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Guided ion-beam techniques are used to measure the cross sections for reaction of SiF4 with 
Ar+, Ne+, and He+ from thermal to 50 eV. Charge transfer followed by loss ofF atoms are 
the sole processes observed. All SiF x+ (x = 0-4) products are observed, except for SiF / from 
reaction with Ne+ and He+, and Si + from reaction with Ar+. At high energies, the dominant 
products are SiF3+ in the Ar system, and SiF+ in both the Ne and He systems. There is some 
evidence in the Ne system for an excited state ofSiF3+ at 5.7 eV. In the Ar+ and Ne+ 
reactions, the observed energetics are consistent with literature thermochemistry, but with 
He+, reaction barriers are observed. A value of !l.HJ.298 (SiF3+) = - 30.1 ± 0.9 kcallmol is 
derived, which is in agreement with previous values but is much more precise. The observed 
product distributions and energetics are explained by consideration of the potential energy 
surfaces and the difference in ionization potentials of the rare gases. Finally, the relationships 
of these reactions to plasma deposition and etching are discussed. 

INTRODUCTION 

An important tool in the fabrication of microelectronic 
devices is the use of plasmas to etch and deposit silicon, sili­
con oxide, and silicon nitride layers. Understanding of the 
chemical mechanisms involved can provide insight into the 
most important physical parameters of a plasma reactor and 
the optimum starting materials. Although neutral species 
dominate the gas-phase composition in a plasma system, the 
rates for ion-molcule reactions are generally much greater 
than for the neutral reactions due to the strong long-range 
forces present. Thus ion-molecule reactions have significant 
effects on plasma composition 1-3 and hence the resulting 
plasma process. 

Rare gases (Rg) are used frequently in plasma systems. 
In deposition processes, the starting material often consists 
of up to 90% rare gas diluents, in addition to the reactive gas. 
Although these diIuents were initially believed to be inert, 
the amount and identity of the diluent has been found to 
significantly affect silane4 and disiIane5 deposition charac­
teristics. Specifically, films produced with He and Ne as the 
diluent gas have markedly different film properties and de­
position rates than films where Ar and Kr are present. These 
differences are proposed to be due to an increase in the SiH x+ 

ion density caused by reactions involving excited states of 
the rare gas.4 In the case of etching, energetic (1 ke V) rare 
gas ions are often used in tandem with reactive neutral spe­
cies, such as fluorides, to symbiotically enhance the etch 
rates and the directionality of the etched features.6--8 The 
etch rate is highly dependent on the ion used (Ar+, Ne+, or 
He + ), yet the reasons for this dependency are unknown.8 

The study of rare gas ion-molecule reactions related to 
silicon etching and deposition plasmas has been the focus of 
recent work. In one study, the reaction rates of SiH4 with 

a) NSF Presidential Young Investigator, 1984-1989; Alfred P. Sloan Fel­
low; Camille and Henry Dreyfus Teacher-Scholar, 1988-1993. 

Ar+, Ne+, and He+ were measured in the interaction ener­
gy range of -0.04 to 1 eV using the drift tube technique.9 

For He + and Ne +, the total charge exchange rates were fast, 
-95% and 60% of the collision rate, respectively. However, 
that for Ar+ was substantially slower, proceeding at only 
1 % of the Langevin rate. This enormous discrepancy cannot 
be explained on thermodynamic grounds, since dissociative 
charge transfer to form SiHn+ (n = 0-3) is exothermic for 
all three rare gases. 10 This observation supports the explana­
tion mentioned above for the marked differences found in 
films produced with Ar and Kr as the diluent compared with 
He and Ne.4 In other studies, cross sections for reaction of 
CF4 with He + and Ne + have been measured at high energies 
(700 to 5000 e V), II and drift tube techniques have been used 
to determine thermal reaction rates. 12 Also, UV emissions 
from the CF4 + Rg+ interactions have been measured at 
collision energies of 1-1800 eV (Rg = He, Ne, Ar) 13 and 1-
25 keY (Rg = He, Ne).14 

Many plasma systems involve SiF4 as either starting ma­
terial 15,16 or as a volatile product from surface reactions, and 
thus reactions involving SiF4 are of particular interest. Re­
cent work in our laboratories focused on the mechanisms 
involved in the reaction ofSi + with SiF4 , 17 Also, the thermo­
chemistry of the resulting SiF x and SiF: products, which 
had uncertainties of as much as 20 kcal/mol, was derived 
and compared to literature values. The present work is a 
continuation of this previous work, and is motivated by the 
likely importance of both rare gas and SiF4 reactions in plas­
rna systems. 

Reaction thermochemistry 

For the reaction of rare gas ions with tetrafluorosilane, 
there are five energetically accessible SiF x+ product ions in 
the energy range studied here, as given in reactions ( 1 ): 

Rg+ + SiF4 -+SiF4+ + Rg (la) 
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TABLE I. Heats off ormation at 298 K (kcal/mol).a 

Species AHJ.298 Species AHJ.298 

Si+ 297.1 ± LOb F 18.97 ± 0.07c 

SiF+ 170.4 ± 2.2b F+ 422.28 ± 0.07c 

SiFt 109 ± 2b He+ 568.48c 

SiF3+ -26.2 ±4.7b Ne+eP3/2) 498.98c 

- 30.1 ±0.9d Ne+eP'I2) 501.22c 

SiF/ - 19.94 ± 0.50" Ar+ep3/2 ) 364.91c 
SiF -5 ± 3b Ar+eP"2) 369.00< 
SiF2 -141 ± 2b 
SiF3 - 258 ± 3b 

SiF. - 386.0 ±0.2b 

aIon heats off ormation are calculated using the convention that the electron 
is a monatomic gas. This convention is adopted in the JANAF tables (Ref. 
18). Values compared from the literature which use the "stationary elec­
tron" convention should be increased by 1.48 kcallmol at 298 K. 

bRecommended values from Ref. 17. 
cReference 18. 
~hiswork. 
eCalculated using IP(SiF.) = 15.81 ± 0.02 (P. J. Bassett and D. R. Lloyd. 
J. Chem. Soc. A 1971. 641). 

-+SiF3+ + F + Rg 

-+SiF2+ + [F + F) + Rg 

-+SiF + [F + F) + F + Rg 

-+Si+ + [F + F) + [F + F) + Rg. 

(lb) 

(lc) 

(ld) 

(le) 

In processes (Ic) through (Ie), fluorine can conceivably be 
liberated as either molecular fluorine or separated atoms. 
This possibility is indicated by brackets. Expected reaction 
enthalpies are determined using the recommended SiF x+ 

thermochemistry given in our recent study of the reaction of 
Si+ with SiF4,17 along with MJ,298 (Rg+) values taken 
from the JANAF tables. 18 These heats offormation are tab­
ulated in Table I. Table II gives the resulting reaction enthal­
pies for processes (I) for the Ar, Ne, and He rare gases. 

