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Guided ion-beam techniques are used to measure the cross sections for reaction of SiF4 with 
A r+, Ne+, and He+ from thermal to 50 eV. Charge transfer followed by loss of F  atoms are 
the sole processes observed. All SiFx+ (*  =  0 -4 ) products are observed, except for SiF4+ from 
reaction with Ne+ and He+, and Si+ from reaction with A r+ . 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 of SiF3+ at 5.7 eV. In the A r+ and Ne+ 
reactions, the observed energetics are consistent with literature thermochemistry, but with 
He+, reaction barriers are observed. A value of A ( S i F 3+ ) =  — 30.1 ±  0.9 kcal/mol 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 composition1-3 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 diluents were initially believed to be inert, 
the amount and identity of the diluent has been found to 
significantly affect silane4 and disilane5 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/  
ion density caused by reactions involving excited states of 
the rare gas 4 In the case of etching, energetic (1 keV) 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 (A r+, 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
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A r+, 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 A r+ 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 SiH„+ (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 eV) ,11 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, A r)13 and 1­
25 keV (Rg =  He, N e).14

Many plasma systems involve SiF4 as either starting ma­
terial1516 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 of Si+ with SiF4.17 Also, the thermo­
chemistry of the resulting SiF* 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
ma systems.

R e a c tio n  th e rm o ch e m is try

For the reaction of rare gas ions with tetrafluorosilane, 
there are five energetically accessible SiF*'1' 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 of formation at 298 K (kcal/mol ).a

Species a / /£ 298 Species W f .z n

Si+ 297.1 ± 1 .0 b F 18.97 ±0.07c
SiF+ 170.4 ± 2 .2 b F + 422.28 ±  0.07c
SiF2+ 109 ±  2b He+ 568.48c
SiF,’ -2 6 .2  ± 4 .7b Ne+ (2P3/2) 498.98c

-3 0 .1  ±  0.9a Ne+ (2/>l/2) 501.22c
SiF4+ -  19.94 ±  0.50* A r+ (2P3/2) 364.9T
SiF - 5  ± 3 b Ar +(2P U2) 369.00°
SiF2 -1 4 1  ± 2 b
SiF3 -  258 ±  3b
SiF„ -3 8 6 .0  ± 0 .2 b

“Ion heats of formation 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 kcal/mol at 298 K. 

bRecommended values from Ref. 17.
‘Reference 18. 
dThis work.
'Calculated using IP(SiF4) =  15.81 ±  0.02 (P. J. Bassett and D. R. Lloyd, 
J. Chem. Soc. A 1971, 641).

-► S iF 3+ +  F  +  R g  ( l b )

- S i F 2+ +  [ F  +  F ]  +  R g  ( l c )

-> S iF  +  [ F  +  F ]  +  F  +  R g  ( I d )

- S i + +  [ F  +  F ]  +  [ F  +  F ] + R g .  ( l e )

In  p rocesses ( l c )  th ro u g h  ( l e ) ,  f lu o rin e  c a n  co n ce ivab ly  be  
lib e ra te d  a s  e ith e r  m o le c u la r  flu o rin e  o r  se p a ra te d  a to m s. 
T h is  p oss ib ility  is in d ic a te d  b y  b ra c k e ts . E x p e c te d  re a c tio n  
e n th a lp ie s  a re  d e te rm in e d  u s in g  th e  re co m m en d ed  S i F /  
th e rm o c h e m is try  g iven  in  o u r  re c e n t s tu d y  o f  th e  re a c tio n  o f  
S i+ w ith  S iF 4, 17 a lo n g  w ith  A H % 9S( R g + ) v a lu es ta k e n  
fro m  th e  J A N A F  tab le s . 18 T h ese  h e a ts  o f  fo rm a tio n  a re  ta b ­
u la te d  in  T ab le  I. T a b le  I I  g ives th e  re su ltin g  re a c tio n  e n th a l­
p ies  fo r  p rocesses  (1 )  fo r  th e  A r , N e , a n d  H e  ra r e  gases.

