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Abstract

Cross sections are provided for most important collisiatpsses of the Silicon-
Hydrides from the "Silane-family”: Siki (y = 1 — 4) molecules and their ions
SiHJ, with (plasma) electrons and protons. The processes ieckldctron impact
ionization and dissociation of Sjildissociative excitation, ionization and recom-
bination of Sil—{f ions with electrons, and charge - and atom - exchange inmproto
collisions with SiH,. All important channels of dissociative processes are con-
sidered. Information is also provided on the energeticactents/products energy
loss / gain) of each individual reaction channel. Total aadigl cross sections are
presented in compact analytic forms.

The critical assessment of data, derivation of new data assbptation of re-
sults follow closely the concepts of the recently publisheldted databases for
Carbon-Hydrides, namely for the Methane family [1, 2], aodthe Ethane- and
the Propane families [3], respectively.
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1. Introduction 3

1 Introduction

Collision processes of SiH(y = 1 — 4) molecules and their ions with electrons
and protons play an important role in plasma processinghtdogies (e.g. micro-
electronic industry, integrated circuit technology, togievices) [4]...[6], and in
certain astrophysical enviroments (planetary atmosghdwngrogen rich gaseous
nebulae, etc) [7]. Sijimolecules may also appear in the cold plasma periphery
of fusion devices, if Si is present as an admixture in plasacinf materials [8].
Finally, SiH, may be (and has been in TEXTOR) deliberately injected insoofu
edge plasmas for transport and spectroscopic studies [9].

Despite the significant efforts in the past to estabish acsikistent database
for SiH, and Sil—lj collision processes with electrons and protons [5, 6], FLO]
[13], the absence of experimental and / or theoretical geston information for
the majority of these processes has prevented the successefefforts. The gaps
are particularly significant for collision processes of gifg = 1 — 3) radicals
and their ions. There are significant discrepancies in thatecollections even for
SiH4 (e.g. in the identification of dominant dissociative iotiaa, excitation and
recombination channels).

The purpose of this present work is to establish a compréredstaset for
all collision processes of SiHand Sil—jj(y = 1 — 4) with electrons and protons
that are deemed to be the most important ones in the physietids of a hydro-
gen plasma with relevant collision energies in the rangenftbermal to several
hundreds eV. The establishment of this database will bedbagen a critical as-
sessment of available experimental and theoretical cesioa information and
on the use of physically well founded semi-empirical crosstisn scaling rela-
tionships for the considered processes.

The following electron impact processes will be considendthe database:

1) Direct (1) and dissociative (DI) ionisation of SiHy, :

e + SiH, — SiHJ + 2e (1a)
—  SiHS , + Y H/Hy + 2e (1b)

k
—  SiHy_p+ Y HO/H)D (1c)

k

2) Dissociative excitation of SiHy, to neutrals (DE):

e+ SiH, — SiH, , +> H/H, + e )
k
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3) Dissociative excitation of SiH ions (DEY):
e+ SiHS — SiH[, + Y H/Hy, + ¢ (3a)
k

— SiHy,+ Y H*O/HY e (3p)
k

4) Dissociative ionization of SiH; ions (DI ) :

e + SiH} — SiHF, + S HYO/H)D 4 2 (4)
k

5) Dissociative recombination (DR) of electronswith SiH

e + SiH} — SiHY, + Y H/H. (5)
k

Under the considered plasma conditions, and assuming samadientrations of
SiH, in the plasma, the only important heavy-particle collisocesses are

6) Proton impact charge exchange and particle rearrangement (CX):

H* + SiH, — H + SiH/ (6a)
—  Hy + SiH, . (6b)

The summations in Egs. (2)5) run over all dissociative channels. The asterisk on
SiH,_ in Eq.(5) indicates that this DR product is (normally) in dectronically
excited state.

In the next section we give the basic information on the prigee of SiH,
molecules and their collision processes with electronspntbns. In Section 3,
we present the cross section information for processeq§) )and their energetics.

In Section 4 we give some concluding remarks.

2 General propertiesof SiH, moleculesand their collision
processes with electrons and protons

2.1 Structural and thermochemical propertiesof SiH,,

The similarity of the outer-shell electronic structure $f(3s23p?) with that of
carbon atoms('(2s%2p?) results in a structural similarity of SjHmolecules with
CH, (y = 1 —4). On this basis, one can expect that there should be a certain
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degree of similarity in the collision dynamics of Sjldnd CH, molecules colliding
with electrons and protons. However, there are still carsible differences in
electronic properties (such as ionization potentialsafzhbilities, etc) between
the two systems that introduce differences also in thesiofli dynamics. These
differences manifest themselves in the magnitudes ofsooflicross sections rather
than in the underlying dynamic mechanisms of the procedaeRable 1, we give
the values of heat of formatiomH}’ (at 293K), and ionization potential,,lof all
SiH, molecules ¢ = 1 — 4), Si, H and H, and their ions. This information is
needed when calculating the reaction exothermicities eadtion energetics. Si,
H, Hy are included in Table 1 because they appear as products ia isEantions.
The values ofAH? and |, were taken from Ref. [14]. Only for SiHand SiH;,

the values oﬂH}), not found in [14], were taken from Ref. [15]. We note that the
vaIueAH}) for anionA™ is related to that of the neutral A by the thermochemical
relation: AH(AT) = AH}(A) + I,(A). The lowest excited states of the species
involved in processes (£)6), together with their excitation energies (taken from
Refs. [14] and [16]), are also given in Table 1.

2.2 Reaction energetics

All electron impact inelastic processes {1#) are characterized by an energy
threshold, k,. Dissociative recombination reactions (5) can proceed &ezero-
energy electrons (no reaction threshold), while the chaagd particle-exchange
reactions (6a) and (6b), respectively, have a thresholgwhén they are endother-
mic. Only in the case of direct electron-impact ionizatidrSiH,, the threshold
energy coincides with the ionization potential. The digstiee processes (1b)4)
are characterized by an “appearance potentia)’, the energy lost by incident
electron for producing a specific fragmentation of Sib SiH;.

The minimum energy that is required for dissociation of aeuoole AB (or
molecular ion AB") to ground state (electronically and vibrationally unézd)
fragments in the reaction

e+ ABY — e+ A% 1+ B 7)

Do(ABM)) = AHYAWM) + AHY(B) — AHYABD),  (8)

whereAH})(X) is the heat of formation of particle X. The dissociation eyer
(8) defines the case of ground-state products with zeroikieeergy. This dis-
sociation channel is usually very weak since it involvesraditransition of the
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molecule AB™) from its initial (ground) vibrational state to the vibratial con-
tinuum (with a small overlap of corresponding vibrationawefunctions). Disso-
ciation is much more efficient if an electronic transitioorfr the initial (ground)
electronic state of AB") to an anti-bonding (repulsive) electronic excited state
AB()* isinvolved, i.e. if the process proceeds as

e+ ABY) — e+ ABF) — e AW 4 B 9)

In this case, the energy lost by the incident electron totextbe repulsive ABH*
state defines the appearance potential (or the threshaldpéation (9), and is
equal to

EREY = Eue(ABH*) = Dy(ABM)) + AE (ABH*),  (10)

where Do(AB(1)) is given by Eq.(8), and\ E,,.(AB(T)*) is the amount of ex-
citation energy above the dissociation limit at the eqtiilim distance ofA B(*)
(vertical Franck-Condon transition). Obviously, the esc®f excitation energy
AE,..(AB()*) represents the total kinetic energy of dissociation prodiic)
and B, i.e.