Collision cross sections 

The collision cross section O'col for ion-molecule reac­
tions at low energies is predicted by the Langevin-Gioumou­
sis-Stevenson (LGS) model,19 

O'LGS = 1Te(2aIE) 1/2, (2) 

TABLE II. Reaction thermochemistry at 298 K (eV).a 

Process Products Rg=Ar 

(la) SiF/ +Rg +0.05 
(lb) SiFt + F+ Rg +0.60 
(lc) SiFt +2F+Rg + 7.29 
(lc) SiF2+ + F2 + Rg + 5.64 
Od) SiF+ + 3F+Rg + 10.77 
(ld) SiF+ + F2 + F + Rg +9.12 
( Ie) Si+ + 4F+ Rg + 17.09 
(Ie) Si+ + 2F2 + Rg + 13.80 

a For the J = 3/2 ground state ofthe Rg+ ions. 

where E is the interaction or center-of-mass (c.m.) energy of 
the reactants, e is the electronic charge, and a is the polariza­
bility of the target molecule SiF4, The value for a ( SiF4) is 
not well established, but it has been measured as 3.32 A3,20 
and can be calculated as 4.3 ± 0.4 A3 using the empirical 
method of Miller and Savchik.21.22 

At high energies, O'col for charge-transfer reactions may 
be best represented by the hard-sphere limit, given by 

(3) 

withR roughly estmated by re (Rg-F+) + re (F3Si-F). For 
F3Si-F, re has been measured as 1.552 A.23 The r for NeF+ 
has been calculated as 1.46524 and 1.65 A,2S to yi;ld an aver­
age value of 1.56 A. In the latter study, re (HeF+) = 1.33 A 
was also calculated.2s An estimate for re (ArF+) = 2.0 A is 
obtained by comparing re (NeF+) = 1.56 A to the ratio of 
re(ArH+) and re(NeH+).26 An analogous estimate for 
re (HeF+) yields 1.2 A which is in good agreement with the 
calculated value. Thus the values used for R for the Ar, Ne, 
and He systems are 3.6,3.1, and 2.8 A, respectively, which 
result ina O'HS (Ar+ -SiF4) = 40.7 A2, O'HS (Ne+ -SiF4) 
= 30.2 A2, and O'HS = (He+ -SiF4) = 24.6 A2. In this 

work'O'col is taken to be the maximum of O'LGS and O'HS' As-
. h I a 3 summgt eva ueof3.32A fora (SiF4)'O'Hs = O'LGS occurs 

atO.57 eVfor Ar+, at 1.0eVforNe+, and at 1.6eV for He+. 

EXPERIMENT 

General 

The ion beam apparatus and experimental techniques 
used in this work are described in detail elsewhere.27 The 
rare gas ions are produced as described below. The 4He+, 
2~e+, and 4°Ar+ ions are each mass analyzed and deceler­
ated to the desired translational energy. The ion beam is 
injected into an rf octopole ion beam guide,28 which passes 
through the reaction cell containing the SiF4 reactant gas. 
The octopole beam guide utilizes rf electric fields to create a 
potential well which traps ions in the radial direction with­
out affecting their axial energy. The pressure of SiF4 is main­
tained sufficiently low, 0.02 to 0.2 mTorr, so that multiple 
ion-molecule collisions are improbable. The unreacted rare 
gas and product ions drift out of the gas chamber to the end 
of the octopole, where they are extracted and analyzed in a 
quadrupole mass filter. Finally, ions are detected by a sec-

Rg=Ne Rg=He Uncertainty 

- 5.76 - 8.78 ±0.02 
- 5.21 - 8.23 ±0.2 
+ 1.48 -1.54 ±0.09 
- 0.17 - 3.19 ±0.09 
+4.97 + 1.94 ±0.10 
+3.32 +0.29 ±O.IO 

+ 11.28 +8.26 ±0.04 
+ 7.99 +4.97 ±0.04 
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ondary electron scintillation ion counter using standard 
pulse counting techniques. Raw ion intensities are converted 
to absolute reaction cross sections as described previously.27 

Ion source 

The rare gas ions are produced by electron impact of 
helium, neon, or argon gas, which have ionization potentials 
(lP) of 24.580, 21.559, and 15.755 eV, respectively.29 The 
first excited electronic states of the ion are 65.4 eV for heli­
um, 48.5 eV for neon, and 29.3 eV for argon above the neu­
tral ground state.29 Thus, to prevent formation of ionic excit­
ed states, the nominal electron energies used are 60, 41, and 
20 eV, respectively. The electron energy distribution has a 
spread of less than ± 1 eV in each case. Only the 2S1/2 

ground state ofHe+ is formed, but both the 2P3/2 and 2PI/2 

spin-orbit states ofNe+ and Ar+ are produced, presumably 
with a 2:1 statistical population. The 2PI/2 states ofNe+ and 
Ar+ lie 0.097 and 0.178 eV, respectively, above the 2P3/2 

ground states. 29 

Energy scale 

Laboratory ion energies (lab) are converted to energies 
in the center-of-mass frame (c.m.) by using the conversion 
E(c.m.) = E(lab) xM /(m + M), where m is the ion mass 
and M is the target molecule mass.27 This conversion factor 
is 0.96 for the He + reactions, 0.84 for the Ne + reactions, and 
0.72 for the Ar+ reactions. Unless stated otherwise, all ener­
gies quoted in this work correspond to the c.m. frame. The 
absolute energy scale and the corresponding full width at 
half-maximum (FWHM) of the ion kinetic energy distribu­
tion is determined by using the octopole beam guide as a 
retarding potential analyzer.27 An accurate determination is 
possible since the interaction region and energy analysis re­
gion are physically the same. In this work, the uncertainty in 
the absolute energy scale is ± 0.05 eV (lab). The distribu­
tion of ion energies have an average FWHM of 0.3 eV for 
He +, 0.4 e V for Ne +, and 0.2 e V for Ar+ . At very IqW ener­
gies, the slower ions in the ion beam energy distribution are 
not transmitted through the octopole, which results i~ a nar­
rowing of the ion energy distributi9n. We take advantage of 
this effect to access very low interaction cmergies as de­
scribed previously.27 Energies in data plots are mean ion en­
ergies which take into account this truncation of the ion 
beam distribution. 

Ion collection efficiency 

For charge transfer reactions, products may be formed 
through a long-range electron jump such that little or no 
forward momentum is transferred to the ionic products.30 In 
such a case, up to 50% of these ions may have no forward 
velocity in the laboratory and will not drift out of the octo­
pole to the detector. Furthermore, slow product ions which 
do transverse the octopole may be inefficiently transmitted 
through the quadrupole mass filter.27 Cross section features 
and magnitudes for exothermic or nearly thermoneutral re­
actions channels, in particular, were indeed found to be sen­
sitive to the extraction and focusing conditions following the 
octopole. 

The cross section results presented here represent the 
averages of several determinations taken at different times 
over the course of a year. These results were the most repro­
ducible and had the largest magnitUdes for all products. 
Based on reproducibility, the uncertainty in the absolute 
cross sections is estim~ted as 60%, while the relative error is 
about 20%. Since ion collection may be incomplete, for rea­
sons given above, it is possible that the actual cross sections 
might be as high as a factor of 2 greater than those reported. 
We do not believe this to be true, however, since other mea­
surements in our laboratories of exotJtermic ch~rge transfer 
processes are in good agreement witp literature results.27.31 

In the present work, absolute cross sections as small as 10-2 

A 2 are measur~d. 