Collision cross sections
T h e  co llis ion  c ro ss  sec tio n  a col fo r io n -m o le c u le  re a c ­

tio n s  a t  low  energ ies  is p re d ic te d  b y  th e  L a n g e v in -G io u m o u - 
s is -S tev en so n  (L G S )  m o d e l , 19

a Las =  i r e ( 2 a / E ) U2, (2 )

w h e re  E  is th e  in te ra c tio n  o r  cen te r-o f-m ass  ( c .m .) e n e rg y  o f  
th e  re a c ta n ts , e is th e  e le c tro n ic  ch a rg e , a n d  a  is th e  p o la r iz a ­
b ility  o f  th e  ta rg e t m o lecu le  S iF 4. T h e  v a lu e  fo r a ( S i F 4 ) is 
n o t w ell e stab lish ed , b u t i t  h a s  b een  m e a su re d  a s  3 .32 A 3,20 

a n d  c a n  b e  c a lc u la te d  a s  4 .3  ±  0 .4  A 3 u s in g  th e  e m p iric a l 
m e th o d  o f  M ille r  a n d  S av ch ik .2 1 ’22

A t h ig h  energ ies, <7col fo r  c h a rg e - tra n s fe r  re a c tio n s  m a y  
be  b e s t re p re se n te d  b y  th e  h a rd -sp h e re  lim it, g iven  by

trHS = ttR 2, (3 )

w ith  R  ro u g h ly  e s tm a te d  b y  re ( R g - F + ) +  re ( F 3S i- F ) .  F o r  
F 3S i-F , re h a s  been  m e a su re d  a s  1.552 A .23 T h e  r e fo r N e F + 
h a s  b een  c a lc u la te d  a s  1.46524 a n d  1.65 A , 25 to  y ie ld  a n  a v e r­
ag e  v a lu e  o f  1.56 A . In  th e  la t te r  s tu d y , re ( H e F + ) =  1.33 A  
w as a lso  c a lc u la te d .25 A n  e s tim a te  fo r  re ( A r F + ) =  2 .0  A  is 
o b ta in e d  b y  c o m p a r in g  re ( N e F + ) =  1.56 A  to  th e  ra t io  o f  
re ( A r H + ) a n d  /■e ( N e H + ) . 26 A n  a n a lo g o u s  e s tim a te  fo r 
re ( H e F + ) y ie lds 1 . 2  A  w h ich  is in  g o o d  a g re e m e n t w ith  th e  
c a lc u la te d  value . T h u s  th e  v a lu es  u sed  fo r  R  fo r th e  A r , N e , 
a n d  H e  sy s tem s a re  3 .6 , 3 .1 , a n d  2 .8  A , respec tive ly , w h ich  
re s u lt in  crHS ( A r + - S iF 4) =  40 .7  A 2, <rHS ( N e + - S iF 4) 
=  30.2 A 2, a n d  crHS =  ( H e + -S iF 4) =  24 .6  A 2. In  th is  

work,<7col is ta k e n  to  b e  th e  m a x im u m  o f  <rLGS a n d  <7HS. A s ­
su m in g  th e  v a lu e  o f  3 .32 A 3 fo r a  (S iF 4), a HS =  crLGS o c c u rs  
a t  0 .57  eV  fo r A r + , a t  1.0 eV  f o r N e + ,a n d a t  1.6 eV  fo r H e + .

