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Numerical investigation of particle formation mechanisms in silane discharges
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The formation of particles in low-pressure silane discharges has been studied extensively over the last
decade. In this paper we try to identify, by numerical simulations, the precursors of the dust formation and we
examine the gas-phase reactions leading to larger clusters, and finally to nanometer or micrometer sized
particles. A one-dimensional fluid model is used, which incorporates silicon hyd&d¢s,,) containing up to
12 silicon atoms. A set of 68 species, including neutrals, radicals, ions, and electrons, is taken into account. The
importance of various cluster reaction sequences is discussed. Besides the discussion of ion-molecule and
ion-ion reactions, the role of the vibrationally excited silane molecules and of 1@itHcals on the particle
growth process is studied. Finally, the effect of temperature variation on the density of the dust particles is

investigated.
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[. INTRODUCTION new ways for generating desirable particles for enhanced

- N o film properties. However, despite the widespread use of

Hydrogenated amorphous silicda-Si:H) thin films are  pEcvD processes and the fact that deposition of silicon
commonly produced by plasma enhanced chemical vapatom silane is one of the best studied PECVD systems, the
deposition(PECVD) and have been the subject of a lot of details of the chemistry occurring during deposition and es-
research over the last decéde-4]. Apart from being used in  pecially of the nanoparticles formation are not yet well un-
the fabrication of thin film solar cellf—7] a-Si:H has also derstood.
an extensive field of applications in other devices, i.e., thin In this paper the initial step of particulate growth in a dust
film transistors used in liquid crystal display8,9], light  forming silane discharge is investigated. Based on experi-
emitting diodeg10,11], etc. Nanoparticle formation, causing ments[18], the nucleation appears to take place by a series of
the creation of “dusty plasmas,” is a generally recognizedhemical reactions, better known as gas-phase polymeriza-
problem in PECVD, especially when trying to achieve hightion. Start_ing from silane, larger silicon_ _hydrides are formed
deposition rates with good layer quality. Initially the dust and can_ﬂnally lead to hydr_ogenated silicon clusters that can
grains were solely considered harmful, because they corR€ considered as dust particles. , o
taminated the substrate. In the microelectronics industry, par- S€veral recent publications have dealt with this issue
ticles with diameters as small as tens of nanometers malt9-21- Gallagher{19,20 presented a simple homogeneous
cause killer defectfl2,13. Therefore, the research primarily flasn1se_1—chen_1|stry n;osd_el v(\;herle ]Eartt'.dfs Ef_'ma“'y gdrow
aimed at avoiding the particle formation and/or contamina—sr?r|_'|1 Ir;%iigllgnswi?ch tlﬁerr? gl(r:gvi’irlﬁ) 'Sr}”((): 3} rﬁ];/(érr]i?j:npar-
. . o : . H ,
e e e 122 S e X0, | 0tces Gallgherminy focuses o th casion of ic-
benefitsfrom the presence of nanoparteeg, was found (00 00, 198 B8 8T8 B SRS SR IERERS
;{/C:; I;ﬁ?gﬁﬁigggg gfgogc\?c:];ég?;g?sfﬁgvmﬁstgﬂg;'Zecation densities are us¢d0]. Bhandarkaret al. [21] devel-

improved propertied15.16. The so-called polvmorohous oped a zero-dimensional chemical kinetic nucleation model
np ' prop 15,18, . 1ed POMOIPNOUS i \yhich linear and cyclic silicon hydride species containing
silicon thin films have superior electronic properties leading

up to ten silicon atoms were considered. They assume a con-

to so!ar cells that ShOW s_tability é?gai”St light indyced defe‘:tstant positive ion densityproportional to the rf powgrand
creation—thus making this material a good candidate for US€se it as an input parameter

in high-efficiency solar cell$13,17. : . . . .
. i When studying particle nucleation and growth in a dis-
Good knowledge of the plasma species densiteec- charge, it is important that the model accounts self-

trons, positive and negative ions, various molecules, radical%onsistently for the coupling between particle growth and

et o i e o e e ey anGeS of he plasma proprtes. I contast 0 the s
9 9 rformed so far we make use of a one-dimensional fluid

pptimiz.atio.n of the eq_uipment ok the processes. It can assi odel, where the electron kinetics, the chemistry of the dis-
in eliminating undesirable contaminants, as well as Creat%harge, as well as the deposition process are described in a
self-consistent way. The electron kinetigslectron impact
reactions, electron transport coefficiondepend strongly on
*Electronic address: kathleen.debleecker@ua.ac.be the electron energy distribution functigeEDF). In contrast
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to Ref. [21], the EEDF is not assumed to be Maxwellian, step of particle formation are presented and the influence of
since it can often deviate significan{l®2], and is influenced variation of certain paramete¢s.g., rate constants, tempera-
by the composition of the background gas. The EEDF igure) on the densities of the dust particles is studied. Conclu-
calculated by solving the Boltzmann equation in a two-termsjons are presented in Sec. IV.

approximation and is used to create a look-up table for the

electron rate coefficients and transport coefficients as a func-

tion of the average electron energy. In a previous study we Il. MODEL DESCRIPTION

developed an initial model for the description of the dust A Fluid model

formation[23]. '

The main reason for using a one-dimensiafid) model In our 1D fluid model the discharge is described by par-
is the reduction of the computational effort compared toticle balance equations for the ions, electrons, and neutrals,
higher-dimensional models, while the spatial transport due tand an energy balance equation for the electrons. The electric
gradients is still taken into account. The 1D model can beje|d is calculated from the Poisson equation, which is
applied to carry out a sensitivity study of the relevance ofcqypled to the balance equations, making the model fully
certain chemical reactions in the plasma. Since this is hergr consistent. Power input into the plasma is transferred to
our main concern, the 1D approach is the best option. 0 charged specigslectrons and ionsy ohmic heating.

Various theories address the clustering mechanism in si- 1 g it model for describing a silane/hydrogen dis-

lane discharges. In general there are three possible routes (Eﬂarge was originally developed by Nienhesal. [31,32

_ConSIder,_ involving either posm_ve ion, neutral, and nega_nveln the present paper, this model is used to investigate the

option, since a kinetic bottleneck is already formed at cIus-XUCIeation of dust in a silane plasma. The most important
ption, S . ready aspects of the model will be given here. Further details con-
ters having relatively low numbers of silicon atoms, prevent-

ing clustering reactions beyond five or six silicon atoms This;:erning the numerical techniques and algorithms can be
has been extensively investigated by Mandithal, [24]. ound in Refs[33,34. Typical discharge quantities, such as

Moreover. the positive ions are efficiently evacuated fromthe fluxes, densities of the particles, and the electric field, are
' P y calculated self-consistently.

e e i ‘e The densty balance for each specjelctors, on,
quence. Watanabet al. [25,26, who studied the neutral radicals, and neutral molecujes described by
clustering pathway, argue that Sithsertion reactions play

an important role in the formation of bigger particles. None- dny + dr; =S, (1)
theless, most authors consider the main pathway leading to dt  dx

clustering to be governed by anion-neutral reactions ) _

[19-21,27-28 The long residence time of the anions in the Wheren; and 'y are the particle’s density and flux, respec-
plasma, electrically confined by the plasma sheaths, favordvely, and§ represents the different source and sink terms
their further growth, and makes them good candidates t§f particle j (respectively, formation/destructipnThe gas
trigger particle nucleation. Mass spectra, measured by Holnlet and pumping have been incorporated by the introduc-
lensteinet al. [30], show a good correlation between the tion of additional source anq sink terms. The (_:hem|cally|nert
anions and particle formation. Once the particles are formednolecules are perfectly mixed over the entire reactor vol-
they can grow further by coagulation and, eventually, due t¢!Mme. The radicals, on the other hand, can undergo reactions/
deposition of radicals or ions on the particle surface. transitions at the wall, resuIt|_ng in a nonuniform proﬂle. _