Ex = AE.(ABM*) . (11)

We note that Egs.(7) and (9) have a symbolic character inghsesthat AB may
be a complex polyatomic molecule, and the products A or B epresent several
atomic or molecular products. The total kinetic energy &ven by Eq.(11) is
shared among the heavy dissociation products according to

Ex; = ﬁjEK S Br; = B, (12)
J

whereM; is the mass of the produgtandy is the reduced mass of all dissociation
products.

In view of the finite range of the Franck-Condon region of thiéial (ground)
vibrational state ofA B{+) within which the vertical transition to the excited state
AB(H)* takes place, the total kinetic energyEf the products is spread over
a certain (relatively narrow) range. Thereforex h Eqgs.(11) and (12) has the
meaning of an average ofgEover its distribution in the Franck-Condon region.

As we have seen above, the determination of energy thresatedtron en-
ergy loss and kinetic energy of products in dissociativetieas depends on the
knowledge of the energy of AB)* excited repulsive state in the Franck-Condon
region of ground vibrational state of AB. For the Sil—gﬂ systems, however,
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the energies of excited repulsive states are not known (eigher from quantum
- chemistry calculations, nor from experimental measuremef the energy dis-
tribution of dissociation products). Based on our expemewith the analysis of
dissociative processes ir;vElgﬂ systems [1, 2, 3], we have adopted the relation

AEe(ABH)*) = xDo(ABD)) = Ey, (13)

where Q(AB() is given by Eq.(8) and is a numerical factor with values in
the rangey ~ 0.3 — 2.0. According to the experience Withzelgﬂ systems,
supported partly by quantum - chemistry calculations (fog CH(t)) and partly
by experimental observations of the energy distributiodis$ociation productgy
attains smaller values<( 0.3 — 0.5) when Dy(AB()) is large & 4 — 5 eV), and
larger values+{ 1 —2) when Dy(AB()) is small & 1 —2 eV). These criteria were
applied when determining E.,.(AB(*+)*) for dissociative reactions of Sﬂil) as
well.

In the case of dissociative ionization (DI) reactions of AB,

e+ AB — e+ At + B +e, (14)
the threshold energy (= appearance potential) is given by

Ey,pi(AT,B/AB) = AE}A")+AH}(b) — AHY(AB)  (15)
I,(AB) + Do(AB™).

Since an electronic transition is involved in this reactibms efficient even in the
threshold region, where the product$ And B have zero kinetic energy. However,
the reaction becomes much more efficient when dissociak®stplace by exciting
an auto-ionizing state AB of AB, i.e. when it proceeds as

e+ AB — e+ AB* — e+ AT + B +e. (16)

The doubly excited state AB is in fact an electronic state with the ionic core
ABT of the AB molecule excited to a dissociative (repulsive}estB™*. Since

in most cases this is the dominant dissociation mechanign tfie main part of
dissociative excitation cross section is due to this meshanit is more reasonable
for the electron energy loss in a DI reaction to take

Eg;,gn — I(AB) 4+ Do(AB™) + AEp(AB™) (17)

whereAE,,.(AB™) is the excess of excitation energy 4B ** above the dissoci-
ation limit of AB™. Asin the case of earlier discussed DfrocessesAE,,.(AB™)
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is released as total kinetic energy of reaction produdts &nd B, in the present
case), which is shared between (among) them in accordaticealdtion (12). The
process of dissociative ionization dfB ions

e+ ABT — e+ AT+ BT +e (18)

proceeds via excitation of{(",B) Coulomb (repulsive) state by a vertical Franck-
Condon transition form the initial (ground) vibrationahts of AB™. The energy
threshold for this process is

Ewppr+ = I(ABY) + AEep (AT, BT) (19)
where
I,(ABT) = Do(ABT — AT + B) + I,(B) = Do(ABT — A+ BT) + I,(A),

and

27.2eV
- =F 20
Re(ABT)ao ~ X (20)

wherer.(AB™) is the equilibrium distance between the nucleid®* ion, ex-
pressed in units of the Bohr radiug. The relation (20) follows from the fact
(or very plausible assumption) that the Franck-Condonsttiam from AB™ to
(A*, BT) is vertical, and from the Coulomb character of the intetactietween
AT andBT in the (AT, BT) continuum state. Eq.(20) also gives the total kinetic
energy of charged product. (If additional neutral prodactsproduced in reaction
(18), their kinetic energy is close to zero.)

The energetics of dissociative recombination (DR) process

AEemc(A+, B+) ~

e+ ABt — AB** — A+ B®) (21)

is characterized by absence of threshold. The reactionwvisyal exothermic, with
an exothermicity

AEpg = E\)) = AHY(AB*) — AHY(A) — AHY(B). (22)

Egg) represents the total kinetic energy of the products whey éne produced
in their ground (electronic and vibrational) states, ancemlthe kinetic energy
of incident electron is zero. In the general case, the tatadtic energy of DR
products is

Ex = Edy + By — Eepo( BY), (23)

R.K.Janev and D.Reiter
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where E,, is the energy of incident electron in center-of-mass system E.(B*)
is the excitation energy of excited produgt.

The ionization potentials of Sifimolecules are smaller than that of hydrogen
atom, and charge exchange reactions of With SiH, are all exothermic. The
exothermicitiesA F of charge-, or particle-exchange reactions

HY*+AB — H+ Bt (CX) (24a)
— HA+ BT  (PX) (24b)

are calculated as
AE =) AH}(reactants)- Y ~ AH}(products) (25)

where theAH} values for all reactants or products are included in comedp
ing sums. If some of the products are electronically or \ibreally (most often)
excited, then the amount of their excitation energy has teutdracted fromAE
given by Eq.(25).

2.3 General propertiesof collision cross sections

Both total and partial (i.e. for individual reaction chatg)ecross sections of
electron-impact processes {A(#}) have a similar general behaviour given by

—af1-E\ Lyt em) (26)
o= z (e +cE),

where E and | are the collision and threshold energy, respectively, Aois-c
stant (or weakly dependent function of E), and e=2.71828the base of natural
logarithm (introduced for convenience). The power-lawrtén Eq.(26) describes
the cross section behaviour in the threshold region, whigéit(cE)/E term de-
scribes the high-energy cross section behaviour, in aaccelwith Born theory

of inelastic atomic processes. (The form of this term premsithat the dominant
mechanism that governs the process includes a dipoleedl@lectron transition.)
The parametera andc in Eq.(26) depend on the type of process, and they are the
same for all reaction channels of a given process.