EXPERIMENT 
General

T h e  io n  b eam  a p p a ra tu s  a n d  e x p e rim en ta l te c h n iq u e s  
u sed  in  th is  w o rk  a re  d e sc rib ed  in  d e ta il e lsew h ere .27 T h e  
ra re  gas io n s a re  p ro d u c e d  a s  d esc rib ed  below . T h e  4H e + , 
20N e + , a n d  40A r +  io n s a re  e ach  m ass  an a ly z e d  a n d  d ece le r­
a te d  to  th e  d es ired  tra n s la tio n a l energy . T h e  io n  b e a m  is 
in jec ted  in to  a n  r f  o c to p o le  io n  b e a m  g u id e ,28 w h ic h  p asses 
th ro u g h  th e  re a c tio n  cell c o n ta in in g  th e  S iF 4 re a c ta n t gas. 
T h e  o c to p o le  b e a m  g u id e  u tilizes  r f  e le c tric  fields to  c re a te  a  
p o te n tia l w ell w h ich  tr a p s  io n s in  th e  ra d ia l d ire c tio n  w ith ­
o u t affec ting  th e i r  ax ia l energy . T h e  p re ssu re  o f  S iF 4 is m a in ­
ta in e d  suffic ien tly  low , 0 .02  to  0 .2  m T o rr , so  th a t  m u ltip le  
io n -m o le c u le  co llis ions a re  im p ro b ab le . T h e  u n re a c te d  ra re  
g as a n d  p ro d u c t io n s d r if t  o u t o f  th e  g as c h a m b e r  to  th e  en d  
o f  th e  o c to p o le , w h e re  th e y  a re  e x tra c te d  a n d  an a ly z e d  in  a  
q u a d ru p o le  m ass filter. F in a lly , io n s a re  d e te c te d  b y  a  sec-

TABLEII. Reaction thermochemistry at 298 K (eV).“

Process Products Rg =  Ar Rg =  Ne Rg =  He Uncertainty

(la) SiF+ +  Rg +  0.05 -5 .7 6 -8 .7 8 ±0.02

(lb) SiF3+ +  F +  Rg +  0.60 -5 .2 1 -8 .2 3 ± 0 .2

(lc) SiF2+ +  2F +  Rg +  7.29 +  1.48 -  1.54 ±0.09

(lc) SiF2+ +  F2 +  Rg +  5.64 -0 .1 7 -3 .1 9 ±0.09

(Id) SiF+ +  3F +  Rg +  10.77 +  4.97 +  1.94 ±0.10
(Id) SiF+ +  F2 +  F  +  Rg +  9.12 +  3.32 +  0.29 ±0.10

(le) Si+ +  4F +  Rg +  17.09 +  11.28 +  8.26 ±0.04

(le) Si+ +  2F2 +  Rg +  13.80 +  7.99 +  4.97 ±0.04

* For the J  =  3/2 ground state of the Rg+ ions.
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o n d a ry  e le c tro n  sc in ti lla tio n  io n  c o u n te r  u s in g  s ta n d a rd  
p u lse  c o u n tin g  te ch n iq u es . R a w  io n  in ten s itie s  a re  c o n v e rte d  
to  ab so lu te  re a c tio n  c ro ss  sec tio n s  a s  d e sc rib ed  p rev io u s ly .27

Ion source
T h e  ra r e  g as  io n s a re  p ro d u c e d  b y  e le c tro n  im p a c t o f  

h e liu m , n eo n , o r  a rg o n  gas, w h ic h  h av e  io n iz a tio n  p o te n tia ls  
( I P )  o f  24 .580 , 21 .559 , a n d  15.755 eV , re sp ec tiv e ly . 29 T h e  
firs t ex c ited  e le c tro n ic  s ta te s  o f  th e  io n  a re  65 .4  eV  fo r  h e li­
u m , 48 .5  eV  fo r  n eo n , a n d  29.3  eV  fo r  a rg o n  ab o v e  th e  n e u ­
tr a l  g ro u n d  s ta te .29 T h u s , to  p re v e n t fo rm a tio n  o f  io n ic  ex c it­
ed  s ta te s , th e  n o m in a l e le c tro n  en e rg ie s  u sed  a re  6 0 ,4 1 , a n d  
2 0  eV , resp ec tiv e ly . T h e  e le c tro n  en e rg y  d is tr ib u tio n  h a s  a 
sp re a d  o f  less th a n  ±  1 eV  in  e a c h  case . O n ly  th e  2S i n  
g ro u n d  s ta te  o f  H e + is fo rm ed , b u t  b o th  th e  2P 3/2 a n d  2P l/2  
s p in -o rb i t  s ta te s  o f  N e + a n d  A r +  a re  p ro d u c e d , p re su m a b ly  
w ith  a  2:1 s ta tis tic a l p o p u la tio n . T h e  2/ >1 /2 s ta te s  o f  N e + a n d  
A r + lie  0 .097  a n d  0 .178  eV , resp ec tiv e ly , ab o v e  th e  2P 3/2 
g ro u n d  s ta te s .29

