering predicted in this cagsee beloy, and negative with the well-known behavior of simple electronegative
ions are insignificant. For the 100 mTorr cases, the increasgases, i.e., that the electronegativity of the plasma

of rf power from 1.9 to 8.2 Wi/cr leads to a relatively

=n,/n scales with the ratio of electron density to neutral

stronger increase in the electron density than was observed gas density asr(e/ng)*l’z, with n,, the negative ion density
the positive ion density in Fig. 9. This means that with anandng the neutral gas density.
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Figure 11 shows the predicted axial electron temperaturith respect to system parameters, can be expressed in the
profiles. The flat temperature profile at 10 mTorr demon-following form:
strates that at this low pressure the energy transport through _ _ Ky
the electrons is very efficiency and the temperature profile is l &—Xk a4 a—Yk— a;W i &—Yk,
decoupled from the nonuniform profile of rf heating in the ~ *k 9% Yk dai T W da
skin layer. In the higher pressure cases, the rf power dissipavhere; is the pre-exponential factor in the rate constant of
tion becomes more localized through decreased electron eghe jth reaction.Y,, X,, andW are, respectively, the mass
ergy transport, leading to a maximum of the electron temand the mole fraction of theth species, and the mean mo-
perature close to the induction coil. This effect is morejgcular weight of the gas mixture. Among the clustering re-
pronounced at the low gas temperature of 500 K than at 1004ctions in Table I, the highest sensitivities for most species
K due to the higher neutral gas density at the lower temperagre found to be associated with the rate parameters for elec-
ture. As expected, the average electron temperature at khn attachment reactions, whose key role is suggested in
mTorr is higher than at 100 mTorr in order for ionization 0 Fig, 8. The rate constants of electron attachment reactions
balance the larger particle loss rates at lower pressures. (reaction type 1 were roughly estimated based on the

Figure 12 shows the concentration profiles of the hexspecies-independent maximum cross sectt8f&Other re-
amer. First of all, pressure is shown to have the most signifiactions to which the results are highly sensitive include neu-
cant effect in clustering, with the concentration dropping Sixtralization of a dimelreaction type ®and ion—neutral clus-
orders of magnitude when pressure is reduced from 100 tgyring (reaction type 1J for which the rate parameters are

10 mTorr. Also shown is the considerable effect of the gasgain estimated to no better than order-of-magnitude uncer-
temperature. In the case where the gas temperature {g§jnty,

doubled to 1000 K, the hexamer concentration is shown to
drop three orders of magnitude, below?dn 3. Thisis due VI. SUMMARY
to the increased rates of dissociation of silicon oxide clusters A detailed silicon oxide clustering mechanism in low-
at elevated temperature. In reaction types 11 and 12 in Tabh@(essure silane-oxygen—argon plasmas was developed. An
|, the reverse directions become increasingly favored ainductively coupled plasma reactor was modeled by con-
higher temperatures, and clustering cannot proceed as fasfructing a set of one-dimensional conservation equations for
beyond the first few steps. Compared to the base case at 5@fass, momentum, and energy within a multicomponent two-
K, the production rates of anionic dimers and trimers detemperature framework. Time-dependent simulations were
crease by more than two orders of magnitude at 1000 K. Fogonducted to predict spatial profiles of species concentrations
the higher power case, 8.2 W/émthe increased electron and discharge properties for conditions typical of inductively
concentrationsee Fig. 1p and the more localized electron coupled SiH-O,—Ar high-density plasma. The primary
temperature profilglarger gradient near the inlet; see Fig. pathways and major contributing processes to clustering
11) cause the peak concentration to increase and to shifyere identified. Neutral clusters, produced primarily from
toward the induction coil. neutralization of anionic clusters, were predicted to be more
A sensitivity analysis was performed to assess the preabundant than their charged relatives. Pressure and gas tem-
dominant reactions that contribute to species concentratioperature are predicted to have important effects on cluster-
profiles. We adopted the approach of Colteihal,*” which  ing. A sensitivity analysis identified several reactions that
utilizes Jacobian and LU factorization that are already availplay a key role in the predicted results.
able from the original solution algorithm, using the modified
Newton method. Figure 13 shows the normalized sensitivityACKNOWLEDGMENTS
coefficients of several species of interest in the center of the This work was partially supported by NSF GOALI Grant
reactor for the base case conditions. The computed sensitildo. CTS-9909563 and by the Minnesota Supercomputing
ity coefficients, i.e., the rates of change of solution variablegnstitute.
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APPENDIX: ESTIMATES OF CLUSTER THERMOCHEMICAL PROPERTIES (SEE TABLE IIl)