For a given procesi(\ = I, DI, DE, DE*, DI"), the general cross section
behaviour remains the same for any target molecule; onlydlagive magnitude
of the cross section may change. This is a consequence afehtty of dominant
mechanism for a given process for any target. From the Bamh{fh energies)
and classical (for intermediate energies) theories ofstal atomic processes, it
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follows that the magnitude of the cross section for a giveslaistic process, as
function of reduced energlf /AE, is inversely proportional to the square of elec-
tron transition energAF (i.e. on the value of reaction threshold)~ Et;f. This
allows to connect the cross sections for the same type oépsador different tar-
gets. Thus, as will be shown in the next section, the experiah¢otal ionization
cross sections for CHand SiH,, (y = 1 — 4) systems strictly obey the ~ E;f
scaling relationship for any given value gf This scaling should remain valid also
for the cross sections of other inelastic electron-impastgsses (with exceptions
of DR). The charge exchange cross sections also exhibindisicaling properties:
for E< 25 keV, ooy ~ Ip—l, whereas for B 50 keV, o,y ~ Ip—Z, wherel, is the
ionization potential of the target [17, 18].

Another experimental observation of the electron-impacicesses (1H(3)
with C;Hy (z = 1 — 3;1 < y < 2z + 2) molecules (see Refs. [1, 2, 3]) is that
total cross sections of these processes scale linearlthdthumber of H-atoms in
the molecule. The origin of this scaling is in the “additwiules” for the strengths
of chemical bonds in a given molecule, and, therefore, ttadirsy should remain
valid also for the processes (1(3) in the case of Sill In the case of ionization
of SiHy, for which experimental data are available for all valueg ¢éee Section
3.1), this scaling has already been explicitly verified.

In the case of electron-impact processes-(4) with C; H, molecules £ =
1-3;1 <y < 2z +2)itwas also experimentally observed (see e.g. Refs. [1], 2, 3
and references therein) that the branching raRQa‘or the reaction channelsof
a given procesi

oME
R? = Ugot(( E?) (27)

become energy invariant forE 30 — 40 eV. This property oijA- was verified
for the case of available partial ionization cross sectifamsSiH,, (y = 1 — 4)
systems (see Section 3.1). The general character of thimpyoofR;\ allows its
application to other electron-impact processes of,Siffhe energy invariance of
R3\ is brocken only in the energy region where the thresholdgadtion channels
j lie. A prescription for determination of energy dependemfcR]A- in the threshold
region was given in Ref. [3]. If the thresholdg,E = E; of reaction channels for
a given reaction of the molecule Sjtér Sil—Lj (with fixedy) are ordered as

i< Ey<E3<..Ep<.., (28)

the modified branching ratid%?-, that depend on the energy in the near-threshold
region and go over into their “asymptotic” valu@ for E> 40 eV, are given by

R.K.Janev and D.Reiter
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the recurrence relations [3]

Ry

R)(EB) = , x1=1-R} (29a)
! 1— 1 (E1/E)° !
~ R)\ R)\
A _ k _ k
Rpso(E) = I~ (BB Xe=1-— kz_:l ) (29Db)
1- S RME
=

with 8 ~ 1.5 . The branching ratioég\(E) satisfy the normalization conditiop,

Iig\ = 1 at any of the thresholds=E FE},, and for E£ E; the deviation is on ]the
few percentage level. (In cases when this deviation is tagye should adjust the
parametel3 to another value around 1.5.) The determination of bramchétios
R? will be discussed in connection with each of processesnsidered in the next
section.

The partial cross sectiorg\(E) for a particular reaction channgis now given
by

o}ME) = RNE)o{?!(E). (30)

When discussing the specific procesaes the next sections, we shall be giving
the analytic expression f@ri"t(E) and the values of “asymptotic” branching ratios
R

J
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3 Cross sections and ener getics of collision processes

3.1 Electron-impact ionization of SiH,, (I, DI)

The processes of direct (Eq.(1a)) and dissociative (Hojs((k)) ionization of
SiH, molecules by electron impact have been subject of sevepariemental [19]
- [22] and theoretical [23, 24] studies. Most extensivels teeen studied the
e + SiH, collision system, for which the partial cross sections fardissocia-
tive ionization channels have been measured in the energeriom threshold
to 400 eV [19] and to 100 eV [22]. In the overlapping energygerthe partial
cross sections of Refs. [19, 22] for the dominant channealseagell (to within
10-15%) with each other, and so does the total cross seelfh(SiH,). The total
ionization cross section of Ref. [20] for this molecule, lewer, is smaller by 30
- 40 % in the energy region above 40 eV than those of Refs. [28][a2]. For
the collision systems e + SjH(y = 1 — 3), only the partial cross sections for the
direct (— SiH;j + 2e) and dominant dissociative channe} GiH;1 + H + 2e)
have been measured in the energy range from threshold to\2[(XL¢

Theoretical calculations of total ionization cross sawidor these systems
have been performed within the binary-encounter-BetheB)Bfodel [23]. For
the SiH, molecule, they agree well 10%) with the experimental data of Refs.
[19, 22], but for SiH,, (y = 1 — 3) molecules they are consistently smaller (by
~ 20 — 25%) than the sum of the two dominant partial ionization crossises of
Ref. [21].

The total ionization cross sections for e + Gisystems adopted in the present
database are those of Refs. [19, 22] for §i&hd of Ref. [21] for Sil, (y = 1-3).
The latter have been appropriately increased by 2-8 % tauatdor the contribu-
tions of unmeasured dissociation channels (estimated fharcontributions of
similar channels in Sild. In the high energy region (above the range in which
experimental data were available), we have extended thptedi@ross sections
according to their Bethe-Born energy behaviour. All totadization cross sections
for SiH, systems have broad maxima around B eV. The adopted total ioniza-
tion cross sections were fitted to the analytic expressidghefollowing form

Ey,

07
. 1

In(e+cE)(x10™*em?)
(31)

where the collision and threshold energies, E apd &e expressed in units of eV,

dy,4 is the Kronecker symbol, and e=2.71828... is the base ofalatgarithm.
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For the fitting parameterd;,, (y), @ ande, the following values were obtained
Aion(y) = 1.96(1 +0.116y), «=3.0, ¢ =0.10. (32)

The analytic fits (31)(32) reproduce the adopted cross sections well within their
experimental uncertainties-(+18%).

It is interesting to compare the cross sectioff$ (SiH,), given by Egs. (31)}(32),
with the cross sections!%! (CH,), (y = 1—4), given in Refs. [1, 2] by an expres-
sion similar to Eqg.(31). In both cases the values of parammetand c are the same
(c=0.09 in the CH case), while for the “structural” factord;,,(y) it was found

that they satisfy the relation

Aion(SiH,) : [IP(CHy) ]2’

1,(Si,)

Aion(CHy) (33)

wherel,(X) is the ionization potential of molecule X. The proportidtyafactor
¢, was found to b, ~ 1, within 2—4% accuracy for all values gf. Relation (33)
confirms the expectations, based on the classical and Beani¢is, regarding the
Ip—2 scaling of reduced ionization cross sections. lIts strifftlifuent (¢ ~ 1.0),
may also be taken as an indication of the accuracy of totéation cross sections
adopted in the present database.