In our calculations, dust is primarily formed by successive 1he momentum balance is replaced by a drift-diffusion
reactions of anions with silane molecules. Exact data for th&PProximation, which means that each particle flux consists
rate constants of these anion-molecule reactions are still n& two separate terms, a drift and a diffusion term,
known. Therefore a comparison is made between two situa-
tions where the rates of these reactions are varied, according e AE %

: . i I'j=unE-D;—, (2
to data known from literature. In this paper we will also dx
focus on the role of vibrationally excited silane molecules
and of SiH; radicals on the particle growth process. Com-whereu; andD; are the mobility and diffusion coefficient of
pared with ground state silane, vibrationally excited silanespeciesj, and E represents the electric field. The diffusion
can in fact enhance the kinetics of the clustering mechanisntoefficient of the positive and negative ions is obtained from
A study of their contribution is made for the different clus- the Einstein relatiorisee Sec. Il . For the neutral particles
tering situations. Besides silane, the radical S@dn also the mobility term is equal to zero. Equati¢®) assumes that
play a role in the early stages of particle formation if the ratethe charged particles will react instantaneously to a change in
of the radical-anion reactions is much higher than the rate othe electric field. Because the ions cannot follow the actual
anion-molecule reactions. In this model anions containing uglectric field, an effective electric field is taken into account
to a maximum of 12 silicon atoms are incorporated; hencewhich compensates the inertia effects originating from their
no reactions are included that lead to the formation oflower momentum transfer frequency. An expression for the
SiyH,, with n>12. effective electric field is obtained by neglecting the diffusive

In Sec. Il we describe the fluid model and the mechanisméransport and inserting the expresslgr u;n;Eqs in the sim-
for particle growth. In Sec. Ill simulation results of the initial plified momentum balance:
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TABLE |. Overview of the different species incorporated in the model, besides the electrons.

Molecules lons Radicals
SiH,, SiHZ™, SiH; ™ SiH;, SiH} SiHs, SiH,
Hz H; H
SiH;, SiH;
Si;Hs, SigHg, SisH10, SisH12 SipHs, SigH7, SisHg, SisHT; Si,Hs, SigH7, SiyHg, SisHqq
SigH14, SkH16, SigH1g, SigHog SigH75, SizH75, SigH77 SigH1, SigH13, SikH15, SigH17, SigH1g
SiigH22, ShiHos, SiioHog SiygH3y, SiiaHpg SitpHos SiygH21, SiiaHas, SiioHos
Si;H;, SigHg, SisHg, SisH7, Si,Hg, SisHe, SisHg, SisH1o
SigH1, SizH 14 SigHyg SiH1g SigH12, SiyH14, SigH16, SigH1g
SiygH5g ShiH5p ShiaHy, SiygH20, SiiaHzo, SiigHoa
dr; en B. Plasma kinetics
—=—FE-y,l}, 3 . . . )
dat m Mt ® In order to model the formation of dust in a silane dis-

_ . charge, the 1D silane model, developed by Nientatigl.
where vy, is the momentum transfer frequency of the ion  31] "has been extended with chemical reactions leading to
given by the formation of bigger particles. Since particle nucleation is

at this point our main interest, we have included silicon hy-
e . - . .
=— (4) drides containing up to a maximum of 12 silicon atoms and
M M, we try to identify the precursors of the dust formation. We
will especially focus on the role of the plasma-activated vi-
brational excitation of Si and also on the role of the SjH
radicals.

Vmii

Heree represents the elementary charge andhe mass of
the ion. The effective electric field, replacing the instanta-
neous electric field in Eq2), is then given by

dar 1. Species included in the model
i _ . . . .
f = Vi (E = Begy,)- (5 An overview of the different specigsolecules, ions, and

radicalg taken into account in our model is given in Table I.
The electric fieldE and the potentiaV are calculated In addition to silane ground state molecules, vibrationally
using the Poisson equation, excited silane molecules, formed by electron impact collision
on ground state silane, are also considered. The first vibra-
d?v _ (E n-Sn. - ne) E=-— av (6) tional levels of silgn(_a Sifl“‘), i.e., the ben.ding modes at
e dx’ 0.113 eV, and Sk, ie., the stretching modes at

. o 0.271 eV, are therefore incorporated as separate species.
where ¢, is the permittivity of free spacen. the electron P P P

. L ) For every saturated silane moleculgtsi,.,, the corre-
den3|tt_y, My thg tOtil Eosmve tl_on ((jientsny, a_nd__ thle to:jal sponding SjH,,.1 radical has to be considered, since hydro-
hegative ion densitjthe negative dust species inc ugle gen abstraction is an important reaction in silane plasmas.

The electron energy density,=nce (i.e., the product of

the electron densit 4 th loct ) | The silylenes S$H,, are also included, since their corre-
e electron density and the average electron enasgyal- sponding anions play a role in the initial particle formation.

culated self-consistently from the second moment of thel’he silylenes are a reactive form of the sileries., mol-
Boltzmann equation, ecules containing a double bond between two silicon atoms

dw, dr,, They are characterized by a single bond between the two
—+—=-el[E+S,, (7 silicon atoms with two nonbonding electrons. Through
dt dx isomerization reactions, the silylenes can be altered to the
with T, the electron energy density flux, thermodynamically more ;table sileneg. The silenes them-
selves are, however, not incorporated in the present model
5  dw, because of their unreactive nature. While the positive ions
Fw:gﬂeWeE 2De € g ®)  are limited to SiH, SbHZ, and H, the negative ions are

extended up to species containing 12 silicon atoms. We make
and u. and D, are the electron mobility and electron diffu- a distinction between the silyl anioriSi,H5,,,) and the si-
sion coefficient. The terr§, in Eq. (7) represents the loss of lylene aniongSiH5,,), as will be explained in the following
electron energy due to electron impact collisions. No energyaragraphs.
balance is included for the ions and neutrals. The energy
dissipated by the ions is only accounted for in the overall
energy balance of the discharge, where a preset total con- Some chemical reactions require an energy threshold and
sumed power is specified. are initiated by electrons, which have typically a mean ki-

2. Electron collisions
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TABLE Il. The electron collisions used in the model, with the reference where their cross sections are taken from.

Threshold

S. No. Reaction energieV) Reaction-type Reference
1 SiH;+e — SiHz+H+2e" 11.9 Dissociative ionization [35]
2 SIHZ ™ +e — SiH;+H+2e” 11.8 Dissociative ionization [35]
3 Sngl_3)+e‘HSiH§+H+2e‘ 11.7 Dissociative ionization [39]
4 ShHg+€ — SiH, +2H+2e” 10.2 Dissociative ionization [35]
5 Sino) +e — Sin‘A) +e 0.11 Vibrational excitation [36]
6 SHY +e" — SiH{ Y+ 0.27 Vibrational excitation [36]
7 SiH,+e™ — SiHz+H+e” 8.3 Dissociation [37,39
8 SiHZ> ¥ +e — SiHg+H+e~ 8.2 Dissociation [37,39
9 Sngl_3)+e‘—>SiH3+H+e‘ 8.1 Dissociation [37,38
10 SiH;+e"— SiH,+2H +e” 8.3 Dissociation [37,38
11 SIHZ ¥ +e" — SiH,+2H+e” 8.2 Dissociation [37,39
12 SiH{™d+& — SiH,+2H+e” 8.1 Dissociation [37,39
13 SpHg+e™— SiHz+SiH,+H+e” 7.0 Dissociation [37]
14 SiH,+e” — SiH;+H 5.7 Dissociative attachment [39]
15 SiHZ ¥+ — SiH; +H 5.6 Dissociative attachment [39]
16 SiHEll_S) +e —SiH;+H 5.5 Dissociative attachment [39]
17 SiH,+e”— SiH,+2H 5.7 Dissociative attachment [39]
18 Sin“‘) +e — SiH;+2H 5.6 Dissociative attachment [39]
19 SiH{™3+& — SiH,+2H 5.5 Dissociative attachment [39]
20 Hy+e —Hy+2e” 15.4 lonization [40]
21 Hyte —HY™V+e 0.54 Vibrational excitation [41]
22 Hy+e — H(2”:2)+e‘ 1.08 Vibrational excitation [41]
23 Hyte —HY™+e 1.62 Vibrational excitation [41]
24 Hyte"—H+H+e™ 8.9 Dissociation [42]