Energy scale

L a b o ra to ry  io n  energ ies  ( la b )  a re  c o n v e rte d  to  energ ies 
in  th e  cen te r-o f-m ass  f ra m e  (c .m .)  b y  u s in g  th e  co n v ers io n  
E (  c .m .)  =  is ( la b )  X M / ( m  +  M ) ,  w h e re  m  is th e  io n  m ass 
a n d  M i s  th e  ta rg e t m o lecu le  m a s s .27 T h is  c o n v e rs io n  fa c to r  
is 0 .9 6  fo r  th e  H e  + re a c tio n s , 0 .8 4  fo r  th e  N e  + reac tio n s , a n d
0 .7 2  fo r  th e  A r + reac tio n s . U n le ss  s ta te d  o th e rw ise , a ll en e r­
g ies q u o te d  in  th is  w o rk  c o rre sp o n d  to  th e  c .m . fram e . T h e  
a b so lu te  en e rg y  sca le  a n d  th e  c o rre sp o n d in g  fu ll w id th  a t  
h a lf -m a x im u m  (F W H M )  o f  th e  io n  k in e tic  en e rg y  d is tr ib u ­
tio n  is d e te rm in e d  by  u s in g  th e  o c to p o le  b e a m  g u id e  a s  a  
re ta rd in g  p o te n tia l a n a ly z e r .27 A n  a c c u ra te  d e te rm in a tio n  is 
po ss ib le  s in ce  th e  in te ra c t io n  re g io n  a n d  en e rg y  an a ly s is  r e ­
g io n  a re  p h y sica lly  th e  sam e. In  th is  w o rk , th e  u n c e r ta in ty  in  
th e  a b so lu te  e n e rg y  sca le  is +  0 .05  eV  ( la b ) .  T h e  d is tr ib u ­
tio n  o f  io n  ene rg ies  h av e  a n  av e rag e  F W H M  o f  0 .3  eV  fo r 
H e + , 0 .4  eV  fo r  N e + , a n d  0 .2  eV  fo r  A r + . A t  very  e n e r­
gies, th e  s lo w er io n s in  th e  io n  b e a m  e n e rg y  d is tr ib u tio n  a re  
n o t tr a n s m itte d  th ro u g h  th e  o c to p o le , w h ic h  re su lts  in  a  n a r ­
ro w in g  o f  th e  io n  en e rg y  d is tr ib u tio n . W e ta k e  ad v a n ta g e  o f  
th is  effect to  access very  low  in te ra c t io n  ene rg ie s  a s  d e ­
sc r ib e d  p rev io u s ly .27 E n e rg ie s  in  d a ta  p lo ts  a re  m e a n  io n  e n ­
erg ies  w h ic h  ta k e  in to  a c c o u n t th is  tru n c a tio n  o f  th e  ion  
b e a m  d is tr ib u tio n .

Ion collection efficiency
F o r  c h a rg e  tr a n s fe r  re a c tio n s , p ro d u c ts  m a y  b e  fo rm ed  

th ro u g h  a  lo n g -ran g e  e le c tro n  ju m p  su c h  th a t  li t t le  o r  n o  
fo rw a rd  m o m e n tu m  is tr a n s fe r re d  to  th e  io n ic  p ro d u c ts .30 In  
su c h  a  case , u p  to  5 0 %  o f  th e se  io n s  m a y  h av e  n o  fo rw a rd  
v e lo c ity  in  th e  la b o ra to ry  a n d  w ill n o t d r if t  o u t  o f  th e  o c to ­
p o le  to  th e  d e te c to r . F u r th e rm o re , s low  p ro d u c t io n s w h ich  
d o  tra n sv e rse  th e  o c to p o le  m a y  b e  ineffic ien tly  tra n s m itte d  
th ro u g h  th e  q u a d ru p o le  m ass  f ilte r .27 C ro ss  sec tio n  fea tu re s  
a n d  m a g n itu d e s  fo r  e x o th e rm ic  o r  n e a rly  th e rm o n e u tra l  re ­
a c tio n s  c h an n e ls , in  p a r t ic u la r , w e re  in d eed  fo u n d  to  be  sen ­
sitiv e  to  th e  e x tra c tio n  a n d  fo cu s in g  co n d itio n s  fo llo w in g  th e  
o c to p o le .