Thermochemical analysis 

The threshold regions of endothermic reactions are ana­
lyzeq usin~ the empirical model in Eq. (4), 

(Tr(E) = (To [ (E - Er)n/Em] , (4) 

where Er is the translation energy, (To is an energy indepen­
dent scaling factor, and nand m are variable parameters. 
This general form has been discussed previously.32.33 As in 
earlier studies, we have chosen to restrict the form ofEq. (4) 
to m = 1, a form predicted for translationally driven reac­
tions.34 Furthermore, with m = 1, Eq. (3) has been found to 
be quite useful in describing the shapes of endothermic reac­
tion cross sections and in deriving accurate thermochem­
istry from the threshold energies for a wide range of systems. 
These systems include a related reaction with tetraftuorosi­
lane, 17 reactions of silane and silicon hydrides,35 and reac­
tions of atomic transition metals with H2, D2,36 and hydro­
carbons.33 

A complication here involves the treatment of the Ar+ 
and Ne+ data, which result fromJ = 3/2 andJ = 1/2 spin­
orbit states of the reactant ion. This is handled by an explicit 
sum over the contributions of the individual states, weighted 
by their populations gJ' as shown in Eq. (5), 

(Tr(E) = g3/2(TO(E - Er)n + gI/2(TO(E + EI/2 - Er)n . 

Em 

(5) 

Here, E 112 is the energy of the J = 1/2 excited state. A 2: 1 
statistical population is assumed, so that g3/2 = 2/3 and 
gl/2 = 1/3. Equal reactivity is assumed for each spin-orbit 
state since the same (To is used. 

The reaction cross section for an endothermic process 
may decline at higher energies due to dissociation of the 
product ion. For such systems, cross sections are analyzed 
using a model previously outlined, which makes a simple 
statistical assumption within the constraints of angular mo­
mentum conservation.37 This model yields Eq. (6), a modi­
fied form of Eqs. (4) or (5), where P D is the probability for 
dissociation of the product ion 

(6) 

P D is a function of both ED' the energy at which dissociation 
begins, and p, a quantity related to the number of internal 
modes in the transition state. Thus for E <ED' PD is zero, 

J. Chem. Phys., Vol. 90, No.4, 15 February 1989 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.216.129.208 On: Fri, 12 Dec 2014 03:59:25



2216 M. E. Weber and P. B. Armentrout: Reactions of Ar+, Ne+, and He+ with SiF4 

and for E> ED' PD asymptotically approaches one. For ex­
othermic reactions, cross sections generally have a power 
law functional form, O'oE- x, as in the LGS model [Eq. 
(2) ] . Hence, dissociation channels for such processes can be 
modeled through Eq. (7), 

O'(E} =O'oE-x[I -PD ]. (7) 

For endothermic reactions, optimized values of En 0'0' 

and n are obtained by using nonlinear least-squares regres­
sion analysis to give the best fit to the data, after convoluting 
over the known ion beam and neutral energy distributions. 
In most cases, the data is fit with Eqs. (4) or (5) from below 
threshold up to energies where dissociation can begin ED. 
Equation (6) is used for endothermic processes where ET is 
close to ED' since product dissociation can have a significant 
effect on the shape of the threshold region of the cross sec­
tion and the optimum E T . In the application ofEqs. (6) or 
(7) for exothermic reactions, ED is either specified as the 
derived threshold energy for the dissociative channel or is 
iteratively optimized. The parameter p is treated as a vari­
able but is limited to integer values. In each threshold deter­
mination, several data sets taken at different times and under 
different experimental conditions are analyzed. The uncer­
tainties in ET reported here include one standard deviation 
of the averge value and the absolute uncertainty in our ener­
gy scale, 0.05 eV (lab). 

Another complication in threshold determination arises 
in highly endothermic product channels that rise slowly 
from threshold. Under such conditions, the threshold analy­
sis above does not provide an unambiguous threshold ener­
gy. Therefore, we take the apparent threshold to be represen­
tative of the true threshold energy for such processes. This is 
reasonable since the broadening due to experimental energy 
distributions has little effect on the appearance of slowly ris­
ing cross sections. 

RESULTS 

Ar++SiF4 

In the reaction of Ar+ with SiF4, processes (1a) 
through (ld) are observed. The resulting cross sections, 
shown in Fig. 1, reveal that SiF3+ formation is significantly 
favored at nearly all energies studied here. Although process 
(1e) is energetically accessible (Table II) no Si + product is 
observed, nor is ArF+. Thus the cross section for these pro­
cesses must be less than 0.01 A2. At low energies, the 60% 
uncertainty in the total cross section magnitude encom­
passes O'LGS calculated with both a(SiF4 } = 3.32 and 4.3 
A3. At 2 eV, the cross section is approximately equal to 
O'HS =38 A2; but by 50 eV, Ar+ reacts in only one of about 
every four hard-sphere collisions. Thus, reaction occurs on 
nearly every collision until -2 eV, and then the reaction 
efficiency declines monotonically with increasing energy. 

The SiF 4+ + Ar cross section increases monotonically 
as the energy decreases, which indicates an exothermic pro­
cess. Yet as shown in Fig. 2, the cross section behavior is 
more complicated than that usually observed for such pro­
cesses.27

,38 Specifically, the cross section initially declines as 
E - 1.3 ± 0.2, levels off between -0.05 and -0.2 eV, and then 
virtually resumes the original fall off function, E -1.0±0.2. 

0.0 

ENERGY (eV. Lab) 

---------------------
cr 

~ tot .. -........:. __ ......... ... .. ... • • ••• 
S ·F~+~~"~-~::: .. : .. =·:··:··::·~:~~~~""~, 1 4..... • ............ ...... 

•• 
, + 

! SiF2 
I 

.... ~ ................. ~ .... ..J 
•••• • • • • • • 

• 
• 

• •• l • • : SiF+ 

ENERGY (eV. eN) 

+ Ar + SiF4 

FIG. 1. Variation of product cross sections with translational energy in the 
laboratory frame of reference (upper scale) and the center-of-mass frame 
(lower scale) for reaction of Ar+ with SiF4, processes (la) through (ld). 
The solid line shows the total reaction cross section. The dased line shows 
the collision cross section, ./liven by the maximum of either the hard-sphere 
or LGS [a(SiF4 ) = 3.32 A3 l cross sections, Eqs. (2) and (3). 