netic energy of a few eV. Electron impact on giid respon-  ionization cross sections, only Sjknd SiH are considered
sible for the production of radicals, ions, and molecules. Anas the most important anions formed from the dissociative
overview of the different electron collisiori®nization, dis-  attachment of Sil} with over 70% leading to the formation
sociation, attachment, and vibrational excitajiovith their ~ of SiH;. As can be seen from Fig. 1, the cross section for the
respective threshold energies and references for the cro$@rmation of SiH by dissociative attachme(tepresented by
sections is presented in Table Il. The cross sections of theurvea) is so low that this species is not taken into account
electron collisions for Sil Si,Hg, and H, are given in Fig. separately. Siis also a minor product and could not even be
1, where the number of the curves corresponds to the numbéetected in the measurements of Haalg8@43. The cross
of the electron collisions shown in Table Il. The EEDF is sections for the formation of SiHand SiH by dissociative
calculated from the Boltzmann equation in the two-term ap-attachment are not particularly large. Indeed, they are two
proximation, and is needed to calculate, from the above crosgrders of magnitude lower than the corresponding dissocia-
sections, the rate constants of the electron impact collisiongive ionization cross sections. However, dissociative attach-
which are expressed as a function of average electron energyient represents the most important source of negative ions
Dissociation of SiH} leads mostly to the formation of in the silane plasma, and the residence time for negative ions
SiH; and SiH radicals with a branching ratio of 0.17/0.83, in in the discharge is longer compared to that of any other spe-
favor of SiH, [37]. cies. Even modest production rates of anions can lead to a
The ionization cross sections for Sjkind SjHg have  substantial buildup of the anions, as they are electrically con-
been measured by Krishnakumeiral. [35]. All the ioniza-  fined by the plasma sheaths. Hence, mutual anion-cation
tion cross sections are lumped and linked to the ion which igieutralization represents the only loss process for the nega-
most likely formed. So we only consider SjHSLbHj, and  tive ions(see below
H> as the ionization products of SiHSi,Hg, and H,, respec- Dissociative attachment on j6ig leads to the production
tively. of both disilicon anions $H_(m=0-5) and monosilicon an-
Dissociative attachment cross sections for Sitle ob- ions SiH,(m=0-3) [44]. Rate constants were derived from
tained from Haaland39]. Similarly to the lumping of the the dissociative attachment cross sections of, Skt SjHg
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N . sociative attachment, but data for their cross sections were
= difficult to find. Therefore, for the ionization and dissocia-
tion, the cross sections of ground state silane have been used
as an approximation, with its threshold shifted to lower elec-
tron energy(see Table I. A reasonable increase in the dis-
sociative attachment cross section for the vibrationally ex-
cited SiH, can be expected, since it is stated in Ré6] that
the vibrationally and rotationally excited molecules can dras-
tically increase the dissociative attachment. Therefore, we
have increased the cross sections of ground statgf8Sitthe
formation of SiH, and SiH, (curves 14 and 17 in Fig.) by
an order of magnitude, and we have shifted the respective

cross-section (m2)

10-23

- threshold to lower electron energy.
VANAN \ 3 In contrast to Silj, the vibrationally excited species of,H
Lo | i' / 7/| \Q\\l | ] (H; with »=1-3) are treated as ground state,h order to
o ~ - PP TR reduce the number of species. However, their respective vi-

brational excitation has been included in the model, to prop-

erly calculate the electron energy. Their separate incorpora-
FIG. 1. Cross sections of the electron collisions with SiH tion is also not required to take the increased dissociative

Si,Hg, and H, taken into account in our model. The numbers of the attachment cross section into account, as the production of

curves correspond to the numbers of the reactions shown in Tabld™ still remained negligible in the present calculatiqsse

Il. Curve a represents the production of Sikhrough dissociative above.

attachment of Siil and is not included in our model because the

electron energy (eV)

cross section is very low. The dissociative attachment of vibra- 3. lon-molecule and molecule-molecule reactions:
tionally excited SiH molecules is described by curves 14 and 17, General aspects
multiplied by a factor 1Qsee text In Tables Il and IV the important ion-molecule and

molecule-molecule reactions are summarized. The rate con-
by Perrinet al. [27], by integrating over a Maxwellian en- stants in the tables reflect the values at a gas temperature of
ergy distribution. FoiT,=3 eV, the rate constant for $lgis 400 K and a gas pressure of 0.3 Torr or 40(Bgis denoted
at most three times larger than that for GilBut despite this in Pa units in the tabl@sSome of the rates are a function of
enhanced attachment, the,i$ concentration represents gas temperature or pressure and their general notation is
only a few percent of the gas mixture, and our calculationgyiven in the comment section of the table. Reactions 1-9 in
show that the production of anions through this pathway isTable IIl are part of a “standard” silane/hydrogen discharge,
negligible in comparison to the dissociative attachment of.e., without the integration of dust, and form the basis for the
SiH,, and therefore dissociative attachment ogHgiis not  further extension of our model, namely, to include the initial
considered. The same applies for the dissociative attachmephase of dust formation. A further detailed discussion of the
on larger silicon hydrides. chemical reactions in Table Il can be found in RE31].

The anion H, is not considered either, since, for its pro- Here we will focus our attention on the gas-phase reactions
duction to be significant, it first requires the production ofleading to larger clusters and consider reactions between sili-
excited H molecules, which can then undergo di§sociativecon hydrides containing up to 12 silicon atorfsee Table
attachment leading to the formation of e +H,—H IV). In the following sections the different aspects of the
+H"). Indeed, in the particular case of,Hhe dissociative anion chemistry are discussed.
attachment cross section increases more than one order of
magnitude per additional vibrational quantyéb]. Because
of the constraint of two successive reactions and the loss of Since the silicon hydride anions are electrostatically
excited H molecules due to quenching at the walls, the caltrapped in the plasma bulk, they can easily undergo polymer-
culated density of H proved to be insignificant in our cal- ization reactions. The earliest stages of particle formation
culations. start primarily from the anions SiHand SiH, principally

The vibrational excitation cross sections of gike char- formed through the dissociative attachment of Sileac-
acterized by a steep threshold at the vibrational energies fotions 14-19 of Table )l
lowed by a steep drop and a second maximum, as shown in The dominant negative ion, Sitis the first species of the
Fig. 1. Vibrational excitation by electron impact is an impor- particle formation and can in turn undergo the following
tant process to consider in our calculations, since the vibraanion-molecule chain reactions:
tionally excited SiH molecules(SiH? ™ and SiH™) can
play an essential role in the primary stage of particle forma-
tion. Furthermore, these cross sections also account for a
major energy loss for the electrons. SipHg + SiH; — SisH7 + Hy, (9b)

Similar to ground state silane, vibrationally excited $iH
molecules can also undergo ionization, dissociation, and dis-

4. Anion-molecule reactions: Cluster growth

SiH; + SiHy — SiHg + Hy, (99
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TABLE lll. Basic ion-molecule and molecule-molecule reactions. The abbreviation “est” stands for estimated.

Rate constant
S.No. Reaction (mésh Comment Reference

Hydrogen abstraction

1 SiH,+H— SiHg+H, 1.2x 10718 2.8X 107 [exp(-1250/Ty4d)] [43,47

2 SiHg+H— Si;Hs+H, 7.0x 10718 1.6X 10716 [exp(=1250/Tg,9)] [43,47

3 SiHg+H— SiHg+SiH, 3.5x 10718 0.8X 10726 [exp(~1250/Ty4d)] [43,47

4 Si,Honeo+H— SitHone+H, 1.1x10Y 2.4X 10726 [exp(-1250/Ty4d)] [43], est.

n=3,...,12

Cluster growth through Sifinsertion

5 SiH,+H,— SiH, 2.7x10°%0 3.0x 1071 1-(1+2.3x 10 %py) ~1? [43]

6 SiH,+ SiH,— Si,Hg 2.3x10°Y 2.0x 107191 -(1+0.0032p,) 12 [43]

7 SiHy+ SisHon2— Sine1Hanea 4.9x10°%7 4.2x 107191 -(1+0.003p0) 1 [43]

n=2,...,11

Other neutral-neutral reactions

8 SiHs+Si,Hs— SiyH1o 1.5x 10716 [43], est.

9 SiH;+ SiHz — SiH,+ SiH, 1.5x 10716 [43,48

%po in Pa units.