T h e  c ro ss  sec tio n  re su lts  p re se n te d  h e re  re p re se n t th e  
ave rag es o f  severa l d e te rm in a tio n s  ta k e n  a t  d iffe ren t tim e s  
o v e r th e  co u rse  o f  a  year. T h e se  re su lts  w ere  th e  m o s t re p ro ­
d u c ib le  a n d  h a d  th e  la rg e s t m a g n itu d e s  fo r  a ll p ro d u c ts . 
B ased  o n  rep ro d u c ib ility , th e  u n c e r ta in ty  in  th e  a b so lu te  
c ro ss  sec tio n s  is  e s tim a te d  as  6 0 % , w h ile  th e  re la tiv e  e r r o r  is 
a b o u t 2 0 % . S ince  io n  co llec tio n  m a y  b e  in co m p le te , fo r  re a ­
so n s  g iv en  above, i t  is p oss ib le  th a t  th e  a c tu a l  c ro ss  sec tio n s  
m ig h t b e  a s  h ig h  as  a  fa c to r  o f  2  g re a te r  th a n  th o se  re p o r te d . 
W e  d o  n o t be lieve  th is  to  b e  tru e , h o w ev er, s ince  o th e r  m e a ­
su re m e n ts  in  o u r  la b o ra to r ie s  o f  e x o th e rm ic  c h a rg e  tr a n s fe r  
p ro cesses a re  in  go o d  a g re e m e n t w ith  l i te ra tu re  re s u lts .27,31 

In  th e  p re se n t w o rk , a b so lu te  c ro ss  sec tio n s  a s  sm a ll a s  1 0 "  2 

A 2 a re  m easu red .

Thermochemjcal analysis
T h e  th re sh o ld  reg io n s  o f  e n d o th e rm ic  re a c tio n s  a re  a n a ­

ly zed  u s in g  th e  em p iric a l m o d e l in  E q . ( 4 ) ,

a T ( E ) = a 0 [ ( E - E T ) n/ E m ] ,  (4 )

w h e re  E T is th e  t r a n s la t io n  en e rg y , a 0 is a n  e n e rg y  in d e p e n ­
d e n t sca lin g  fac to r, a n d  n  a n d  m  a re  v a riab le  p a ra m e te rs . 
T h is  g en e ra l fo rm  h a s  b een  d iscu ssed  p rev io u s ly .32,33 A s  in  
e a r lie r  s tu d ies , w e h av e  ch o sen  to  re s tr ic t  th e  fo rm  o f  E q . (4 )  
to  m  =  1 , a  fo rm  p re d ic te d  fo r tra n s la tio n a lly  d riv e n  re a c ­
tio n s . 34 F u r th e rm o re , w ith  m  =  l ,E q .  ( 3 )  h a s  b een  fo u n d  to  
b e  q u ite  u sefu l in  d e sc rib in g  th e  sh ap es  o f  e n d o th e rm ic  re a c ­
tio n  c ro ss  sec tio n s  a n d  in  d e riv in g  a c c u ra te  th e rm o c h e m ­
is try  fro m  th e  th re sh o ld  energ ies  fo r  a  w id e  ra n g e  o f  sys tem s. 
T h ese  sy s tem s in c lu d e  a  re la te d  re a c tio n  w ith  te tra f lu o ro s i-  
la n e , 17 re a c tio n s  o f  silan e  a n d  silicon  h y d rid e s , 35 a n d  re a c ­
tio n s  o f  a to m ic  tr a n s it io n  m e ta ls  w ith  H 2, D 2,36 a n d  h y d ro ­
c a rb o n s .33