This behavior, which is reproducible under all experimental 
conditions studied, is consistent with multiple spin-orbit 
states in the Ar+ ion beam. SiF 4+ production from 
Ar+ep3 / 2 } is endothermic by 0.05 ± 0.02 eV (Table II), 
while production from Ar+ eP1/2) is exothermic by 

+ + 
102 

\ 
Ar + SiF4 -+ SiF4 + Ar 

\ "' ..... \ /' e 
10 .x:' ... 
'~ ./ \ :::: 
~ ./ \ 
:::: / 
!:il / + 2 \ Vi 

101 . Ar ( P312) \ 

m \ +2 Ar ( PI12) 

\ 
\ 
\ 

10-1 10° 

ENERCY ("v. 01) 

FIG. 2. Low energy region of the SiF.+ cross section from reaction of Ar+ 
with SiF4 , process (Ia). The dash-dot line shows the threshold fit of the 
Ar+('P3/2) feature using Eq. (6) with Er =0.06, ED =0.43, p=O, 
n = 0.57, and 0"0 = 39.2. The exothermic feature due to reaction of 
Ar+ ('P, /2) is represented by the dashed line, 0" = 1.25 E - 1.3 with dissocia­
tion at ED = 0.2 eVincluded as in Eq. (7). The solid line shows the sum of 
these two fits. 
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0.13 ± 0.02 e V. Reliable analysis of the endothermic feature 
requires the use of Eq. (6), since dissociation of SiF 4+ to 
SiF3+ + F can begin less than 1 eV above the threshold (Ta­
ble II). Here, we take ED to be the threshold energy deter­
mined for the SiF3+ cross section as discussed below, 
E T (SiF3+ ) = 0.43 ± 0.04 eV. Optimization of parameters 
n, {To, and p result in excellent fits in the energy range 0.4 to 
1.5 eV when p = 0, n = 0.4 to 0.7, {To = 38 to 40, and 
ET = 0.03 to 0.09 eV. These upper and lower limits on ET 
are in good agreement with the expected value. From 0.02 to 
1.5 eV, the SiF4+ cross section is modeled by the sum of the 
endothermic model and the exothermic model of Eq. (7), 
1.25 E - 1.3 ± 0.2 with p = 0 and ED = 0.2. This value for ED 
is in reasonable agreement with the expected threshold for 
dissociation of SiFt ,0.43 - 0.178 = 0.25 eV. Beyond -8 
eV, the SiFt cross section becomes constant with a magni­
tude of 3 A2, as shown in Fig. 1. This implies that in this 
energy range the SiFt is most likely produced through long­
range electron transfer from Ar+ that leaves very little inter­
nal energy in the SiF 4+ . 

The SiF 3+ cross section, process (1 b), is slightly endo­
thermic and reaches a maximum value of 3 A 2 at - 2 e V. A 
threshold analysis of three data sets from 0.1 to 2 eV using 
Eq. (5) results in an excellent fit to the data, shown in Fig. 3, 
where ET = 0.43 ± 0.04 eV, n = 0.85 ± 0.02, and 
{To = 43.2. Although this value of ET is lower than the value 
in Table II by 0.17 e V, the discrepancy lies within the 0.2 e V 
uncertainty. At higher energies, the SiF 3+ cross section is 
nearly constant. The changes in shape (Fig. 1) are believed 
to be experimental artifacts, since these features are not re­
producible and are dependent upon experimental conditions 

no , 
+ Ar + SiF4 -+ 

+ SiF3 + F + Ar 

I 
~0"~L-------------------------~ 

~o 2.0 

ENERCY (aV. C/O 

FIG. 3. Threshold region ofSiF3+ production from Ar+, process (lb). The 
dashed line shows the threshold fit calculated by using Eq. (5) with 
ET = 0.43 eV, n = 0.86, and U o = 43.2. This derived threshold energy for 
the Ar+ e P312) state is shown by the upward arrow, and the literature value 
with error bar is shown by the downward arrow. The discontinuity in the 
dashed line is due to inclusion of both the 2P3/2 and 2PI/2 states of reactant 
Ar+. The solid line shows the threshold model convoluted over the ion 
beam and neutral energy distributions. 
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FIG. 4. Threshold regions of the SiFt (circles) and SiF+ (diamonds) 
cross sections from reaction of Ar+ + SiF4 , processes (lc) and (ld). The 
arrows indicate the literature thresholds forloss ofF atoms: 7.3 and 10.8 e V, 
respectively. 

as discussed above in the experimental section. 
Reaction channels (lc) and (ld) are both highly endo­

thermic processes. For SiF/ production, process (lc), Fig. 
4 indicates an apparent threshold at - 8 e V. This is roughly 
consistent with the expected threshold for formation of 
SiF2+ + 2F, 7.29 ± 0.09 eV (Table II). As can be seen from 
Fig. 1, the SiF/ cross section reaches a maximum value of 
2.3 A2 at -25 eV, and then falls off with energy as E -0.9. 

The threshold region for the final product ion observed, 
SiF+ from process (ld), is also shown in Fig. 4 and has an 
apparent threshold at -11 eV. This is near the expected 
threshold of 10.77 ± 0.10 eV for production ofSiF+ + 3F 
(Table II). 

Ne++SiF4 

In the reaction of Ne+ with SiF4, processes (lb) 
through (1 e) are observed, and the resulting cross sections 
are shown in Fig. 5. As in the Ar system, the rare gas fluoride 
ion, NeF+, is not observed. At 0.05 eV, the LGS cross sec­
tion calculated with a(SiF4) = 3.3 A3 is toward the upper 
edge of the error limits in the observed total cross section. 
Beyond 5 eV, the reactivity is approximately constant, and 
reaction occurs in about one of every three to four hard­
sphere collisions. Comparison of the relative cross section 
magnitudes shows that the exothermic process, SiF 3+ forma­
tion, dominates until 8 eV. At higher energies, the SiF3+ , 
SiF/ , and SiF+ cross sections are aproximately equal in 
magnitude, although SiF+ predominates slightly. The rising 
Si + cross section becomes comparable to these other chan­
nels at the highest energies. 

Formation ofSiF4+, process (la), was observed with a 
cross section function virtually identical in shape to that 
from the Ar+ reaction (la) above. However, the absolute 
magnitUde was much smaller and varied widely from data 
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FlO. 5. Variation of product cross sections with translational energy in the 
laboratory frame of r~ference (upper scale) and the center-of-mass frame 
(lower scale) for reaction ofNe+ with SiF4 , processes (Ib) through (Ie). 
The solid line shows the total reaction cross section. The dashed line shows 
the collision cross section • .Biven by the maximum of either the hard-sphere 
or LOS [a(SiF4 ) = 3.32 A3] cross sections. Eqs. (2) and (3). 

set to data set. No correlation was found between the magni­
tude of this product ~d any experimental parameters, in­
cluding reactant pressure, octopole power, electron energy, 
quadrupole resolution, and detection and focusing condi­
tions. We believe that the explanation for this behavior is 
contamination by an impurity ion ofmle = 20 in the 2°Ne+ 
beam. Such an impurity has been previously observed,39 and 
although not positively identified it is believed to be 40 Ar+ + . 
Another possible explanation, however, is that the SiF / 
product channel is severely affected by the ion collection 
difficulties discussed in the experimental section above. In 
each data set, the observed CT( SiF / ) magnitude above 3 e V 
is virtually constant with energy and does not exceed 0.2 A 2. 
Under the most controlled and reliable conditions, the mag­
nitude above 3 e V was lower than the detection limit in this 
study, 0.01 A 2, and at 0.1 eV the magnitude was less than 0.1 
A2. In either case, the observed SiF4+ cross section is much 
smaller than those of processes (1 b) through (1 e). We be­
lieve the observation of this product is an experimental arti­
fact, and thus it is not included in Fig. 5 nor considered 
further here. 

The cross section for the SiF/ product shows exother­
mic behavior as expected from the thermochemistry in Table 
II. Closer examination of the cross section at low energies in 
Fig. 6 shows rather atypical behavior for exothermic ion­
molecule reactions. 27.38 Initially, CT(SiF3+) declines with in­
creasing energy as E - 0.80 ± 0.07 from 0.02 to 0.4 eV, and then 
the cross section decreases much more slowly at higher ener­
gies. The low energy behavior, which decreases slightly fas­
ter than predicted by LGS in Eq. (2), E - 0.5 , is clearly due to 
exothermic production of ground state SiF3+ (Table II). 