As mentioned at the beginning of this sub-section, partiab€ sections for
six individual ionization channels of SiHwere measured in [19, 20, 22]. The
sensitivity of experimental technique employed in Ref. ][@&s such that for
SiH,, (y = 1 — 3) the authors could reliably determine only the cross sestion
for the parent (Sikl — SiHZ‘j) and dominant dissociative (SjH- SiH?‘/t1 + H)
ionization channels. The cross sections for other diseeignization channels
in these systems were estimated to be smaller thanl0~—6cm?. (It should be
noted that the measurements in Ref. [21] were performedifdy, Sy = 1 — 3),
but the ionization process does not exhibit an isotope €ffdt is important to
note that in all cross sections measurement experiments-on[80, 20, 22], the
parent ionization channel (SiH— SiH]) was not observed. The potential well
of SiH; ion is very shallow Py ~ 0.57 €V) and the ion is unstable against auto-
dissociation to Sifl + Hs. (The Franck-Condon transition SiH+ SiH, leads
directly to the continuum Sii + Hy.)

The main electron-impact ionization channels of gitdolecules are shown
in Table 2. The values of threshold energy; = average electron energy loss
(Ef:z_)) and mean total kinetic energ¥ ) for each ionization channel, calculated
by using Egs. (15), (17) and (13), respectively, are alsergin this table. The
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3. Cross sections and ener getics of collision processes 14

calculated values for & agree well with the experimentally observed appearance
potentials (except for the minor‘Hand Hj ion production channels from Sii
where the observed, values are about 24 eV. The cross sections of these chan-
nels in the threshold region are so small that an experirhentar of the order of
~ 5 eV is quite possible. In Table 2 are also given the “asymgtdiranching
ratios, Ry pr, for all individual ionization channels. For SiHthey have been de-
termined from experimental cross sections of Ref. [22].alk been found that for
E> 30 — 40 eV these branching ratios are independent (within the acyuwf the
cross sections) of the collision energy. For the other,Sitdlecules, the branching
ratios were determined after increasing the experimgnéathilable cross section
sum of the Silj and Sil—Lﬁ1 + H channels [21] by the estimated values of not
measured dissociative ionization channels. The latteewetermined by assum-
ing that their contribution to the total cross section ishia same proportion as that
of the corresponding channels of SiHThe ratio of the branching weights for the
SiH; and SiI—Lﬂ1 + H channels, however,was kept the same as in the experiment.

It should be mentioned that the large valueRyh; for the Sil-gr + H, disso-
ciation channel in Table 2 is due to the contribution of thealissociative decay
SiHf — SiHy + H, of the SiH[ ion, formed as an unstable intermediary in the
collision. The threshold energy for the formation of thiteimediary is 11 eV (see
Table 1), close to that for direct SjH+ H, fragmentation (11.6 eV). It has been
estimated that the virtual SjH— SiH; + Hy channel contributes about 50% to
the total Si" + Hy channel cross section.

The partial cross section for a specific ionization charnelSiH, — A +
...+ 2e, is given by (see EQq.(30))

o1.pr(A*/SiH,) = Ry p1(A*/SiH,)ot (SiH,), (34)

where IEQI, pr is expressed in terms of “asymptotic” valuesg & (given in Table
2) by Egs. (29), and!?! is given by Egs. (31)}(32). The cross section for the

won

e+ Si — e+ SiT + eionization is given in Ref. [24] in the form

. 10713 > I, 7 2
Oion(81) = 7 | AcIn(E/) + D A; (1= F ) | (em®),  (35)

wherel, = 8.15 eV, collision energy E is expressed in eV units, and the \wabfe
fitting parametersd; are: Ag = 1.573, A; = 0.722, A, = —2.687, A3 = 1.856.
The energetics of this reaction is also given in Table 2.
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3.2 Dissociative excitation of SiH, to neutrals (DE) and vibrational
excitation of SiH,

There have been no direct measurements or theoreticallai@dnis of the cross
sections for electron-impact dissociative excitation ibf,Smolecules to neutrals.
There exists, however, a cross section measurement of tidectectron-impact
dissociation cross section of Sjktb both neutral and ionized fragments [25] in the
energy range from threshold te 500 eV. The total cross section for dissociative
excitation to neutral fragments of Sjl—bﬁg%(SiHQ, can be obtained by subtract-
ing the total dissociative ionization cross sectigf(SiH,) from the measured
total dissociation cross sectiarf: (SiH,) of Ref. [25],

158
o5t (SiHy) = ol (SiHy) — o155 (SiHy). (36)

By using this relation and the data of Ref. [22] &¢%, we have obtaineaSt, (SiHy)
up to E=200 eV, and have then extended it to higher energiesrding to the
Bethe-Born energy behaviour. The cross sectif§h (SiHa) has a threshold g ~
8.0 eV and exhibits a broad maximum arouns E0 eV. The cross sectiont, (Si.H,)
can be related to the similar (also experimentally known¥sisectionrSt.(CH,)

[1] by the relation

o8p(SiHy) _ [Ap(H/CH4) ]2 , @a7)

olot.(CHy) A,(H/SiHy)
whereA,(H/X) is the appearance potential for the dominant H-productissod
ciative channel of molecule X. It was found that above 30-¥0tlee proportion-
ality factorn in Eq.(37) isn ~ 2.23. The relation (37), of course, holds for any
pair SiH, and CH, with the samey. From the known total DE cross sections for
CH, [1, 2], and assuming that the valye~ 2.23 does not depend upap one can
obtaino!St,(SiH,) for y=1-3. The cross sectionsSt,(SiH,) obtained by this
procedure can be represented by the analytic expression

E,\%1
o'%t(SiH,) = Apg(y) (1 - %) = In(e + 0.11E)(x10™em?), (38a)
with
Apg(y) = 0.95(1 + 0.50y), (38b)

and collision and threshold energies, E angl, Expressed in eV units.
The most important electron-impact dissociative ex@taithannels of Sil

molecules are given in Table 3. The threshold energigs,(£ Eé;)), and the
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total mean kinetic energy of the produciy, calculated by using Egs. (10) and
(13), respectively, are also given in this table for eacletiea channel. The high-
energy branching ratioBp shown in Table 3 were calculated from the relation

ope(A/SiHy) opr(At/SiH,)

Rpr(A/SiH, =
pEUAISHR) =" (sim,) — olgi(sim,)

= Rpr(A*/SiH,),

(39)
i.e. assuming that branching ratios for DE reactianSiH, — e+ A+ (products)
and DI reactiore + SiH, — 2e + AT+ (products) are the same. The relation (39)
reflects the fact that both DE and DI processes are governdaelsame physical
mechanism: excitation of a dissociative state that lieh@dontinuum [26, 27].
Autoionization of this state leads to dissociative iori@at whereas its survival
leads to dissociation to neutrals. It should be noted thhilevautoionization de-
pends only on the coupling of auto-ionizing dissociativatestvith the continuum,
the survival probability of the system in this state depemnighe time it spends in
that state. Therefore, the DE process exhibits an isotdpet¢27].