TABLE V. Additional molecule-molecule and ion-molecule reactions taken into account in the model.
Rate constant

S. No. Reaction (mésh Comment Reference

Cluster growth through silyl anionsSi\H5,,,,) with SiH,, Sin“"), and Sil—il‘a)

1 ShH2ne1+ SiHz— Sins1Hone3+Ha 1.0x 10718 Expt. n=1,...,11 [27]

2 SisHone1+ SIHY = SineaHones* Ha 2.6x 10717 10718x exd+(0.113 eV}/RT] [27], calc.

3 SigHzns1+ SiHy ™2 — SinsqHon 5+ Ho 1.0x 10718 10718 ex[+(0.271 eM/RT] [27], calc.
n=1,...,11

Cluster growth through silylene aniokiSi;H5,) with SiH,, SiH>™, and SiHj*™®

4 SiH2,+ SiHz— Sins1Honeo+ Ha 1.0x 10718 Expt. n=1,...,11 [27]

5 SipHzn+ SIH ™ — SinyqHaneo+ Ha 2.6x10°Y 1078 exg+(0.113 eV/RT] [27], calc.

6 SigHzn* SiHy ™ — SinsqHon o+ Ha 1.0x107%® 1018x exd +(0.271 e\J/RT] [27], calc.
n=1,...,11

Deexcitation of vibrationally excited SiH

7 SiHZ ¥+ SiH, — 2SiH, 1.0x 10718 Calculated by interpolatiofsee text [49]

8 SiHﬁll_a)+SiH4—>2SiH4 1.2x10718 Calculated by interpolatiofsee text [49]

9 SIHZ ™ +H,— SiHy+H, 3.7x10718 Calculated by interpolatiotsee text [49]

10 SiH{3+H,— SiH+H, 4.1x10718 Calculated by interpolatiotsee text [49]

Neutralization reactions of silyl and silylene anions with $#hd SpH}

11 SiH 1+ SiHE — SigHons 1+ SiHs ~10714 Calc.n=1,...,12 [50]

12 SiHzne 1+ SbH} — SigHons1+2SiH, ~10714 Calc.n=1,...,12 [50]

13 SiyHa,+ SiH; — SigHz,+ SiHs ~1074 Calc.n=1,...,12 [50]

14 SiH,+ SbHj — SiHon+2SiH, ~10714 Calc.n=1,...,12 [50]

Cluster growth through anion-SiHeactions

15 ShHp+ SiHz— S iH e+ Ha 1.0x 10715 Not included in standard model [27]
n=1,...,11
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SinH5p4q + SiHs — Sine1Hone3 + Ho, (90) higher order silanes, is much lower than the Sdensity(at
the most a few perceptmaking their contribution negli-
leading to the formation of larger silyl anions. The enthalpiesgible.
of reaction of the first four steps in the clustering process are,
respectively, —0.07,+0.07,+0.07, and 0.00 eV. According 5. Role of vibrationally excited Silf ® and SiH,"™® molecules
to Fridmanet al. [S1] this thermoneutral and even slightly 1o rates of the anion-neutral reactions will be enhanced
endothermic nature of some reactions from the chain Woulq)y the vibrationally excited molecules éAﬁq‘D and SiHd

result in an intermolecular ener rrier and even a kineti . . : AT .
esult in an intermolecular energy barrier and even a kinetig species can likewise undergo anion-gigactions,
bottleneck. This energy barrier can, however, be overcome

by molecules carrying sufficient internal energy, i.e., the vi- SiHopeq + SiHy — SineiHones + Hp - for the silyl anions,
brationally excited silane molecules, which will be discussed

later on in the following section. 12
A similar reaction sequence can occur starting from;SiH gn(
SiH; + SiH; — Si,H, + H,, (109 SinH, + SiH; — SineiHones + Hp - for the silylene anions,
(13
SiHy + SiHy = SigHg + H, (10D \ihere SiH comprises both Sifi™ and SIH™ (see reac-
tions 2-3 and 5-6 in Table IV The rate constants for the
anion-SiH, reactions are calculated based on the rate con-
stant of the anion—ground state ikeaction(ky),
SiH3, + SiHg — SineiHpn0 + Ha, (109

k= kg exp<+ —'ER‘*;C‘”S) . (14)
resulting in the formation of larger silylene anions, and thus gas
represent a second important reaction chain. We increasedk, by an exponential factor, containing the ex-
A major problem is the poor knowledge of the corre-tra internal energy carried by the vibrationally excited mol-
sponding reaction rate constants. A theoretical upper limit foecules, which is 0.113 eV for SL?—T“) and 0.271 eV for
the ion-molecule rate is given by the Langevin collision rate.Sinl-B), respectively. In this way we account for their lower
The constant of the Langevin collision rate is given[B$] activation energyE, in the Arrhenius equation,

aT 1/2 a 1/2 E
kL:e<—> (—) , (11) kA:Aexp<— 2 ) (15)

€ m, R Tg as

wherem, represents the reduced mass in atomic mass unit¢hereA represents a temperature independent constant. In
of the two reacting species and is the neutral atom or the case oky equal to 10*m? s™ (ky), Ky is typically 2.6
molecule polarizability(in A3). The Langevin rate constant X107 més™ for SiH>® and 2.6x10més™ for
represents in any case an upper limit of the actual rate corSiHZH), for a gas temperature of 400 K. The rate consként
stant. Therefore Bhandarkat al. [21] have reduced the cannot, however, exceed the Langevin rate congsance it
Langevin rate constants by an order of magnitude, whichrepresents an upper limjithence a maximum rate constant of
results, in our case, in rate constants of the order ofl.0x10®*m®s™ is adopted for Sil{j‘a (see reactions 3
101 m?® s} (ky;) [21,23. On the other hand, Perriet al.  and 6 of Table IV. For k;=1071% m3 s7(kyy), both SiH>
[27] predict that, based on conclusions derived from masgnd S”_i11_3) have a rate constant of TX0L0° 25 m3 s71.
spectra, the rate constants of the anion-silane reactions are of Evidently the deexcitation of the vibrationally excited
the order of 10'* m® s™(ky,), so two orders of magnitude molecules has to be incorporated. Besides their decay at the
lower than the rate constants suggested by Bhandarkar. all to ground state silangncorporated by a 100% reaction
Sec. Il B we will compare both cases, but for our standarcchance in the reaction probabiljtydeexcitation in the gas
model we have used the rate constants suggested by Perrighase due to collisions with ground state silane and hydrogen

As opposed to §H,,,; and SjH,,, the bare Si and has been considerddeactions 7—10 of Table IV The reac-
Si,H™ cluster anions seem to be very unreactive towardsion rate constants in the table represent the values at a gas
SiH,. Perrinet al. suggest an upper limit for the reaction rate temperature of 400 K, whereby,Happears to be the most
constant of about 16°m® s™ (for n<7) [27]. This low re-  efficient collision partner. In Perriret al. [43] the de-
activity is attributed to the increase in electron affiffyfor  excitation rate constamd;...is derived for gas temperatures
H-diluted or H-bare anions, resulting in a lack of exothermicof 295 K and 500 K. The weak temperature dependence for
channels towards SiH collisions with ground state SiHcan be approximated by a

In theory, other anion-molecule reactions can occur. Relinear interpolation of the values at 295 K and 500 K to ob-
actions of anions with larger silanéSi,Hy,., with n>1),  tain the reaction rate constants at 400[49]. This same
e.g., SiH+SibHeg— SisH;+H,, are however not taken into temperature dependence has also been used for the deexcita-
account, since the density of ,8i5, and especially that of tion due to collisions with K
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6. Investigation of the importance of other production processes SinHy, + SiHg — SinsHry + Ho. (170
of SiH3, beside dissociative attachment on SjH