+ 
He + SiF .. 

1 s , 
ENERGY (aV, CIO 

FlO. 6. The low energy region for the reaction ofNe+ with SiF4 • The open 
squares show U tot ' equivalent to the sum of u(SiF/ ) and u(SiFt ), while 
solid squares show u(SiF/) alone. The dashed line shows the collision 
cross section, given by the maximum of either the hard-sphere or LOS 
[a(SiF4 ) = 3.32)'3] cross sections, Eqs. (2) and (3). Otherlinesshowthe 
calculated cross sections for the postulated deconvolution of the cross sec­
tion into ground and excited state processes. The line labeled SiFt shows 
the model for production of ground state SiFt, u = 8.74E-o .•. The effect 
of dissociation into SiFt + F is accounted for by Eq. (7), withp = 0 and 
ED = 1.57 eV. The cross section attributed to excited state SiFt· produc­
tion is shown by the appropriately labeled line, and is modeled using Eqs. 
(5) and (6) with Er = 0.5 eV, n = 0.86, U o = 10.6, ED = 2.75 eV. and 
p = O. The arrow denotes the derived threshold energy. Both calculations 
are convoluted over the experimental energy distributions, and are summed 
to give the line running through the data points for u( SiF 3+ ). The calcula­
tion of eaclJ model without inclusion of the dissociation process is shown by 
the dotted· lines, and the dotted line running through the open squares de­
picts their sum. 

One explanation for the change in behavior at -0.4 eV is 
that CT(SiF3+) is mimicking the behavior of the collision 
cross section for charge transfer reactions. As discussed 
above, CTeol is initially represented by the LGS model, but 
then most likely levels off to the hard-sphere limit. This 
change occurs near the energy at which CT(SiF3+ ) also levels 
off, which implies an approximately constant reaction effi­
ciency. An alternative explaQ.ation for this behavior is that 
the cross section is really the sum of two independent pro­
cesses: an exothermic one (which continues to decline as 
E - 0.8 until dissociation becomes important) and an endo­
thermic process (which has an apparent threshold of -0.4 
eV). This latter feature could be due to production of an 
excited state ofSiF3+. 

SiFt production, process (1c), is clearly endothermic 
with an apparent threshold of -1 eV. This is strong evidence 
that formation of molecular fluorine is not a significant pro­
cess, since SiFt + F2 is an exothermic channel (Table II). 
Analysis of the threshold region of the cross section, from 
0.2 to 3.3 eV, with Eq. (5) results in ET = 0.8 ± 0.1 eVand 
n = 3.2 ± 0.1. This is an exceedingly large value of n com­
pared to others obtained in this study, 0.4 to 1.3, and in 
previous studies. IO,27,33,39 This value of E T is 0.7 e V lower 
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than the expected threshold for SiFt + 2F production, 
1.48 ± 0.09 eV. This discrepancy could be due to reaction of 
the impurity in the Ne + beam discussed above; however, the 
probable cause of this anomalously low threshold is due to 
the inadequacies of Eq. (5) in dealing with two overlapping 
channels for SiFt production. As detailed below for the two 
features observed in the SiF 3+ cross section, SiF 3+ and 
SiF/· dissociate to SiF2+ at different energies. Thus, the 
SiF2+ cross section produced from both SiF3+ and SiF3+· 
can be modeled by subtracting the endothermic and exother­
mic models calculated with dissociation included from those 
calculated without dissociation included. This procedure 
yields a cross section for SiF 2+ formed from SiF 3+ • that has a 
threshold at -2.5 eV and mimics the overall SiFt cross 
section behavior and magnitude from 2.5 to 3.5 eV. On the 
other hand, the resultant cross section for SiFt formed from 
ground state SiF 3+ has a threshold near the thermodynamic 
limit and a much smaller magnitude. These two cross sec­
tions each rise rapidly from threshold (consistent with lower 
values of n), yet the sum rises slowly and with much curva­
ture, which is consistent with the overall SiF2+ cross section 
observed. 

Processes (Id) and (le) are highly endothermic. The 
reaction cross section for the SiF+ product, shown in Fig. 7, 
has an apparent threshold of - 5 e V. This is consistent with 
the expected threshold of 4.97 ± 0.10 eV (Table II) for 
SiF+ + 3F formation. The Si + product channel (Ie) shows 
an apparent threshold at - 16 e V in Fig. 7, which exceeds the 
expected threshold forSi+ + 4Fofl1.28 ± O.04eVbynear­
ly 5 eV. This is not surprising, since this process involves 
successive loss ofF atoms. In such processes, the probability 
is low that each F atom will depart with no momentum and 
leave all the interaction energy available for further dissocia­
tion. Thus, a kinetic shift is observed. 

+ Ne + SiF4 
• 

SiF2+ + 2F: • 
0.40 • • 

') • • • 
• SiF+ + 3F 

~ 0.30 • Ie:;, • • 
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FIG. 7. Threshold regions of the SiF2+ (circles), SiF+ (diamonds), and 
Si+ (triangles) cross sections from reaction ofNe+ + Si4 , processes (Ic), 
(ld), and (Ie). The arrows indicate the literature thresholds for loss ofF 
atoms: 1.5, 5.0, and 11.3 eV, respectively. 
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FIG. 8. Variation of product cross sections with translational energy in the 
laboratory frame of reference (upper scale) and the center-of-mass frame 
(lower scale) for reaction of He + with SiF4 , processes (I b) through (I e). 
The solid line shows the total reaction cross section. The dashed line shows 
the collision cross section, .Biven by the maximum of either the hard-sphere 
or LGS [a(SiF.) = 3.32 A3] cross sections, Eqs. (2) and (3). 

He++SIF4 

Shown in Fig. 8 are the observed cross sections for the 
reaction of He+ and SiF4 , processes (Ib) through (Ie). 
HeF+ is not observed in the energy range studied here. The 
overall reaction is extremely inefficient at low energies, but 
from 15 to 50 e V, He + reacts about one of every three hard­
sphere collisions. At most energies, SiF+ formation domi­
nates, and SiF3+ formation is the least efficient of these pro­
cesses. However, the cross section magnitudes of channels 
( 1 c) through ( 1 e) are within 60% of the SiF + magnitude at 
the highest energies . 

As in the Ne+ system, the cross section magnitude for 
SiF 4+ , process (1 a), varied widely between data files from 
< 10 - 2 to 10 - I, but here the shape of the cross section func­
tion also differed. Again, no correlation was found between 
the observed cross section and any specific parameters. Con­
tamination in the ion beam may be responsible for this be­
havior, as believed for the Ne+ reaction, but the identity of 
such an impurity is not apparent. Thus, the more likely ex­
planation is that the SiF/ product channel is subject to the 
difficulties associated with charge transfer processes dis­
cussed above. As is the case of the Ne+ results, under the 
most controlled and reliable conditions, the magnitude of 
the SiF 4+ cross section is lower than the detection limit in 
this study, 0.01 A2. Thus it is not included in Fig. 8 nor 
considered further here. 