We note that in the silane-based plasma processing modgksge.g. [5, 6,
28]), the DE processes SjH(y = 1 — 3) are usually not included. The SiH
— SiHy + Hy channel, which we predict to be a strong DE channel, is al$o no
included in those models (presumably because of lack os@estion data). In-
stead, the DE channel SiH~ SiHs + 2H is usually included (as a sub-dominant
channel). However, the dissociation energy for this chhisng 19 eV (compared
to 2.64 eV for the Sikl + Hy channel), and its threshold energy should be high
(~ 12 — 14 eV). Therefore, this DE channel should be very weak and ismot
cluded in Table 3.

The partial cross section for a given SiH+ A + (products) DE channel is
given by

opr(A/SiH,) = Rpp(A/SiH,)o'S%(SiH,), (40)

whereRp; and Ry are related by Egs.(29), ands, is given by Eq.(38).

As it can be seen from Table 3, threshold energies for DE geaseof Sikj
all lie above 5 eV. At lower collision energies, Sjtholecules can be efficiently
vibrationally excited by electrons, and this process mag significant energy loss
mechanism for the electrons. Vibrational excitation of sy protons should also
be characterized by large cross sections. Unfortunatedgscsection data for these
processes are not available except for the electron-implacttional excitation of
SiH,.

There are two vibrational modes in Silfor which cross section data are avail-
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able: the bending mode, v4) and the stretching mode(, v3), with threshold
energies of 0.113 eV and 0.271 eV, respectively. Althoughehergy quanta of
these modes are small, the corresponding cross sectiohe Energy region be-
low ~ 20 eV are very high (several time)~'6cm?). The cross sections for
ve,4 andv; 3 excitations of Si have not been measured directly, but derived (by
many authors) by a Boltzmann equation analysis of expet@hehectron swarm
parameters (drift velocity, net ionization coefficient)etThis procedure does not
provide a unique determination of excitation cross sestioiv, 4 andv; 3 vibra-
tional modes. The cross section data #@k.(v2,4) andoes.(v1,3) of Refs. [29]
and [30] have been used in the modeling of most silane-auntadischarges, al-
though in the region above 5 eV these two data sets differ by a factor of 5, or
more. Below~ 1 eV these two cross section data sets are close to each atter, a
to the data of other authors. For the present database, veeddmpted the data
of Ref. [29] for the energy region below 20 eV, and for E> 20 eV we have
taken a mean value of the cross sections of Ref. [29] and RB@m the point of
view of electron energy loss calculations, relevant is thal tvibrational excitation
cross sectiomf}‘;g’m = Oexc(V2,4) + Texc(v1,3). The sum of adopted 5 andvs 4
excitation cross sections can be represented by the anakgression

otot  (SiHy) =

vib,exc

(1 B 0.2825)1-40 160 15.2
E; 1+ B Ey'% 4 0.38E96 4 0.32E3° + 0.1E3°
(x10™ " cm?) (41)
where B B
El = 07, E2 = ga (42)

and the collision energy E is expressed in eV units. For eeefg< 0.271 eV,
the electron energy loss |s£l1§ = 0.113 eV, for 0.271 < E(eV) < 15,E£l_) ~
0.192, (0egc(v2,4) = Tege(v1,3) in this energy range), and for & 15 eV, Iée;) =
0.113 eV (SinCeoezc(v2,4) > Texe(vi,3) in this region). It should be noted that the
SiH, excited by this process do not form a separate populatioriHof olecules
which should be distinguished from the population of unextBSiH, molecules in
the kinetic Monte Carlo transport modeling codes. The afoih energy of these
vibrationally excited molecules (0.1 - 0.3 eV) is much smathan the threshold
energies of other processes and, therefore, has no efféaemreross sections. In
fact, the uncertainties in threshold energies of otherteladmpact processes are
considerably higher~¢ 0.5 eV) than the above vibrational excitation energies.
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3.3 Dissociative excitation of SiH; (DE™)

There are no experimental or theoretical cross sectionfdatae process of dis-
sociative electron impact excitation of SjHons, Eq.(3). For determining the total
cross sections for these processes we shall use the sczltigom

2

ol (SiH,) . A (AT/CH)) 43)
UDE+(CHJ) Ap(A’L/SZ'H;—) ,

where A,(A"/X ™) is the appearance potential for the dominant channel-pf
XT — e+ AT+ (neutral products) DE reaction. By choosing (somewhat conser-
vatively) the value of proportionality constanin Eq.(43) ag; ~ 1.0, one obtains
ot (SiH, ) from the known cross sectionss,., (CH, ) [1]. The total DEf
cross sections for Sizfl derived by this procedure can all be fitted to the analytic
expression

E 2.5 1
App+(y) = 0.36[1 + 0.55(y — 1)], (45)

where E and |, are expressed in eV units, and e = 2.71828.,, iEEQq.(44) is
the lowest energy threshold of the individual reaction cteds for a given Sil§
molecule. The values of zand the mean total kinetic energiBg of dissociation
products calculated by using Eqgs.(10) and (13), respdygtiaee given in Table 4
for the most important DE channels. The ion SiHis excluded from this table
since it is not produced by electron-impact ionization dfiS{see Section 3.1).
This ion is not produced by electron captureHi + SiH, collisions either, since
the vertical Franck - Condon transition SiH» SiH] leads directly to the Siil +
Hs continuum of SiH.

The high-energy values of branching ratiog j=- of individual reaction chan-
nels are also given in Table 4. They have been determinedébprticedure de-
scribed in Ref. [3]. For two different DE channels of the same %Hon, e.g.
SiH; — Al + (neutrals) and Sigl — AJ + (neutrals), this procedure predicts that

RDE*’(AT/SILH;—) N Q (Eth2>2.5 (46)

Rpp+ (AT /SiHS) — G \ Ew,

where By, and Byo are the thresholds of considered DEhannels, and, (3
are additional factors characterizing the channel fragatem. The exponent 2.5
in Eq.(46) reflects the threshold energy behaviour of-D&actions (see Eq.(44)).
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The valueg; for various types of fragmentation (e.g. release of H,adH + Hy
neutrals) have been determined from comparing the restiisat a procedure,
applied to I, DI, and DE processes, and the experimentalbywkn(e.g. for |, DI)
or on their basis derived (e.g. for DE)Ralues & =1, DI, DE). The partial cross
sections of individual DE channels are given by

opp+(AT/SiH}) = Rpp+ (AT /SiH ]} )olst, . (SiH,) (47)

whereRp+ andRpy; are related by Eqgs.(29), anéf’,, is given by Eqs. (44} (45).