A  c o m p lic a tio n  h e re  in v o lv es th e  t r e a tm e n t o f  th e  A r + 
a n d  N e + d a ta , w h ic h  re s u lt fro m  J  =  3 /2  a n d  J  =  1 /2  s p in -  
o rb i t  s ta te s  o f  th e  re a c ta n t ion . T h is  is h a n d le d  b y  a n  ex p lic it 
su m  o v e r  th e  c o n tr ib u tio n s  o f  th e  in d iv id u a l sta te s , w e ig h ted  
b y  th e i r  p o p u la tio n s  g Jt a s  sh o w n  in  E q . (5 ) ,

~  —  E T ) n +  gn2< To(E  +  E l/2  —  E T ) n 
crT (£ .)  -- -------------■ ..... ..................................................................... .

E m
(5 )

H ere , E U2 is th e  en e rg y  o f  th e  7 =  1 /2  ex c ited  s ta te . A  2:1 
s ta tis tic a l p o p u la tio n  is a ssu m ed , so  th a t  g 3/2 =  2 / 3  a n d  
£ 1/2 =  1 /3 . E q u a l re ac tiv ity  is a ssu m ed  fo r  e a c h  s p in -o rb i t  
s ta te  s ince  th e  sam e  a 0 is used .

T h e  re a c tio n  c ro ss  sec tio n  fo r  a n  e n d o th e rm ic  p ro cess  
m a y  d ec lin e  a t  h ig h e r  ene rg ie s  d u e  to  d is so c ia tio n  o f  th e  
p ro d u c t ion . F o r  su c h  sys tem s, c ro ss  sec tio n s  a re  an a ly z e d  
u s in g  a  m o d e l p rev io u sly  o u tlin e d , w h ic h  m a k e s  a  s im p le  
s ta tis tic a l a ssu m p tio n  w ith in  th e  c o n s tra in ts  o f  a n g u la r  m o ­
m e n tu m  c o n se rv a tio n .37 T h is  m o d e l y ie lds E q . ( 6 ) , a  m o d i­
fied fo rm  o f  E qs. ( 4 )  o r  ( 5 ) ,  w h e re  P D is th e  p ro b a b ility  fo r 
d is so c ia tio n  o f  th e  p ro d u c t io n

a ( E )  = o y [ l - P D ] . ( 6 )

P D is a  fu n c tio n  o f  b o th  E D, th e  e n e rg y  a t  w h ich  d is so c ia tio n  
beg ins, a n d  p ,  a  q u a n ti ty  re la te d  to  th e  n u m b e r  o f  in te rn a l 
m o d es  in  th e  tra n s it io n  s ta te . T h u s  fo r  E < E D, P D is ze ro ,
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a n d  fo r  E > E D, P D a sy m p to tic a lly  a p p ro a c h e s  one. F o r  ex ­
o th e rm ic  reac tio n s , c ro ss  sec tio n s  g en e ra lly  h av e  a  p o w er 
law  fu n c tio n a l fo rm , a 0E ~ x , a s  in  th e  L G S  m o d e l [E q . 
( 2 )  ]. H en ce , d is so c ia tio n  ch a n n e ls  fo r  su c h  p ro cesses  c a n  be 
m o d e led  th ro u g h  E q . (7 ) ,

c x { E ) = a 0E - * [ \ - P D ] .  (7 )