TasLE ll. Polynomial fitting coefficients for clusters in standard NASA format. The specific heat capacity at constant pr@%suhﬁ standard-state

enthalpy, H°, and the standard-state entrof®f, are, respectively, defined as followE€j/R=a,+a,T+asT?+a,T°+asT4, HYRT=a,+(a,/2)T
+(ag/3) T2+ (al/4) T3+ (as/5) T4+ (ag /T), andSYR=a, In T+a,T+(ay/2) T2+ (a,/3) T3+ (as/4) T4+ a,, whereR is the universal gas constant ahds the

gas temperature in K. These coefficients are valid only for the gas temperature range of 300—1500 K.

Species a, a, as ay ab ag a;

(SiIO)~ 3.709 171E+00  9.069 728E—04 —4.233047&—-07 9.034 40E—11 —7.280257&—15 —1.064563&+04  3.184 218B+00
(SibO,)~  9.762584E+00 —1.593530&—-04 2.318072E—-07 —7.572098&—-11 7.771686B—15 —5.765895&+04 —2.302176&+01
(Sis03)~ 1.561348&+01 —2.211 691E—-04 3.452 367E—07 —1.139627&—10 1.174105B-14 —1.008678&+05 —4.974662&+01
(Si,0,)~ 2.115701E+01  2.0739416—-04  1.7994268E07 —8.450138E—11  9.740 739E—15 —1.359 660&+05 —7.056 093&+01
(SisOs)~ 2.619121E+01 1.333846B—03 —3.272 795&—07 1.749 274811 2.1543416—15 —1.769 829&+05 —8.829 925&+01
(SigOg) ~ 3.185195&+01  1.5028756—03 —3.012504&—-07 —1.051596&—11  6.134 535E—15 —2.164 755E+05 —1.097 032&+02
(Si;0;)~  3.751270£+01 1.671904E—-03 —2.742214@—-07 —3.852468E—11 1.011472B—14 —2.558574&+05 —1.311072E+02
(SigOg)~ 4.317 345E+01 1.8409336—-03 —2.471923E-07 —6.653 33911 1.409 49214 —2.949927&+05 —1.525111&+02
(SigOg)~ 4.883419E+01  2.009 9626—03 —2.2016325—-07 —9.454211F—11 1.8075116—14 —3.341582&+05 —1.739 151&+02
(SiyO19)~ 5.449494E£+01 2.1789916—03 —1.931341&-07 —1.225508E—-10 2.2055308—-14 —3.731929E+05 —1.953 1918+02
(Sio,) ~ 6.209 053&£+00 1.363104B—03 —5.942 205E—07 1.199 155B—-10 —9.228 230&—15 —6.116 530&£+04 —8.428 744E+00
(Si,O,)~ 1.412411&+01 1.595016E—-03 —5.422005&—-07 8.203384B—-11 —4.467 734E—15 —1.483691&+05 —4.543596&+01
(Sis0g)~  2.245902&+01 1.917 362803 —5.322 153E—-07 5.317 489E—11 —4.433486&—-16 —2.3555928+05 —8.854 152&+01
(SiyOg)~ 3.078920€+01  2.250 499B—03 —5.288 545&—07 2.594 208E—11 3.439335E2—-15 —3.2130788+05 —1.293 223&+02
(SisO19)~ 3.911175%+01  2.592 881E—-03 —5.302764&—-07 —1.378365kK—13 7.217414B-15 —4.067 022&6+05 —1.709 503&+02
(SigO1p) =~ 4.738577€+01  3.015721E—-03 —5.799 780£—-07 —1.383030&—-11 9.844 7246—15 —4.918522&+05 —2.122 498&+02
(Si;01)~ 3.796 773&+01  3.3222336—02 —1.876270E—05 4.700925B—09 —4.329124€-13 —5.675123&+05 —1.532 087E+02
(SigO1¢)~ 3.753474&+01  4.833158B—-02 —2.777296E—-05 7.028634B—09 —6.512376€—-13 —6.479176&+05 —1.451 480&£+02