The production of the initial Siklcould be enhanced by A similar reaction pathway can be produced for Silt is
the additional contribution of the fast™Heaction[27], clear from the above reactions that we would have to include
a much higher number of different species, containing an
H™+SiH, — SiH; +H,, k=5X 10%m3 st (16) even lower number of hydrogen atoms or no hydrogen at all
(e.g., anions containing three silicon atoms would range from

But as mentioned above, the production of tequires two  SisH7 to SkH,). All these new species can in turn undergo
successive reactiorgse., first vibrationally excited kihas to ~ anion-molecule and anion-radical reactions, making the
be formed, before significant dissociative attachment cafhodeling of all the reactions impossible, especially if we
take place leading to a negligible production of Hand also want to investigate the bigger anions. Consequently, if
hence this process will not cause any extra production ofve want to investigate the role of the radicals in the cluster-
SiH; in the present calculations. ing process, we do not make any distinction bet\_/\_/een silicon
Another mechanism of initial SifHproduction comprises hydnde molecules having the same number of SI|ICOI.’1 atoms,
nondissociative electron attachment of Sitadicals(SiH, ~ but different numbers of hydrogen atoms. The particle for-
+& — SiH;). Fridmanet al. [51] predict that for relatively ~Mation would then start from Siwith m comprising an-
small particlegunder 2 nj, the probability of electron non- 10nS having three to zero hydrogen atoms. This mechanism is
dissociative attachment will be small. The authors explaif€Presented by reaction 15 in Table IV. In the results section

that this is due to the adiabatic nature of the energy transfefl'® radical-anion reactions are investigated in a separate
The electron attachment will, however, strongly increasd®@r@graph, where no distinction is made between the silyl
with cluster size, and it will become important for clusters @"d Silylene anions, as opposed to the standard model.
exceeding the 2 nm size. Finally, cha[ge t_ransfer' reactions between anions .and radi-
So we can conclude that the electron induced dissociativé®!S: €.9., $Hp* SiHs— SiyH+SiH; can only occur if the
attachment on Siliwill be the main initial source of nega- 'adical has a higher electron affinity than the parent radical
tive ions in our plasma and that nondissociative attachmerNion, since these reactions are energetically favored. Even
reactions will become significant only for bigger silicon hy- though these reactions almost proceed at Langevin rate con-
drides than the ones included in our model. stant(=1.4x 1018 m® s7%), their contribution is neglected in
our present calculations, due to the much lower concentra-

7 Anion-radical reactions tion of the radicals in comparison to that of SiH

Anion-radical reactions can become important in a silane 8. Loss mechanisms for anions
plasma, if the reactivity of the anions towards the radicals is . _ -
much higher than their reactivity towards SiHThe most Since the anions remain trapped by the positive plasma

abundant silyl radical in the discharge, Sithas in our cal- potential of the discharge, the only loss processes for the
culations a steady-state concentration about three orders 8yl and silylene anions are mutual anion-cation neutraliza-
magnitude lower than the concentration of $ifihis means tion and electron detachment.
that the anion-radical reactions have to proceed at a much @ Mutual anion-cation neutralizationThe main loss
higher rate constant than the anion-molecule reactions in ofechanism, by which the chain reaction of cluster growth is
der to be important in our model. Perrét al. [27] predict ~ Stopped, is the mutual anion-cation neutralization. The mo-
that these exothermic reactions proceed at Langevin rate copomeric cation Siljis the most abundant positive ion in the
stant of the order of 13°m3 sL. Hence, depending on the plasma. Reactions of silyl anions and silylene anions with
rate constant assumed for the anion-molecule reactigps ~ SiH; lead to a charge exchangeactions 11 and 13 in Table
=10%m3s?* suggested by Bhandarkar, orky, V)
=10 m® s predicted by Perrin, see abgydhe anion-
radical reactions can or cannot play a role in the initial phase SiH} + SigH31y — SiHg + SisHane1, (18)
of particle formation. In the results section the role of the
radicals for the case of the assumieg (108 m3s™) is
investigated. _ _ _ SiH; + SiHyn — SiHg + SipHap,. (19)

It is important to mention that these reactions will lead to
the dehydrogenation of the anion, agiHolecules are elimi-

nated Besides Sif, SiH, is also taken into account for anion-

cation neutralizatiorfreactions 12 and 14 in Table JVAI-
though H represents the third positive ion in our calcula-
tions, the concentration of this ion proves to be too (@ee
Sec. ll)) to take any part in the current mechanism and it is
Si,H; + SiHy — SigHz + H,, (17b) therr—_:fore not can|dered. . B
Hickman derived a semiempirical formula for the calcu-
lation of the mutual neutralization rate const&gtbetween
cations and aniongb0],

S|H§+S|H3—> S|2H:1+ H2, (176)
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e T\ 0 drides, the rate of neutralization will gradually drop ras

ky = (5.34% 1079A 4w, 05(5%%) (m*s™), (200 increasegsee Eq(20) abovd, whereas the rate of electron
detachment increases with increasing size of the anion.

with A, the electron affinity(in eV) of the parent neutral Hence, ultimately the detachment could take over, but this
species of the aniom, the reduced magé amu, andTy,s  applies only to larger clusters than the ones considered in our
the gas temperature in kelvin. Electron affinity data are takepresent model.
from Ref.[52], whereab initio methods have been used to  Collisional detachment of the anions by the excited spe-
calculate the correspondig. The electron affinity seems to cies,
slowly increase with the number of Si atoms, hekgewill . o .
slightly decrease from typicalljky=1x10m3 st for X(E > Ag) + SigHy — € + SiHp + X, (24)
SiH, to ky=5x10"*m? s7* for Sij,H,, for collisions with  tayes place if the excited species carries enough internal en-

SiH; (m=2n+1 for the silyl anions andn=2n for the si-  grqy An estimation of the possible reaction rate is obtained

lylene aniong _ _ S by the following:
As an alternative, anion-cation association with or without

the elimination of excess H or Hhas been suggested by kd—Aexp( Ea )_ , [8KT exp( Ea ) 29
p— - — 0' — y
Haaland[39] and Bhandarkaet al. [21], RTgas N m, RTyas
SiH; + Si\H, — SineiHmea—y + YH. (21)  wherem, is the reduced massy;=(o;+0;)"/? is the binary

However, our model calculations predict that this type OfcoII|S|on diameter in AE, is the activation energy in J/mol,

reaction does not seem to contribute to the formation oﬁ rlz meklejlr\l/li\rqerlia\lllvg?;kcéo?hsetzatutr,ezﬂ%sdlse:lhe? ga}% :enrzﬂfgi'z_
larger silicon hydrides at the conditions under stqidy., the . ’ gy

concentrations of the larger species remained quasiuna N9 Sik, t(;d' e\to as antesttlmatlon f?(; tge Vilutﬁ of ac(:jtlvatl?n
fected when this process was inclugieaind hence we have SNE/Y: the fra e CO”Z a? t‘kﬁ V‘I’I_O(;‘, € of the ork.er ct)h'
adopted the charge exchange mechanism instead of the assu- m=s ~Ior ground state cofiding species, making this

ciation mechanism, because the rate constants are assu d .Of re;action highly unlikely. Only mole(_:ules carrying
the sam¢27] ' sufficient internal energy would be able to stimulate the cur-

rent reaction. Since all the electronically excited states of
%‘SiH4 and SjHg are unstable and lead to immediate dissocia-
ion, this process is therefore not very probable.

b. Electron detachment from aniarsnions can only un-
dergo electron detachment when the energy of the collidin
species exceeds the electron affimityof the parent neutral . ) )
of the anion. The electron impact detachment, as well as the Talkmtg thef above arggments n mmdt, the dle'lt(acl:hmer][:]of
detachment due to collisions with excited species, is dis@n €lectron from an anion seems not very likely in the
cussed below. present situation, and is therefore neglected in our simula-