F o r  e n d o th e rm ic  reac tio n s , o p tim iz e d  va lues o f  E T , cr0, 
a n d  n  a re  o b ta in e d  b y  u sin g  n o n lin e a r  le a s t-sq u a re s  re g re s ­
sio n  an a ly s is  to  give th e  b e s t fit to  th e  d a ta , a f te r  co n v o lu tin g  
o v e r th e  k n o w n  io n  b eam  a n d  n e u tra l  en e rg y  d is tr ib u tio n s . 
In  m o s t cases, th e  d a ta  is fit w ith  E qs. ( 4 )  o r  (5 )  fro m  below  
th re sh o ld  u p  to  energ ies  w h e re  d isso c ia tio n  c a n  b eg in  E D . 
E q u a tio n  ( 6 ) is u sed  fo r  e n d o th e rm ic  p ro cesses w h e re  E T is 
c lose  to  E d , s ince  p ro d u c t d is so c ia tio n  c a n  h av e  a  sign ifican t 
effect o n  th e  sh ap e  o f  th e  th re sh o ld  reg io n  o f  th e  c ro ss  sec­
tio n  a n d  th e  o p tim u m  E T . I n  th e  ap p lic a tio n  o f  E qs. ( 6 ) o r  
(7 )  fo r e x o th e rm ic  reac tio n s , E D is e ith e r  specified  a s  th e  
d e riv ed  th re sh o ld  en e rg y  fo r  th e  d isso c ia tiv e  ch a n n e l o r  is 
ite ra tiv e ly  o p tim ized . T h e  p a ra m e te r  p  is tr e a te d  a s  a  v a r i­
ab le  b u t is lim ited  to  in te g e r  va lues. In  each  th re sh o ld  d e te r ­
m in a tio n , severa l d a ta  se ts  ta k e n  a t  d iffe ren t tim es  a n d  u n d e r  
d iffe ren t ex p e rim en ta l c o n d itio n s  a re  an a ly zed . T h e  u n c e r­
ta in tie s  in  E t  r e p o r te d  h e re  in c lu d e  o n e  s ta n d a rd  d ev ia tio n  
o f  th e  av e rg e  va lu e  a n d  th e  a b so lu te  u n c e r ta in ty  in  o u r  e n e r­
gy  scale, 0 .05  eV  ( la b ) .

A n o th e r  co m p lica tio n  in  th re sh o ld  d e te rm in a tio n  a rises  
in  h ig h ly  e n d o th e rm ic  p ro d u c t ch an n e ls  th a t  rise  slow ly 
fro m  th re sh o ld . U n d e r  su c h  co n d itio n s , th e  th re sh o ld  a n a ly ­
sis above d o es n o t p ro v id e  a n  u n a m b ig u o u s  th re sh o ld  e n e r­
gy. T h ere fo re , w e ta k e  th e  a p p a re n t th re sh o ld  to  b e  re p re se n ­
ta tiv e  o f  th e  tru e  th re sh o ld  en e rg y  fo r  su c h  p rocesses. T h is  is 
re a so n ab le  since  th e  b ro a d e n in g  d u e  to  e x p e rim en ta l en erg y  
d is tr ib u tio n s  h a s  litt le  effect o n  th e  a p p e a ra n c e  o f  slow ly  r is ­
in g  c ro ss  sec tions.

RESULTS
Ar+ +SiF4

In  th e  re a c tio n  o f  A r + w ith  S iF 4, p rocesses  ( l a )  
th ro u g h  ( I d )  a re  observed . T h e  re su ltin g  c ro ss  sec tions, 
sh o w n  in  F ig . 1, revea l th a t  S iF 3+ fo rm a tio n  is sign ifican tly  
fav o red  a t  n ea rly  a ll energ ies  s tu d ie d  here . A lth o u g h  p rocess  
( l e )  is en e rg e tica lly  accessib le  (T a b le  I I )  n o  S i+ p ro d u c t is 
ob serv ed , n o r  is A r F + . T h u s  th e  c ro ss  sec tio n  fo r th ese  p ro ­
cesses m u s t be  less th a n  0.01 A 2. A t  low  energ ies, th e  6 0 %  
u n c e r ta in ty  in  th e  to ta l  c ro ss  sec tio n  m a g n itu d e  en c o m ­
passes ctlos c a lc u la te d  w ith  b o th  a ( S i F 4) =  3.32 a n d  4.3 
A 3. A t  2 eV , th e  c ro ss  sec tio n  is a p p ro x im a te ly  eq u a l to  
crHS = :38  A 2; b u t b y  50 eV , A r + re a c ts  in  o n ly  o n e  o f  a b o u t 
every  fo u r  h a rd -sp h e re  co llis ions. T h u s , re a c tio n  o c c u rs  o n  
n ea rly  every  co llis ion  u n ti l  ~ 2  eV , a n d  th e n  th e  re a c tio n  
efficiency d eclines m o n o to n ic a lly  w ith  in c rea s in g  energy .