Process ( 1 b), SiF: production, is exothermic by over 8 
eV (Table II). One feature in the SiF/ cross section shows 
endothermic behavior with a threshold at - 1 e V and is quite 
reproducible. Another feature is an exothermic channel that 
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FIG. 9. Threshold regions of the SiFt (circles), SiF+ (diamonds), and 
Si + (triangles) cross sections from reaction of He +, processes (I c ), (I d), 
and ( Ie). The arrows indicate the literature thresholds for SiF+ + 3F and 
Si+ + 4F: 1.9 and 8.3 eV, respectively. Literature thermochemistry indi­
cates that SiFt production is exothermic. 

falls off very steeply as E - 3.2 ± 0.6. This type of energy de­
pendence is unusual, and the magnitude of this feature var­
ied from <0.01 to 2 A.2 at 0.5 eV with no correlation to 
specific experimental parameters. Thus it is likely to be an 
experimental artifact, which we believe is due to nonreactive 
radial scattering of the reactant ions. These scattered He + 
ions can be accelerated by the potential on the octopole rods, 
and react upon further collision at anomalously high ener­
gies. Thus reaction can be erroneously observed at low inter­
action energies, which is consistent with the behavior ob­
served here. Only light reactant ions such as He +, at low 
energies are subject to strong radial scattering and this effect. 
At energies higher than - 1 e V and for heavier reactant ions, 
this effect is not in evidence. 

Although the SiF2+ channel, reaction (lc), is expected 
to be exothermic by 1.54 ± 0.09 eV (Table II), the SiFt 
cross section shows an apparent threshold of -2 eV. The 
final two reaction channels observed in the reaction of He + 

+ SiF4 are formation of SiP+ and Si + , processes (ld) and 
( 1 e ). The threshold regions of these reaction cross sections 
are shown in Fig. 9. Both are expected to be endothermic, 
but the apparent thresholds of 3 eV for SiF+ and 11 eV for 
Si+ are 1 and 3 eV higher, respectively, than expected for F 
atom formation (see Table II). 

DISCUSSION 

F2 versus 2 Floss 

Although loss ofF2 is energetically favored over loss of 
two F atoms, the latter is most likely the dominant, and 
possibly the exclusive, process occurring. Strong evidence 
for this is provided by the observed endothermic behavior 
for SiFt production from Ne +, since the SiF2+ + F2 chan-

nel is expected to be exothermic. Further experimental evi­
dence for preferred loss of 2 F lies in the fact that the SiF+ 
cross section from Ne + and the Si + and SiF+ cross sections 
from Ar+ have apparent thresholds that coincide with F 
atom production. Loss ofF atoms is expected to be kinetical­
ly favored, since it proceeds through a loose transition state 
and can more readily conserve angular momentum than for­
mation ofF2, which requires a tight transition state . 

General behavior and relative reactivity 

Similarities are found in the general behavior of the Ar, 
N e, and He systems. First production of the rare gas fluoride 
ion is not observed in any of the three systems. Second, the 
reaction cross sections do not decline rapidly at high ener­
gies, which implies that the SiF/ products contain little in­
ternal energy that would otherwise cause dissociation into 
the SiF x+- 1 species. The excess energy must instead be placed 
in translational modes of the Rg, F, or SiF/ products. This 
is consistent with charge transfer processes which occur 
with large impact parameters. 

The Ne and He results show additional similarities. At 
energies above 20 eV, the SiF+ product is dominant, and 
SiF 4+ is not observed. In the Ar system, on the other hand, 
SiF 4+ is a significant product, the SiP+ channel has the 
smallest cross section observed, and the Si + product is not 
seen at all. At high energies, the He and Ne results show the 
SiF3+, SiF2+, SiF+, and Si+ cross sections have approxi­
mately the same magnitude, all within a factor of - 4. Yet in 
the Ar system, SiP 3+ production is favored over any other 
process by factors ranging from 5 to 16. The explanation for 
this behavior is based on thermodynamic grounds. With Ar, 
charge transfer is a slightly endothermic process, so that 
very little excess energy is available for dissociation. Fur­
thermore, after successive loss ofF atoms, the probability is 
very low that enough excess energy will be present in SiF+ to 
produce Si +. With He and N e, on the other hand, the excess 
energy is such that virtually all the SiF / formed dissociates. 
Even after the loss of three F atoms, enough internal energy 
remains in SiF+ for dissociation into Si+. In all three sys­
tems, the first process that is significantly endothermic 
dominates the reactivity above several volts of collision ener­
gy. This process is SiF+ formation for He and Ne, and SiF3+ 
for Ar. 

The cross sections at low energies in the He + + SiF4 

system do not behave consistently with either the Ne or Ar 
results. Specifically, all processes (lb) through (Ie) fail to 
show significant cross sections until well above the thermo­
dynamic limits, thus indicating reaction barriers. Such be­
havior has also been observed in simpler systems involving 
He + and Ne + , such as reaction with molecular hydrogen.39 

The observed barriers in the Rg+ + H2 reaction channels 
are easily explained by examination of the potential energy 
surfaces, as originally introduced by Mahan.40 Here, only 
the [Ht + Rg] surface correlates with the ground state 
product surface, [RgH+ + H], while the reactant 
[Rg+ + H 2 ] surface correlates with production of an excit­
ed hydrogen atom, [RgH+ + H*]. Thus additional energy 
is needed to produce the excited state. 
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Construction of potential energy surfaces 

As in the He +, Ne + + H2 systems, insight into the dy­
namics and relative reactivities of the present systems can be 
obtained by constructing potential energy surfaces (PESs). 
The following treatment is far from quantitative, but is de­
signed to elucidate the important qualitative features in 
these reactions. Formation of SiF x+ products begins with 
charge transfer from Rg+ to form SiF 4+ . Thus the region of 
interest is the crossing from the [Rg+ + SiF4] surface to a 
[SiF / + Rg] surface. The SiF 3 + F + Rg + channel corre­
lates with SiF4 + Rg+ along an attractive, bonding surface 
that corresponds to a spin-paired interaction between SiF3 
and F. Likewise, SiF 3+ + F + Rg correlates with SiF / 
+ Rg along such an attractive surface. Also of interest here 
is the repulsive, antibonding [SiFt -F + Rg] surface that 
arises from the spin-aligned interaction ofSiF3+ and F. 