3.4 Dissociativeionization of SiH;" (DI*)

No experimental or theoretical cross section data exighielectron-impact ion-
ization (DI™) of SiH; ions, Eq.(4). These reactions are characterized by large
energy thresholds~ 25-30 eV) and play a role in silicon hydrid kinetics only
when the edge plasma temperature is relatively higQ eV).

The total cross section for Dlprocesses of Siflwere determined by the same
procedure used in the preceding sub-section for deteriomat at[‘)’%Jr(SiH;),
(cf. Eqg.(43)). The total Df cross sections, obtained by this procedure, can be

represented by the analytic expression

E 1.55 1
o.tDOfI:+ (SZH;—) = ADI+ (y) (]. - fth) Eln(e + 0.5E)(X10_14cm2) (48)
Apr+(y) = 0.273[1 +0.223(y — 1)] (49)

where E and |, are expressed in eV, and e = 2.71828....
The main DI channels foe—l—Sz’H; collision systems (y =1 - 3) are given in Table
5. The ion SiH has been excluded from this table because it is not formefkin t
plasmas considered in the present work. Threshold engfgjgsand total kinetic
energy of ionized fragments & calculated using Egs.(19) and (20), respectively,
are also given in this table. The value gfAB™) in Eq.(20) for SiH" was taken
from Ref. [16], (£(SiHT) ~ 2.87ay), and was slightly increased for SJHr, =
2.85a,) and Sil—gf (re = 2.87ay), ag being the Bohr radius. The branching ratios
for individual DI reaction channels were calculated in a similar way as for the
DET reactions, considered in preceding sub-section, and smegalen in Table 5.
The partial cross section for an individual Dthannel Sitf — A* + BT +
(neutrals) of a giver + SiH, collision system are given by

opr+(AT,BT/SiH}) = Rpy+ (AT, BT /SiH ] )o!St (SiH)  (50)

whereRp;+ and R+ are related by Egs.(29).
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3.5 Dissociative recombination of SiH;" (DR)

Cross section data of dissociative recombination of edeston Sil—;L ions are not
available in the literature. However, total DR rate coeffints for these systems for
thermal temperatures have been reported in Refs. [6, 1B4hdThese data show
a weak linear increase with increasingn SiH;. The rate coefficien& vopg >
has aI'~1/2 - temperature dependence at low temperatures, that foftmws the
Wigner law for break-up reactions [32]. At higher temperas where other mech-
anisms contribute to the DR process~TL eV) , and, where other processes (such
as DE') begin to compete with DRI{ ~ 10 eV), theT'~'/2 - temperature depen-
dence changes into a stronger oregprv >~ 119 [33]. Using the thermal
data on< vopg > from Refs. [6, 12] and [31], and T-dependence<obopr >
from Ref. [33], the total DR rate coefficients for SjHons can be represented in
the form

. 2.47(1 + 0.32y) B
tot +y — 8.3
< oprv > (SiH,) = 05 (1 1 0.27T05) (x10™%em?/s) (51)

where electron temperature T is expressed in eV units.

The main dissociative recombination channels forS{ = 1 — 3) ions are given

in Table 6. Their branching ratioBpr, taken to be the same as the measured
branching ratios in the correspondiag CH; DR reactions [1, 2], are also shown
in this table. These branching ratios, determined in theribéregion, are expected
to be temperature invariant up to a few eV. Their temperadependence at higher
temperatures is unknown. In Table 6 also shown are the elqoiteducts expected
to be formed in a given DR channel for collision energies Wweto 1 eV. The
exothermicities of DR channels for ground state dissamiafiroducts, (;-3), are
also shown in Table 6. The total kinetic energy of dissooratproducts for an
electron impact energyE in the center-of-mass system, with production of an
excited producB*, is given by:Ex = E¢. + Eﬁ?) — Feye(B*), Where E,.(B*)

is the excitation energy dB* (see Eq.(23)).

3.6 Chargeexchange and particlerearrangement reactions

Cross section measurements or calculations for chargeaegehand particle ex-
change reactions (6a) and (6b), respectively, do not exitie literature. Total
thermal rate coefficients for the sum of these processessymwdo exist [5, 12],
but show a spread within a factor of two. The data in thesecesuaire also incon-
sistent with the Langevin total thermal rate coefficienttftgse processes, which
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requires their increase with the increase of number of H ation®iH, (or, equiv-
alently, with the polarizability of Siki). Therefore, staying within the spread of
reportedK ‘%! values, we have chosen to determine them by using the relatio

1,(CH,)

tot 4
Kcac (SZH?/) (S’LH )

KN(CH,) (52)
wherel,(X) is the ionization potential of X, an&%*(C H,,) are known (see e.g.
[1, 2]). Relation (52) reflects the inverse proportionatifyicharge exchange cross
section with the electron binding energy in the target [THe K (SiH,) values
obtained from Eq.(52) and the data &% (C H,) given in Ref. [1] are shown in
Table 7. In this table also shown are the values of brancfﬁtigsng‘;)’(b) for the
proper charge exchange (electron capture) and particleaege reaction channels,
which are close to those fdi* + CH,, systems [1]. The cross sections for the
charge exchange (Eq.(6a)) and particle exchange (Eqgi)gsses in the thermal
energy region (E< 0.1 eV) can now be written as

(a) z-tot
ol®) = 7.26 Rc]gﬁ“ (x107'%cm?) (53)
) R( )Ktot 16

where K% is expressed in units df0*9cm3/s, and collision energy E is in eV
units. In fact, Egs. (53) and (54) can be extended even towhatehigher ener-
gies. The additional term£” in the denominator of Eq.(54) takes into account the
rapid decrease with energy of the probability for particter@nge. The values of
parameters ¢ ang are also given in Table 7.

In this table are also given the exothermicitiA€’ for each of the reaction
channels for a given H + SiH, system, calculated by using Eq.(25) under the
assumption that the reaction products are in their grousctreinic and vibrational
states. It is, however, fairly probable that the §ildnd Sil—L*_1 products have a
significant degree of vibrational excitation. The energhgased as total kinetic
energy of the products is, therefore

Ex = AFE — E . (products) (55)

where E,. is the total (electronic and vibrational) excitation enedf the prod-
ucts. There is no simple way, however, to estimate the anwlfyt,.. As indicated
in Table 7, and mentioned earlier, the electron capturega®éi + SiHy — H +

(SiH}) is accompanied by a Franck-Condon transition (SitASiH;") which leads
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directly to the continuum Siil + Hy of SiH; . Thea((;i)(Sz'H4) cross section is,
thus, the cross section for production of $iH Hy fragments. The fact that the
SiH; ion promptly dissociates after the electron capture haantgkace, does not
affect the character of the electronic transition itsefftie case of the analogous
HT + CH, system, where CH is stable, it was experimentally observed that the
electron capture process has a resonant character (due sontidl exothermicity
of about 1.1 eV, that can be absorbed by the internal degfefesedlom of CH
ion). Because of relatively large exothermicity 2.59 eV) of the H™ + SiH,
dissociative charge exchange reaction, one may expecomiapart of it can be
absorbed by the vibrational modes of Sildnd H, products, so that resonant con-
ditions (AFE ~ 0) for this reaction cannot be expected to be fulfilled. Thetiea
may still have a quasi-resonant character due to the srmadlining resonance en-
ergy defect. For similar reasons, the charge exchangeioeadt + SiH; — H