Electron impact detachment on ground state anion clusions. Hence, only mutual anion-cation neutralization is

ters S{H-, can occur wherE,> A, (i.e., the electron affinity taken into account as loss mechanism for the anions.
of the corresponding neutpal

€ (Ee> Ao + SiH- — 2€ + Si;Hp. (22) C. The plasma-wall interaction

S - A sticking model describes the plasma-wall interaction for
Because of their similar charge, the colliding electron has tg . .
overcome an additional repulsive Coulomb potential. TheeaCh neutral Species and mal_<es sure that the loss of species
Coulomb potential describes the interaction between twc(Jjue 0 depos_mon at the wa_dls Is taken into account. Although
. some preliminary information about the growth of the layer
point charges, . ;
can be obtained from the model, we mainly focus our atten-
010 tion on the discharge itself. These boundary conditions, how-
= (23 ever, cannot be neglected, since they alter the plasma densi-
ties of the depositing species. The model assumes that only
wherer y, is the distance between the anion and the electrorthe radicals react with the surface, while the neutral mol-
g, and g, the electric charge carried by the anion and theecules(SiH,, Si,H,n42, Hy) are reflected into the discharge.
electron, respectively, ane}, is the permittivity of vacuum. The decay of the vibrationally excited Sjkholecules at the
Estimations from this equation, taking the interdistance pawalls is, however, incorporated by a 100% reaction chance in
rameterr,, in the order of 1 A and assuming that the anionthe surface reaction probability.
has one negative charge, result in a Coulomb potential of The surface reaction probability is composed of a prob-
about 14 eV. Hence, electron impact detachment can only bability for sticking of the radical on the surface and a prob-
important if the EEDF possesses a high energy tail in thebility for recombination of the radical at the surface to form,
distribution. However, we also have to bear in mind that, ine.g., SiH, and SjHg with other species on the surface.
our situation, the electron density is almost two orders of The SiH; radical is assumed to be the most dominant
magnitude lower than the positive ion density due to thespecies contributing to the film grow{Bb3]. The surface re-
presence of the anions. Hence, for small negative ions thaction coefficient of Siklis considered temperature indepen-
mutual ion-ion neutralization will largely dominate over dent at a substrate temperature between room temperature
electron impact detachment. If we go to larger silicon hy-and 750 K, and is set at 0.381]. The surface sticking co-

47T€0r 12 '
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efficient of SiH; is 0.09[31], which means that a fraction of For the calculation of the ion mobility coefficients a simi-
0.17 recombines to SiHat the surface. Likewise, a silyl lar procedure is used. The ion mobility of ignin back-
radical (Si\H,n.;) can recombine with a hydrogen atom at ground neutral (in m? V™! s%) is calculated using the low
the surface and is emitted as,|$j,., into the discharge. E-field Langevin mobility expressiofb4],

Because the structure of Sl,,.1 radicals, fom>1, is simi-

lar to that of SiH, the same surface reaction coefficients are wij = 0_514119-51915&;0-5, (29)
used[43]. For SiH, the sticking coefficient is set at 0[83]. Ptot

Radicals that are assumed to be responsible for film growt
are SiH, SiH,, and SjHs and their sticking coefficients are
set at 0.09, 0.8, and 0.09, respectively, bearing in mind th
the concentration of Sifis extensively diminished by the
SiH, insertion reactions described in Table [ileactions

Q/here the reduced mass is in amu and the polarizability

of the gas molecule () is in A. The ion mobility; in the

atBackground gas mixture is again obtained using Blancs law.
The ion diffusion coefficient can be derived from the ion

mobility via the Einstein relationship,

5-7).
Information about surface reaction coefficients of larger . kgTion
clusters is unavailable in literature, hence some approxima- Dy = T Mib (29

tions had to be made. Because the structure of silylenes
somewhat relates to that of SiHthe same sticking coeffi- where Ty, is the ion temperature, which is assumed to be
cients are used. A sensitivity study showed, however, that bgqual to the gas temperatufg,s The expression of the ion
altering the sticking coefficients of silylenes, their density inmobility shows thatw;, and hence als®j, decrease with
the plasma bulk remains nearly unaffected, which is here ofluster size as well.
primary concern.

Positive ions can also be incorporated into the growing
film and their sticking coefficient is assumed to be equal to
one. Anions, however, are unable to reach the reactor bound- | this section the results obtained from the 1D calcula-

aries, so they do not play a direct role as depositing speciegions are presented and discussed. All simulations were car-
When a SjH, radical sticks to the surface, not all hydro- ried out for a parallel-plate, capacitively coupled radio fre-
gen is deposited in the layer. Only 10% of the hydrogen willquency discharge, for a pressure of 40 Pa and a power of
be incorporated into the layer, while the rest of the hydrogens \w. These are typical conditions for which dust formation
will flow back to the plasma as molecular hydrogen. Hencetakes placd31]. The electrode gap is set at 3 cm. One elec-
when a radical is adsorbed, this process is immediately foltrode is connected to the power supply with a driving fre-
lowed by an adequate amount of; [desorption from the quency of 50 MHz,while the other is electrically grounded.
surface. In order to investigate the temperature dependence the gas
temperature will be varied between 293 K and 500 K at the
D. The transport of species in the plasma end of this section, but for all other simulations it is kept
e - 2 constant at 400 K. In all calculations the silane gas flow is
The diffusion coefficienD; (m“/s) of a neutral molecule set at 20 SCCMSCCM—cubic centimeter per minute at

j in a background mixture of Sifi Hp, and SiHs gas IS g1p A rate constant of 168 m3 571 (kgo) for ground state
obtained by first determining the separate diffusion Coeff"SiH4—anion reactions is adopted, unless indicated otherwise.

cients in each of the background gaseSiH,, SkHe, and | gec |1 B the variation of the anion-neutral reactighs-

[lI. RESULTS AND DISCUSSION

H,) from the classical expression for binary collisigds], tween kglzltTlG m3 s and k92:10_18 m? s71) will be in-
12 vestigated.
i = ikBTgaS(ZWkZTgaJ m) , (26) No secondary electrons are taken into account, so the re-
16 pot  moj; Qp(V) sults are limited to thexr regime of a capacitively coupled

. . radio frequency discharge, which is a valid assumption for
wherng IS the Bolt_zmann constantg,s is th_e gas tempera- ho conditions under consideratippb,56. The time step of
ture in kelvin, m is the reduced mass in amu;=(o; 5 ¢ cycle in the model is equal to 2.8 107°s. A longer
+07)/2 is the binary collision diameter in AR is the total e step of 10° s is adopted for the description of the
pressure in pascal units, afith(¥) is the diffusion collision e tral-neutral chemistry to speed up the calculation.
integral with ¥=T/¢; and¢;=(&+¢)°> The Lennard-

Jones parameterg and oj, in eV and A, respectively, are

obtained from Ref[43]. The diffusion coefficienD; of spe- A. Standard model
ciesj in the background gas mixture can then be approxi- Figure 2 presents the calculated density profiles of the
mated using Blancs laib4], positive ions and electron&), and the aniongb) at the
discharge conditions described above. In the bulk of the dis-
Prot _ D P (27) charge the electric field is weak, but strong electric fields are
Dj  izbackground gase®ij present in the sheaths. Therefore, some variation of the ion

density and especially of the electron density can occur in
We can conclude from E@26) thatD; decreases with cluster the sheaths, but we show here time-averaged electron and ion
size. densities.
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FIG. 2. Calculated density profiles of the ions and eIectl(als'.suming<gz=1(T18 m? s71) (a) positive ions and electrongy) anions.