Treatment ofSiFrF(+) as a diatomic species simplifies 
the construction of these surfaces, and still illustrates the 
dominant behavior. The contour of each surface then is de­
pendent upon the equilibrium internuclear distance re and 
the well depth De for the approximated diatomic species 
SiF3-P+). MNDO calculations indicate that re (SiF4+ ) ex­
ceeds re (SiF4) by only 1.2%.41 The value 
re (SiF4) = 1.552 ± 0.002 A has been measured,23 and in­
creasing this value by 1.2% yields re(SiF4 ) = 1.57 A. The 
well depth De is the sum of the dissociation energy, deter­
mined from the thermochemistry in Table I, and the zero­
point energy. Value used for De are 6.46 eV for SiF4 and 0.55 
eV for SiF4+' For each Rg system, the minimum of the 
[Rg+ + SiF4] surface is offset from that of the 
[SiF 4+ + Rg] surface by the difference between IP (Rg) 
and IP(SiF4), which is given in Table II as the threshold for 
process (la). The attractive, bonding SiF3-F(+) surfaces are 
calculated using a Morse potential42 with 
(Ue(SiF3-F) = 1400 cm- I,43 and (Ue(SiFi-F) = 900 
cm-I.44 For the SiF3+ -F + Rg channel, this Morse poten­
tial is nearly identical to a calculated bonding surface for 
H2+ 45 when scaled to the proper re and De ofSiF3+ -F (1.57 
A and 0.55 eV). This is not surprising since the SiF3+-F 
bond involves only one electron, as in H/ . Thus, a reasona­
ble approximation to the [SiF 3+ -F + Rg] repulsive, anti­
bonding surface is provided by an identical scaling of the 
H/ antibonding surface.45 

Analysis of potential energy surfaces 

An explanation for the observed reactivity is provided 
by the resulting potential surfaces. These are shown in Figs. 
10, 11, and 12 for infinitely separated reactants in the Ar, Ne, 
and He systems, respectively. Notice that the vertical scales 
ofthese diagrams differ appreciably, a result of the very dif­
ferent rare gas ionization potentials. In each case, the reac­
tion coordinate lies in the bottom of the Rg + + SiF4 well 
and is orthogonal to the plane of the diagram. Reaction re­
quires that the reactants move from this SiF4 well to the 
seam connecting the [Rg+ + SiF4 ] and [SiF4+ + Rg] sur­
faces. For the Ar system in Fig. 10, the PESs shows extensive 
overlap between the these surfaces, such that the surface 
crossing seam is near the equilibrium geometry of the SiF4 
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FIG. 10. Qualitative potential energy surfaces for the [Ar + SiF4 ] + sys­
tem. The dashed line represents the interaction of F,Si-F, while the solid 
lines represent the interactions ofF,Si + -F. The energy zero is shown as the 
zero point energy of bound SiF4 and corresponds to the energy of the Ar+ 
+ SiF4 reactants. The energy separation between the zero point energies of 

SiF4 and SiF.+ is the reaction endothermicity for process (la) from Table 
II, 0.05 eV. 

reactant well. Electron transfer to form SiF4+ is therefore a 
near-resonant process, so that the reaction is highly efficient 
and proceeds without barrier. For the Ne system, Fig. II, the 
[Ne+ + SiF4 ] surface crosses the higly repulsive regions of 
the bound and unbound [SiF3+ -F + Ne] surfaces. This ex-
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FIG. 11. Qualitative potential energy surfaces for the INe + SiF4 ] + sys­
tem. The dashed line represents the interaction ofF,Si-F, and the solid lines 
represent the interactions of F3Si + -F. The energy zero is shown as the zero 
point energy of bound SiF. and corrresponds to the energy of the Ne+ 
+ SiF4 reactants. The energy separation between the zero point energies of 

SiF4 and ground state SiF/ is the reaction exothermicity for process (la) 
from Table II, 5.8 eV. The dotted lines represent the interactions of excited 
state F3Si+*-F. The energy separation between the solid and dotted lines is 
the excited state energy of 5. 7 e V. 

J. Chern. Phys., Vol. 90, No.4, 15 February 1989 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.216.129.208 On: Fri, 12 Dec 2014 03:59:25



2222 M. E. Weber and P. B. Armentrout: Reactions of Ar+, Ne+, and He+ with SiF4 

-10.0 

0.0 

+ SiF3 + F + He 

INTERll£LEM OISTNCE (..i) 

6.0 

FIG. 12. Qualitative potential energy surfaces for the [He + SiF4 ) + sys­
tem. The dashed line represents the interaction of F3Si-F, while the solid 
lines represent the interactions ofF3Si + -F. The energy zero is shown as the 
zero point energy of bound SiF4 and corresponds to the energy of the He+ 
+ SiF4 reactants. The energy separation between the zero point energies of 

SiF4 and SiF/ is the reaction exothermicity for process (la) from Table II. 
8.8eV. 

plains why no SiF/ is observed. Furthermore, since no bar­
rier is observed in the SiF3+ product channel, the point at 
which the system crosses from the [Rg + + SiF4 ] surface to 
the [SiF 4+ + Rg] surface must lie below the energy of the 
reactants. Either the crossing actually occurs closer to the 
SiF4 equilibrium bond distance than is shown in Fig. 11 or 
the ion-induced dipole attraction overcomes the small bar­
rier (-1 eV) in this figure. More quantitative calculations 
could answer this more definitively. Finally, for the helium 
system, Fig. 12 shows that the reactant surface again crosses 
the highly repulsive parts of the [SiF 3+ + F + He] and 
[SiF 4+ + He] surfaces. This is again consistent with no 
SiF/ being formed. Unlike the Ne system, however, the 
asymptotic energy of this surface crossing is -2 eV. This is 
consistent with the observation that little if any reaction is 
observed until greater than about 1 eV of kinetic energy. 
Now the ion-induced dipole attraction is insufficient to over­
come this barrier. 

SiFt excited state 

As discussed above, the SiF 3+ cross section produced 
from Ne+ undergoes a change in behavior near 0.4 eV. One 
explanation for this is production of an SiF3+ * excited state 
that becomes energetically accessible at the translational 
threshold energy. Combining the exothermicity of process 
(lb) from Table 11,5.21 eV, with the approximate threshold 
for this process, ET = 0.4 eV, implies that this excited state 
lies at - 5.6 eV. Support for this interpretation of the SiF3+ 
data is given by an earlier prediction of an SiF 3+ excited state 
that, in analogy with BF3 , lies between 5 and 6 eV above the 
IAI ground state.46 Also the Ar+ results do not show this 
type of cross section behavior, as might be expected ifit were 

due solely to the behavior of 0' col' Further support is given by 
the PESs, since the excited state [SiF3+ *-F + Rg] surfaces 
would lie in a near resonance with the reactant [He + 
+ SiF4] surface, as in the Ar system. Thus, the crossings 

between such surfaces would be efficient, consistent with the 
observance of a signifcant excited state feature in 0'( SiF / ). 

To model the energy dependence of the endothermic 
excited state feature in 0'( SiF / ), the exothermic feature, 
8.74E -0.8, is subtracted from the sum of O'(SiF3+) and its 
dissociation product, O'(SiFt ). Analysis of the remaining 
cross section yields the optimized parameters in Eq. (5) of 
n = 0.86 ± 0.05, ET = 0.5 ± 0.1 eV, and 0'0 = 10.6. This 
value for ET yields an excited state energy of 5.7 ± 0.1 eV. 
These optimized parameters are then used to model 
0'( SiF 3+ ) alone by incorporating dissociation in both the en­
dothermic and exothermic features, Eqs. (6) and (7). Ex­
cellent fits to 0'( SiF 3+ ) are obtained when ED is 1.5 to 1.7 e V 
for the exothermic feature and 2.6 to 2.8 e V for the endother­
mic SiF3+ * feature. The dissociative onset for SiF3+ coin­
cides with the expected value of 1.48 ± 0.09 eV (Table II) 
for dissociation into SiF2+ , but ED for SiF3+ * is -1.2 eV 
higher than this thermodynamic limit. This would imply 
that dissociation of SiF3+ * produces an excited state of 
SiF2+, or that the additional energy goes into translational 
modes of either ground state SiF2+ or the dissociated F atom. 
Figure 6 compares the data to the final models for produc­
tion of both ground state and excited state SiF3+ , with and 
without dissociative fall off. 