+ SiHj cannot be expected to have resonant character (contramg tét + CH;
case). Nevertheless, the relations

Uﬁg)(SiHy) ~ I,(CHy)

~ —v E < 20keV, (56a)
O'gg) (CHy) Ip(SZHy)
0%, (SiH,) I,(CH,)1?
~ E >
04, (CH,) [Ipwz‘Hy) o PR A0k, (560)

resulting from the general theories of low- and high-enathgsrge exchange re-
actions [17, 18], are still expected to be valid. We shall these relations to
determines (SiH,), with due account of the remarks made above for thetH
SiH, and H" + SiH; collision systems.
The derived cross sections can be represented by the aretyptiession
¢ ciexp(—cs/E)
= B9 1 E% | B+ B + cigE + c1a B

ol9 (SiH,) (x10™6¢m?)
(57)
where the collision energy is expressed in eV units, anddhees of fitting param-
eters are given in Table 8. The first term in Eq.(57) ensurakwiith decreasing
the energy, the cross section attains its thermal energye \gaven by Eq.(53). The
upper limit of validity of the expression (56) is about 20000%keV. In Table 8, we

give also the fitting parameters for the total cross sectforartions
H™ +Si3P) — H+Sit(°P) (58a)
— H+Si™(*P) (58b)

for which calculations exist in the energy range 1 - 1000 e¥],[&s well as a
known value of its thermal rate coefficient [12]. In the eryerggion above 1000
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eV, the total cross section of reactions (58) was deriveddyguthe scalings (56).
For energies below 150-200 eV, the contribution of the channel (58a) can be
neglected in the total cross section. The favourable cogglin the channel (58b)
lead to a very large cross section for this reaction chamrtéle energy range below
~ 1000 eV ¢ 10~ 4cm?), i.e. the process (58b) produces §i* P) excited ions
with rate coefficients of 10~8cm?3 /s at plasma temperaturgs 10 eV [34].

4 Concluding remarks

We have presented a complete cross section database forpalitant collision
processes of electrons and protons with S{id = 1 — 4) molecules and their
ions taking place in low density plasmas with temperatugesiseveral hundreds
eV (and even higher). For the sake of completeness, we hawveiralluded the
electron-impact ionization of Si, as well as its charge aexgje process with pro-
tons. In establishing this database, we have used the iafammregarding the
mechanisms governing the considered processes. In partieell established
theoretical or semi-empirical cross section scaling i@tahips have been used for
deriving the cross sections of reactions for which suchrinfdion was not avail-
able in the literature.
The limitation regarding the plasma density holds only taw{temperature plas-
mas with high neutral hydrogen density when the collisioocpsses of Sijiand
SiH; with hydrogen neutrals become also important. We also asshat plasma
conditions are such that formation of heavier silicon hgesi (such as &, etc)
does not take place. Under such plasma and gas conditiengntiSiH does not
appear among SiHions, and for this reason its processes {DPBI" and DR)
with plasma electrons have been excluded from the presémitate. In the oppo-
site case, when &Hg is present in the plasma, stable $ili0n can be formed in
the dissociative ionization reactient- SiHg — SiH,™ + 2e+ products (see, e.g.
[14]). We note, however, that analytic expressions for thaltDE™ and DI cross
sections, Egs.(44) and (48), respectively, and total DRgagefficient, Eq.(51), are
also applicable for the SiHion. Using the described methodology in Sections 2
and 3, one can also determine the main'DBI* and DR reaction channels for
SiH; and their characteristics (branching ratios and enesjetic

The cross sections of considered reactions have been frdsey compact
analytic expressions, valid in a broad energy range (frorastiold, or thermal
energy region for exothermic reaction, up to several ke\kfectron-impact pro-
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cesses, and several hundreds of keV for electron capturgaes). The accuracy
of presented cross sections for electron-impact procéssathin 15-20%, when
the cross sections are derived from experimental sourods3@-50% when they
are derived from scaling relationships. The accuracy afteda capture and parti-
cle exchange cross sections is believed to be within5% in the region below

1 eV (where they are determined on the basis of an extensiirewhal rate coeffi-
cients data), but it may be worse at higher energies. Thalsasan uncertainly of
about 0.5 - 1.0 eV (and in certain cases even more) in the etiesgf considered
reactions, due to uncertainties in thermochemical dataraode importantly, due
to energy uncertainties of dissociative excited stateon$iclered molecules, and
state of excitation of reaction products.
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Tablel1

Heat of formationAH?, [14], ionization potentialf,, ([14]), and lowest stable
excited states (with their energies given in parenthesasy iunits, [14, 16]) of H,

Hq, SiHy, (y = 0 — 4), and their ions.

‘ H,H,,SiH, ‘ AS(eV) ‘ I,(eV) ‘ Lowest stable excited states.(E, in eV) ‘

H 2.277 | 13.595 n=2(10.20); n=3(12.09)

HT 15.872

Ho 0.015 | 15.427 B (10.9); a/c (11.5), C (12.0)

Hy 15.442

Si 4.638 | 8.152 | 1D(0.78);! S(1.91);° S°(4.11);> PY(4.90)
Sit 12.79

SiH 3.882 | 7.91 A (2.98)
SiHt 11.79 A (3.09)
SiH, 2.98 8.92 a (0.906); A (1.92); B (2.65)
SiHg 11.90 A (1.63)
SiH3 2.09 8.01 A (< 6.0); D (6.14); E (5.98); | (6.94)
SiHy 10.10 no exc. states listed in [14]
SiHy 0.354 | 11.00 no exc. states listed in [14]
SiHf 11.354 A (0.094); B (0.61); C(6.92)

(*): Data taken from Ref. [15].
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Table?2

Electron-impact ionization channels of SiHThreshold energy (), electron

energy IossEél_)), mean total kinetic energy of product® £) and high-energy

branching ratio (R pr).