The major positive ion appears to be $ittith a density  leading to the formation of $iH< and Si.H,, respectively.
of about 2< 10'® m™2 in the center of the dischargeee Fig. Note that the density of §H- and Si.H,, is about one
2(a)]. The density of SH}, is approximately two times lower order of magnitude higher than the density of the corre-
(at maximum 9< 10*> m™3). Note that the F} density is more ~ sponding smaller anions in the same pathway. This can be
than two orders of magnitude lower, a§ K only produced explained by the fact that both species do not undergo further
by electron impact collisions on thbove 15.4 e\(see Fig. Polymerization reactions, and hence are only lost due to mu-
1), and hence it is only considered as a minor product. Contual neutralization with either SiHor SpHj. Therefore,
sequently, no ion-ion neutralization reactions have to be inthese species can be considered as dust, as they symbolize
cluded for H (see above, Sec.)lIThe electron density is the sum of all bigger anions present in the discharge. Hence,
almost two orders of magnitude lower than the positive ionwe can conclude from Fig.(B) that SiH; is calculated to be
density due to the presence of the anions and it is of the ordéhe main precursor of the dust formation, as the silyl pathway
of 5x 10 m™3 in the plasma bulk. appears to be much more important in comparison to the

For the sake of clarity the negative ions are plotted sepasilylene pathway. Over 90% of the particle formation pro-
rately in Fig. 2b). The SiH, discharge is a typical electrone- ceeds through the silyl pathway and hence mainjyt§k is
gative plasma, resulting in a high negative ion density informed.
comparison to the electron density. Indeed, the electron den- The densities of the most important molecules and radi-
sity in the plasma bulk is about 7.5 times less than the dencals are shown in Figs. 3 and 4, respectively. Species react-
sity of the most dominant anion because of the electron los#g at the surface are characterized by their decreasing den-
by attachment. Two different pathways, starting from eitherSity towards the electrodes. The densities of the background
SiH; or SiHj, can be distinguished and lead to, respectivelyneutrals(SiH,, H,, and SjH,n., with n=2) are homoge-
the growth of larger silyl(Si;H3,,,) and silylene(Si,H,,)  neously distributed over the entire reactor. The background
anions, due to successive polymerization reactions. Th@@s SiH is present at the highest density, and takes a value
number indicated on each density profile specifies the numRf about 4< 10°* m™3. Opposed to ground state SjHhe
gen atoms(2n+1 for silyl and & for silylene anions In  (SiH; ™ and SiH'~%) decrease near the electrodes, repre-
order to differentiate between both types of anions, the sisenting their decay at the wall to ground state Sihich is
lylene anions(starting from SiH) are represented by a incorporated by a 100% reaction probability. The Sﬂ‘-q
dashed line. A gradually decreasing trend of the anion denand SiFLl‘s) profiles reach a concentration of about 5
sity can be observed as the number of silicon atoms inx10®¥ m™ and 4x10*®¥ m3 in the plasma bulk, respec-
creases. This is in good agreement with the experimentdively, meaning that their density is around three orders of
results obtained by Howlingt al. [28], where the same trend magnitude lower than the ground state Si¢nsity. The H
is detected in their mass spectrometric measurements. Thitensity, at 2.5 107 m™3, is relatively high. This is due to a
decrease can be attributed to the fact that a larger aniotarge number of reactions in Table IV which lead to the
containingn silicon atoms, is produced by the reaction of production of H. Furthermore, the sticking of a radical on
SiH, with an anion containingh—1 silicon atoms. As the the surface causes the reflection of iHto the discharge, as
polymerization path continues, every previous anion is alsavas explained above. Higher order silane molecules are
lost due to the mutual neutralization reactions, leading to drmed by SiB insertion reactiongreactions 5-7 in Table
lower production of the succeeding anion. Both pathways arél ) and show, similar to the anion density profiles, a decreas-
stopped in the model at anions containing 12 silicon atomsing trend towards higher silicon hydrides. The density of the
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FIG. 3. Calculated density profiles of the,8b,., molecules FIG. 5. Calculated density profiles of the positive and negative
and the first vibrational levels S{FT¥ and SiH> ™ (assumingk;,  ions and electrongassumingcy, =107 m? s7).
=108 m3 s,

. . L ) _ . IV). Hence, their densities are represented by several indica-
highest neutral, $iHzs, is slightly higher, since no SiHN- e |ines with the notation SH,,. Only SiH, is produced at
sertion reaction is incorporated, as loss mechanism. Hencg, much higher rate, given that the dissociation of SiH

SiyHg is only lost due to pumping in the reactor. mainly leads to the production of Sjiisee above: Fig. 1 and
From Fig. 4 we can conclude that the most importantrapjey).

radical in the plasma is SiHwith a density at the maximum

of its profile of about 3< 10 m™3. A distinction is made

between the silyl radicaldSi\H,,:1) and the silylenes B. Effect of variation of anion-molecule rate constants
(SiyH,p), the latter being characterized by a dashed line. The Exact data for the actual rate constants of the anion-
silylene radicals appear to have the lowest density. They arg,,ec e clustering reactions are still not known. To evaluate

only included in our model because their respective silyleng o sensitivity of the model predictions with respect to these
anions are important in propagating the clustering processninn_sjy rate constants, calculations have been performed

The _sinIenes, containing 2 to 12 si_licon atoms, attain apyypere the anion-Sijdrate constants are varied between the
proximately equal concentrations, since they are only Protwo values assumed in literature. i.e. ~iomd st (kg,)
duced by mutual neutralization reactions, which proceed alhich ’ ’ 2

nearly the same rate constant for all cluster size® Table s ~adopted ‘in our ~standard model, and

101 m? s (kgy), taken from the Langevin rate constant but
1019 reduced by an order of magnitudeee above
In Fig. 5 the time-averaged ion density profiles for an
anion—ground state rate constant of *fan® s™* are shown.
In this case the cluster growth through both vibrationally
excited SiH molecules will proceed at the maximum rate of
10*m® s (i.e., the Langevin rajeFigure 5 shows that the
density profiles of the anions differ significantly from the
profiles depicted in the standard model. The silyl and the
silylene anions containing 1 to 11 silicon atoms reach ap-
proximately equal concentrations within each pathway, and
are therefore represented by the notationH$j,,; and
SiH,,, respectively. The buildup of dust species is much
more substantiglof the order of 3< 10 m™3 for the Si,H5.
density, in comparison with % 10'®*m™2 in the standard
model), since the anion-neutral reactions proceed at a much
faster rate, leading to lower concentrations of the intermedi-
ate negative ions. Therefore, $i,; and Si,H,, reach a
distance (cm) density vyhich is about two ord_ers of magnitu_de h_igher than
the densities of the corresponding smaller anions in the same
FIG. 4. Calculated density profiles of the silyl radicalgtSi,.; pathway. Unlike the standard model, local maxima appear at
and the silylenes §H,, (assumingkg, =108 m3 s7%). the bulk-sheath boundary of the anions profile and a local
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FIG. 6. Calculated variation of the density of; 5 as a func- _ _ - _
tion of the assumed anion-silane clustering rate constant. FIG. 7. Calculated density profiles of the positive and negative
ions and electrons(assuming ng:lO‘18 m3s1), when also

.. . . . . . SiHs-anion reactions are included in the model.
minimum is obtained in the center of the discharge. This~ -

minimum can be attributed to the very fast mutual neutral- . L
ization, which mainly occurs in the plasma bulk, where theSilicon atoms. The structure of the density profiles is similar

densities of the positive ions reach a maximum. Similar im-© that of the standard model. By introducing the anion-
portance of the different pathways is maintained, as;SiH "adical reactions, the density of the largest speciggHy

still remains the most important precursor of the dust formaVhich can be seen as a summation of thet$js and SiH,,
tion and 90% of the clustering reactions propagate througﬁlens't'es of the standard model, increases in comparison with
the silyl pathway. In contrast to the changes of the aniorihe standard model byr_:lfactor. of 1.8. This implies that at the
density profiles, the positive ion and electron distributions'at€ constarkg,, the radicals will help to propagate the clus-
remain similar to the ones of the standard model. Hence, th€fing chain(see below. No change can be observed in the
total sum of the negative ions remains the same. density profile of electrons and the positive ions.