(SigO1g)~ 3.710175&+01  6.344084B—-02 —3.678.321&—-05 9.356 344B—09 —8.695627&—13 —7.282071E+05 —1.370873E+02
(SO, ~ 3.666 876&£+01  7.855009E2—-02 —4.579347&-05 1.168405BE—08 1.087887E—12 —8.084 966&+05 —1.290 265%+02
(Sio)* 3.709171E+00 9.069 728E—04 —4.233047E—-07 9.034407B—11 -—7.280257&—15 1.189770E+05 3.184 218B+00
(SLO,)"  9.762584E+00 —1.593530&—-04  2.319 072B-07 —7.572098&—-11 7.771686B—15 7.735866E+04 —2.302176&+01
(Siz05) " 1.561348&+01 —2.211 691E-04 3.452 367E-07 —1.139627&—-10 1.174105B-14  3.414981E+04 —4.974662&+01
(Si,0,)" 2.115701E+01 2.0739416—04 1.799426B—07 —8.450 138E—11 9.740 739E—15 —9.434 279E+02 —7.056 093&+01
(SisO5)"  2.619121E+01  1.333846E—03 —3.2827956-07 1.749274B-11  2.1543416-15 —4.196 030&+04 —8.829 925&¢+01
(SigOg) " 3.185195&+01  1.5028756—03 —3.012504&-07 —1.051596&—11  6.134 535E—15 —8.145795&+04 —1.097 032&+02
(SiO;)"  3.751270&£+01 1.671904E—-03 —2.742214&—07 —3.852468E—11 1.011472B—14 —1.208 398&+05 —1.311072E+02
(SigOg) " 4.317 345E+01 1.8409336—-03 —2.4719238-07 —6.653229€—11 1.409 492E—-14 —1.599 701&+05 —1.525111&+02
(SigOg) "  4.883419E+01  2.0099626—03 —2.201632E—-07 —9.454211F-11 1.8075116—14 —1.991 356&+05 —1.739 151&+02
(Sij019 " 5.449494E+01 2.1789916—-03 —1.931341&-07 —1.225508E—10 2.2055308—14 —2.381702&+05 —1.953 191&+02
(Sio)* 6.209 053£+00  1.363104B—03 —5.942 205E-07 1.199 155B—-10 —9.228 230&—-15  1.050 299#+05 —8.428 744E+00
(SibO,) " 1.412411&+01 1.595016E—03 —5.422 005&—-07 8.203284B—-11 —4.467 734E—-15 1.7826088+04 —4.543596&+01
(SisOg) " 2.245902&+01 1.917 362803 —5.322 153E—-07 5.317489E—11 —4.433486&—-16 —6.936 395€+04 —8.854 152&+0.1
(Siy;Og) " 3.078920&+01  2.2504998B-03 —5.288545E—-07 2.594 208F—11  3.439 335E—-15 —1.5511256€+05 —1.293 223@&+02
(SisO19 " 3.911175&+01 2.592 881F—03 —5.302 764&—-07 —1.378365k—13 7.217414B—15 —2.410857&+05 —1.709 503&+02
(SigOp)t 4.738577€+01  3.015721E-03 —5.799 780£—-07 —1.383030&—11 9.8447246—15 —3.256 5698+05 —2.122 498&+02
(Si;09)" 3.796 7736€+01  3.3222336-02 —1.876270E—05 4.700925B—-09 —4.329 124%—-13 —4.013 120&+05 —1.532 087E+02
(SigO19) " 3.7534746+01 4.833158B—02 —2.7772968-05 7.028634B—-09 —6.512376E—13 —4.817 223&+05 —1.451 480&+02
(SigO;9 " 3.710175%+01  6.3440848-02 —3.678321&-05 9.356344B-09 —8.695627&—13 —5.60068E+05 —1.370873E+02
(SihO,0) " 3.666 876&+01  7.855009E—02 —4.579 347&-05 1.168 405E—-08 —1.087887&—12 —6.424171E+05 —1.290 265%+02
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