Reaction Eu (V) Eél_) (eV) | Ex (eV) | Rrpr
e+ SiH, — SiHy + H + 2e 12.03 12.85 0.82 | 0.31
- SiHS + Hy+ 2e 11.57 12.02 045 | 0.42
— SiH*+H+ Hy+2e| 13.73 15.37 1.64 | 0.12
— Sit + 2H, + 2e 12.47 13.65 1.18 | 0.10
—  H" +SiH3+2e 17.61 19.59 1.98 | 0.04
—  Hy + SiHy+2e 18.07 20.19 212 | 0.01
e+ SiH; — SiHy + 2e 8.01 8.01 — 0.67
— SiHS + H + 2e 12.09 13.31 1.22 | 0.20
—  SiHT + Hy+2e 9.72 10.75 1.03 | 0.08
—  Sit+Hy+H+2 | 1299 14.94 1.95 | 0.03
—  H" +SiH;+ 2e 16.76 20.26 3.50 | 0.02
e+ SiHy — SiH, + 2e 8.24 8.24 — 0.72
— SiH* + H + 2e 11.09 12.39 1.30 | 0.23
— Sit + Hy + 2e 9.83 11.47 1.64 | 0.05
— H* + SiH + 2e 16.77 19.31 236 | 0.01
e+ SiH — SiH* + 2e 7.91 7.91 — 0.74
— Sit + H + 2e 11.19 12.17 0.98 | 0.25
— H* + Si+2e 16.63 19.25 262 | 0.01
e+ Si — Sit + 2e 8.15 8.15 1.00
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Table3

Main dissociative excitation channels of Sikb neutrals: Threshold energies
(E;,), mean total kinetic energy of product® £), and channel branching ratios

(RpE)-

‘ Reaction ‘ Ein (eV) ‘ Exk (eV) ‘ Rpp
e+ SiHy — SiHz + H +e 8.04 4.02 0.46
— SiHy + Hy + € 8.26 5.62 0.26

— SitH+Hy+H+e| 1048 4.66 0.15

— Si+2Hy + e 8.64 4.32 0.13

e+ SiHs — SiHo+H +e 571 2.54 0.65
— StH + Hs + e 5.43 3.62 0.23

— Si+Hy+H+e 8.04 3.20 0.12

e+ SiHy — SiH+H+e 5.72 2.54 0.78
— Si+ Hy+e 5.01 3.34 0.22

e+ SiH — Si+H+e 6.06 3.03 1.00

(*): The total dissociation experiment for SjH25] indicates a somewhat
higher threshold: 8.4 eV. The experimental uncertainthéthreshold region may,

however, be fairly large.
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Table4
Main dissociative excitation channels of gﬂ—rrhreshold energies (B, mean
total kinetic energy of productsqx ), and channel branching ratios gR+).

Reaction ‘ Es, (eV) ‘ Ek (eV) ‘ Rpp+ ‘
e+ SiHf —  SiHf+H+e 5.90 1.84 | 0.46
—  SiHy+ H' +e 11.81 3.06 0.08
—  SiHt+ Hy+e 3.76 2.05 0.42
- Sit+H+Hy+e| 6.83 1.95 0.05
e+ SiHy — SiH"+H-+e 3.69 1.54 0.30
-  SiH+Ht +e 10.60 2.75 0.05
- Sit + Hy+e 2.55 1.64 0.55
-  Sit+2H +e 6.34 1.90 0.10
e+ SiHT — Sit+H+e 4.43 1.15 0.90
- Si+H' +e 11.77 3.05 0.10
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Table5
Main dissociative ionization channels of §1HThreshoId energies (f), ki-
netic energy of product ions (B, and channel branching ratios 4R-).

Reaction ‘ Ein (eV) ‘ Ex (eV) ‘ Rpr+ ‘
e+ SiHS —  SiHS + H* +2e 27.14 9.48 | 0.47
—  SiHY + Hi +2e 26.62 948 | 0.24
— Sit+Ht+Hy+2e | 2802 9.48 | 0.17
— Sit+H+HS +2 | 29.79 9.48 | 012
e+ SiHS —  SiHt+H' +2e 24.31 9.54 | 0.55
— Sit + Hy +2e 25.88 9.54 | 0.29
— Sit+HT+ H+2 | 2858 9.54 | 0.16
e+ SiHY — Sit + HY +2e 25.48 9.60 | 1.00
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Table6

Main dissociative recombination channels of §tHReaction exothermicity for
ground state products ﬁ%), channel branching ratios (%), and possible excited

products for g < 1 eV.

‘ Reaction ‘ Egg) (eV) ‘ Rpr ‘ Excited products (g < 1 eV) ‘
e+ SiHy —  SiHy+H 4.84 | 0.40 SiH, (a; A; B)
—  SiH + Ho 6.20 | 0.15 SiH (A)
—  SiH +2H 1.67 | 0.15 SiH (A)
— Si+ H+ H, 3.17 | 0.30 Si ('D;1S)
e+ SiHy —  SiH+H 574 | 0.25 SiH (A)
— Si+ Hy 7.24 | 0.15 Si (\D;18;3 PY)
- Si+2H 271 | 0.60 Si ('D;'S)
e+ SiHT — Si+ H 4.87 1.00 Si ('D;1S;3PY)
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Table7

Charge- and particle- exchange channels in+HSiH, thermal collisions: To-
tal thermal rate coefficients('%%), branching ratios (Rx), reaction exothermic-
ities (AFE), and values of parametetand~ in Eq.(54).

‘ Reaction ‘ Kt (107 %m?/s ‘ Rex ‘ AE (eV) ‘ c ‘ v ‘
H* +SiH, — H+ SiH)H, 4.33 042 | 259 | — | —
—  Hy+ SiHy 4.33 058 | 6.10 |05|25
H*+SiHy —  H+ SiHy 4.18 040 | 559 | — | —
—  Hy+ SiH, 4.18 0.60| 6.04 |05|25
H*+SiH, —  H+SiH, 3.30 038 | 468 | — | —
—  Hy+ SiHT 3.30 0.62| 108 |05|25
H*+SiH — H+SiH' 2.56 035| 569 | — | —
—  Ho+ Sit 2.56 0.65| 6.95 |0.1|35
HY*+Si(P) — H+Sit(2P) 1.50 (b) (a) 545 | — | —
— H+Sit*(*P) 1.50 (b) (@ 014 | — | —

(a): Below E~~ 150 eV, the contribution of H + Si(2 P) channel to total cross
section of reaction (58) can be neglected. Only far B00 eV, the contributions
of the two channels become approximately equal. (b): Vaker from Ref. [12].
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Table8

Values of fitting parameters in Eq.(57) for electron capture reactions i H

+ SiH, collision systemsy = 0 — 4).

IE SiHy | SiH; | sSiH, | siH Si
a 9.96 12.14 9.10 6.50 10.9
cs 85 0.010 0.005 0.001 8.25
cs 25 25 3.0 3.0 1.85
cs 30.2 25.4 22.2 29.0 582.0
cs 0.00 1.22 1.55 5.3 4.98
c6 — 0.62 0.57 0.35 0.21
cr 0.015 0.00 0.00 0.00 0.00
cg | 9.0(-6)® | 2.0(9) | 2.35(-7) | 1.12(-6) | 2.35(-5)
co 1.20 2.05 1.55 1.45 1.15
ci1o | 2.19 (-18) | 4.47 (-21)| 4.28 (-21)| 6.03 (-20)| 7.05 (-21)
i 3.8 4.3 4.26 4.3 4.3
c12 | 4.47(-22)| 0.00 0.00 0.00 0.00
c13 4.4 — — — —

*: a(—z) =ax107"
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