Figure 6 shows the calculated density of,8i in the The relative importance of the radicals and that of the
plasma bulk as a function of assumed anionﬁtltsllstering vibrationally excited Sil molecules is discussed in the fol-
rate constant. Note that increasing the rate constants of tH8Wing paragraph.
anion—ground state SiHeactions in the discharge froky,
to ky; enhances the density of, il by a factor of 7.5. This D. Role of vibrationally excited silane molecules
shows that the clustering rate constant can indeed influence and SiH; radicals

the buildup of the dust considerably.
P 4 The contribution of the vibrationally excited silane mol-

_ _ _ ecules Si (i.e., SiHZ™ and SiH'"?) and of the SiH radi-
C. Effect of anion-radical reactions cals will depend on the actual clustering rate constant of the
In order to assess the role of the anion-radical reactiongnion — ground state SjHeactions. As can be seen from the
we have to make some changes to the standard model. If wiandard modelsee Figs. 3 and)4the SiH, and SiH den-
include reactions between the anions and the radicals, ngities are about three orders of magnitude lower than the
distinction can be made between the silyl and the silylenéSiHs density, meaning that the reactivity of the anions to-
anions, since, as was explained above, the modeling of th&ards SiH} and SiH has to be much higher than their reac-
discharge would become a tedious procedure. Therefore, ti#ity towards SiH, in order for these mechanisms to be im-
particle formation starts from SjHwith m comprising an- ~ portant.
ions having three to zero hydrogen atoms. Only reactions Figure 8 shows the relative contribution of the different
between anions and the most abundant radicalg,Sildve ~ anion reaction pathways as a function of the assumed anion-
been included, at a rate constant of fim3 s™1 [27]. Reac- SiH; clustering rate constant. At a rate constant of
tions with larger radicalgSi,H,..; with n>1) are not taken 107'¥m3s™, about 38% of the anions react with SiH
into account, because of their lower densitisse Fig. 4, ground state molecules, 36% of the anions proceed through
thus making their contribution less effective. A reaction ratethe SiH;~> pathway, and over 25% react with SiFadicals.
constant of 10¥m3®s™ (ky,) has been adopted for the With 1.2% the Sty contribution is of minor importance.
anion-SiH, reactions in this case. By increasing the anion—ground state gildaction rate con-
Figure 7 shows the calculated density profiles of the ionsstant fromkg, (10728 m® s7) to ky; (107 m3 s7%), the con-
The number on each density plot specifies the number dfibution of the SiH radicals will drop rapidly to less than
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FIG. 8. Calculated relative contributions of the different anion  FIG. 9. Variation of the calculated density of,$i,< anions as
reaction pathways as a function of the assumed ground state silaggefunction of gas temperature.
clustering rate constant.
From Fig. 9 we can conclude that variations in the gas

1%, as the Sikiradicals, propagating the clustering processtemperature have a significant effect on the growth of dust

at a rate constant of 16 me s, become less important on sSpecies, as an increase in the gas temperature results in a
) L ’ - X decrease of the s density. Although, in our present
a relative scale. Similarly, the contribution of the vibra- BHas Y 9 P

. ) . 2 _ model no coagulation of the clusters is described yet, we can
tionally excited species, SIFi” and especially that of conciude from these results that a lower anion density at

SiH, ™, will decrease. This can be explained by the fact thatigher gas temperatures indicates that the growth of dust
the rate constants of anion-Sjldeactions can never exceed particles will be delayed. Indeed, a lower production of the
the Langevin rate constant. Hence, as the rate constant gfaller species, here mostly;$i,;, will lead to a longer
ground state Sillis increased, the rate constant of the 5SiH buildup time of the dust. This concurs with the experimental
remains at its maximum value of 7§ m? s, results, where the appearance of nanometer sized dust par-
We can conclude from Fig. 8 that depending on the actualicles is delayed at higher gas temperatures. At room tem-
rate constant of the anion — ground state Siebctions, the  perature small particles appear almost immediaiedy, after
SiH, and SiH will or will not play an important role in the a few millisecondg while at 500 K it will take more than
clustering process. But if, as suggested by several authon® s after ignition of the rf discharge before some dust par-
[57], the vibrationally excited Sifimolecules help to drive ticles are observefb8].
the polymerization pathway, the clustering rate constant for Several possible explanations for the delay of particle
the ground state should be in any case lower thamucleation have been propos¢#9] (and references cited
10 m3 st herein. The production of Sifl and SiH through electron
impact dissociative attachment on SjHppears to be tem-
perature independent in the experiments performed by
The influence of the gas temperature on particle formatioBoufendi[59]. On the other hand, especially the succeeding
is demonstrated in Fig. 9, where the density of the largespolymerization reactions, starting from either Sibr SiH,,
anion considered in this worlSi;,H3s) is plotted as a func- are influenced by adjusting the gas temperaf&@. From
tion of gas temperature. The concentration obl$js refers  our calculations we deduce that both the temperature depen-
to that at the center of the discharge. Calculations have beeatence of the mobility and diffusion coefficients, as well as
performed for five different gas temperatures ranging bethe deexcitation of the vibrationally excited Sitill prob-
tween ambient temperature and 500 K. To account for thably play a role. As mentioned in the previous paragraph, at
influence of the temperature dependence in our model, th¢00 K and a clustering rate constags (which is adopted in
mobility and diffusion coefficient of every species is recal-all temperature dependent calculatiprmver 36% of the
culated at each given temperatdrén kelvin). Reaction rate  clustering reactions proceed through the vibrationally excited
constants that involve a temperature dependence are also gathway. It is well known that at increased gas temperatures,
adjusted to the specific temperatdreThese include the hy- gas collisions become more important, hence, the deexcita-
drogen abstractiofreactions 1-%# shown in Table Ill, and tion of the vibrationally excited SifH molecules becomes
the cluster growth through vibrationally excited Sitteac- much more efficient. Moreover, by increasing the gas tem-
tions 2-3 and 5-% deexcitation of vibrationally excited perature, the rate constants of anion-fSiMII decrease/see
SiH, (reactions 7-1f) and neutralization of negative ions Eq. (14)]. Both mechanisms will thus lead to a smaller con-
with SiH; and SjH, (reactions 11-1¢ all shown in Table tribution of the vibrationally excited species to the propaga-
V. tion of the dust formation, hence, a delay can occur.

E. Variation of gas temperature
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IV. SUMMARY AND CONCLUSIONS and SiH'™?) and of the SiH radicals will depend on the

A one-dimensional fluid model has been developed to de€Xact rate constant of the anion—-ground state, $gtdctions,
scribe the mechanisms of particle formation in a low-Which isa priori not exactly known. However, we can con-
pressure Sill discharge. The model includes 68 different clude that, if the vibrationally excited silane molecules are
species and the formation of silicon hydrides containing ugmportant in propagating the reaction pathway, the reaction
to a maximum of 12 silicon atoms is incorporated. Severalate constant of anion-ground state Sishould be clearly
gas-phase reactions leading to the formation of larger clugess than 10 m3 s™%,
ters have been discussed. The anions play a crucial role in Finally we have observed a decrease in the dust density
the dust formation, as anion-silane reactions drive the polywhen the gas temperature is increased, meaning that a delay
merization pathway. in the nucleation of the particle formation takes place, as is

From the standard model it was found that the anior,SiH also seen in experiments.
is the most dominant primary precursor of the particle for-
mation. We conclude that over 90% of the dust formation
proceeds through the silyl anidSi,H5,,,) pathway, starting

from SiH;, and only about 10% through the silylene anion K. De Bleecker is indebted to the Institute for the Promo-
(SiHz,) pathway, starting from SiH tion of Innovation through Science and Technology in
The effect of variation of particle growth rate constantsFlanders(IWT-Vlaanderen for financial support. A.B. ac-
and of the gas temperature on the density of the dust particldhowledges financial support from the Flemish Fund for Sci-
was investigated. A variation of the particle growth rate con-entific ResearcfFWO). This work was also supported by
stants from 10" m® s to 10°1® m?® s resulted in a signifi- the Belgian Federal Services for Scientific, Technical and
cant change of the anion density profiles, but the relativeCultural Affairs of the Prime Minister’s Office through

importance of the different pathways remained the s?m>e. ThBJAP-V. The authors wish to thank Dr. U. Bhandarkar for
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