Assuming that the proposed SiF 3+ * excited state is actu­
ally formed in the Ne+ reaction, the implications of its pres­
ence on the observed reactivity can be discussed in terms of 
the PESs. Qualitative SiF / *-F surfaces are estimated as the 
ground state surfaces shifted by 5.7 e V, shown in Fig. 11. 
This clearly exhibits the near-resonant nature of the [Ne+ 
+ SiF4] and [SiF3+ *-F + Ne] surfaces mentioned above. 

Since little if any SiF/ is observed in the Ne system, any 
SiF / * formed must have sufficient energy that it rapidly 
dissociates either to SiF 3+ * + F or to ground state SiF 3+ 
+ F via a crossing with the ground state [SiF3+ + F + Ne] 

surface. In the Ar+ results, no SiF3+ * excited state features 
are observed. In this system, SiF 3+ * production would be 
highly unfavorable since a ;;;. 5.7 eV barrier would exist to 
crossing between the [Ar+ + SiF4 ] and 
[SiF / * + F + Ar] surfaces. For the He system, no defini­
tive interpretation of the effect of the excited state surfaces 
on the observed reactivity is readily made due to the uncer­
tainties involved. However, the observed exothermic feature 
in O'(SiF/) could be explained as production of SiF3+ *, 
since our qualitative surfaces indicate that the unbound 
[SiF3+ * + F + He] surface would cross near the 
[He+ + SiF4 ] potential minimum. 

Thermochemistry 

The energy dependence in the reaction cross sections 
from the Ar and Ne systems is, in general, consistent with 
the literature thermochemistry and that derived in our pre­
vious work. 17 Production ofSiF4+ from Ar+ (2P3/2) shows a 
threshold between 0.03 and 0.09 eV, which is in good agree-
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ment with the literature value of 0.05 ± 0.02 eV. Likewise 
the threshold for production of SiF3+ from Ar+ ep3/2) is 
determined to be 0.43 ± 0.04 eV. This lies within the uncer­
tainty of the literature value, 0.6 ± 0.2 eV, but is much more 
precise. This threshold yields aH J.298 (SiF 3+ ) 
= - 30.1 ± 0.9 kcallmol, as compared to the previously 

measured values of - 30 ± 7,47 - 22 ± 5,48 and 
- 26.7 ± 4.5 kcallmol. 17 Although production of SiFt 

and SiF+ from Ar+, and SiF+ and Si+ from Ne+ are pro­
cesses which might be subject to kinetic shifts, only the latter 
process has an apparent threshold significantly greater than 
the thermodynamic limit. The other processes show thresh­
olds within 1 e V of the expected value. In the He + system, 
however, all thresholds are well in excess of their thermody­
namic values, a result which is explained by the PES consid­
erations. 

Relation to plasma systems 

To predict the optimum physical parameters of a phis­
rna system, it is first necessary to understand the interactions 
at the substrate and ascertain the primary chemical species 
responsible for the desired deposition or etching process. 
Then the gas-phase chemistry can be tailored by modifying 
the starting materials and bias of the substrate to obtain the 
maximum concentration of reactive species. For instance, if 
SiF3+ (or products ofSiF3+ reactions) were found to be par­
ticularly significant in the surface reactions which lead to 
etching of silicon layers, then the present results suggest that 
the use of Ar over Ne or He in the starting material would 
result in higher etch rates. Likewise, knowledge of the gas­
phase reaction product distributions can rationalize experi­
mental parameters which have been empirically determined. 
For instance, the use of Ar+, along with XeF2, results in a 
-25% increase over Ne+ and a fourfold increase over He+ 
in the etch yields of Si layers. 8 SiF4 is a primary etching 
product in these systems and will be present in significant 
amounts. Therefore, a hypothesis consistent with these re­
sults and the present work is that the larger SiF x+ species, or 
the neutral products of their reactions, can better assist the 
etching process than such species as Si + and SiF + . 

SUMMARY 

Guided ion beam mass spectrometry has been used to 
study the reactions of Ar+, Ne+, and He+ with SiF4 from 
thermal energy to 50 eV c.m. Charge transfer followed by 
losses of atomic fluorine are the sole processes observed in 
each case. In the Ar system, processes ( 1 a) through ( 1 d) are 
observed, while in the He and Ne systems processes (lb) 
through (Ie) are observed. The dominant process beyond 
several e V in each system is production of the first SiF x+ 
product which is significantly endothermic: SiF3+ for Ar+, 
and SiF+ for both Ne+ and He+. Therefore, product qistri­
butions of charge transfer processes involving the rare gas 
ions are significantly affected by the identity and ionization 
potential of the rare gas. At high energies, the cross sections 
decline slowly, which implies that only a small fraction of 
excess energy is left in internal modes. 

In the Ar+ and Ne+ systems, the observed energetics 

are consistent with that expected from the literature. Both 
the exothermic reaction of Ar+ eP1!2) and endothermic re­
action of Ar+eP3/2) to produce SiF4+ are observed. From 
the SiF 3+ cross section produced from Ar+, the value 
aHJ.298 = - 30.1 ± 0.9 kcallmol is derived which agrees 
with the literature value, but has much lower uncertainty. In 
addition, there is some evidence that an excited state ofSiF 3+ 
is produced in the reaction with Ne +. The data can be inter­
preted to indicate that such a state lies 5.7 eV above the 
ground state. For the He+ reactions, all product channels 
observed show reaction barriers. 

The reactivity and product distributions in the three sys­
tems can be explained using potential energy surfaces and 
reaction thermochemistry. Since formation of SiFx+ prod­
ucts begins with charge transfer from Rg+ to form SiF/, 
then the significant region on the potential surfaces is the 
crossing from the [ Rg + + SiF4 ] surface to the 
[SiF 3+ -F + Rg] surfaces. The ionization potentials of Ar 
and SiF4 are nearly equal, so that there is strong overlap 
between these surfaces. This explains why Ar+ is highly re­
active with SiF4 and why no barrier is observed for reaction 
in this system. On the other hand, the ionization potential of 
He is nearly 9 e V greater than that ofSiF 4' Thus, the crossing 
occurs at a small internuclear distance along the repulsive 
part of the [He++ SiF4 ] surface such that a barrier to reac­
tion is observed. No SiF / formation is observed, which is 
consistent with the fact that the crossing occurs in the repul­
sive region of the [SiF3+ -F + He] surfaces. The ionization 
potential ofNe lies intermediate between Ar and He and is 6 
eV higher than that of SiF4 , Since no barrier to reaction is 
observed, the surface crossing of interest probably occurs 
near the minimum of the [Ne+ + SiF4 ] bonding surface. 
However, the crossing occurs on the repulsive part of the 
[SiF3+ -F + Ne] surface, as in the He system, so that no 
SiF4+ is produced from Ne+ either. Finally, the plausibility 
that excited state SiF3+ * is formed in the Ne system is rein­
forced by the PESs which show that the [SiF)+ *-F + Ne] 
surface would be nearly resonant with the [Ne+ + SiF4 ] 

surface. 
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