T h e  S iF 4+ +  A r  c ro ss  sec tio n  in c reases  m o n o to n ica lly  
a s  th e  en erg y  decreases, w h ic h  in d ica te s  a n  e x o th e rm ic  p ro ­
cess. Y e t as sh o w n  in  F ig . 2, th e  c ro ss  sec tio n  b e h a v io r  is 
m o re  co m p lic a te d  th a n  th a t  u su a lly  o b se rv ed  fo r  su c h  p ro ­
cesses .27,38 Specifically , th e  c ro ss  sec tio n  in itia lly  d ec lines  as 
E  ~  1,3 ± 0 2, levels o ff be tw een  ~ 0 .0 5  a n d  —0.2  eV , a n d  th e n  
v ir tu a lly  re su m es th e  o rig in a l fa ll o ff fu n c tio n , E  ~ 1 ° ± 02.

ENERGY (eV. Lab)

0.0 10.0 20.0 30.0 40.0 50.0 60.0

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 A r+ with SiF4, processes ( la) through ( Id). 
The solid line shows the total reaction cross section. The dased line shows 
the collision cross section, jjiven by the maximum of either the hard-sphere 
or LGS [a(SiF4) =  3.32 A3] cross sections, Eqs. (2) and (3).

T h is  b eh av io r , w h ich  is re p ro d u c ib le  u n d e r  a ll ex p e rim en ta l 
c o n d itio n s  s tu d ie d , is c o n s is te n t w ith  m u ltip le  s p in -o rb i t  
s ta te s  in  A r+  ;™i t-,oam sst< +

A r + ( 2P-

th e  A r + io n  b eam . S iF 4+ p ro d u c tio n  fro m  
3/2) is e n d o th e rm ic  b y  0 .05 +  0 .02  eV  (T a b le  I I ) ,  

w h ile  p ro d u c tio n  fro m  A r + ( 2iB1/2) is e x o th e rm ic  by

FIG. 2. Low energy region of the SiF„+ cross section from reaction of A r+ 
with SiF4, process (la ). The dash-dot line shows the threshold fit of the 
Ar +(2P3/2) feature using Eq. (6) with E T — 0.06, ED =  0.43, p  =  0, 
n =  0.57, and a0 =  39.2. The exothermic feature due to reaction of 
A r+ (2i >,/2) is represented by the dashed line, a =  1.25 is ~ 13 with dissocia­
tion at ED =  0.2 eV included as in Eq. (7). The solid line shows the sum of 
these two fits.
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0 .13  +  0 .0 2  eV . R e liab le  an a ly s is  o f  th e  e n d o th e rm ic  fe a tu re  
re q u ire s  th e  u se  o f  E q . ( 6 ) , s in ce  d is so c ia tio n  o f  S iF 4+ to  
S iF 3+ +  F  ca n  beg in  less th a n  1 eV  ab o v e  th e  th re s h o ld  (T a ­
b le  I I ) .  H e re , w e  ta k e  E D to  b e  th e  th re sh o ld  en e rg y  d e te r ­
m in e d  fo r  th e  S iF ,+ c ro ss  se c tio n  as d iscu ssed  below , 
J?r (S iF 3+ ) =  0 .43 +  0 .0 4  eV . O p tim iz a tio n  o f  p a ra m e te rs  
n , a 0, a n d  p  re s u lt in  ex ce llen t fits  in  th e  en e rg y  ra n g e  0 .4  to
1.5 eV  w h en  p  =  0 , n  =  0 .4  to  0 .7 , a 0 38 to  40 , a n d  
E t  =  0 .03  to  0 .09  eV . T h e se  u p p e r  a n d  lo w er lim its  o n  E T 
a re  in  g o o d  ag re e m e n t w ith  th e  ex p ec ted  value . F ro m  0 .02  to
1.5 eV , th e  S iF 4+ c ro ss  sec tio n  is m o d e led  b y  th e  su m  o f  th e  
e n d o th e rm ic  m o d e l a n d  th e  e x o th e rm ic  m o d e l o f  E q . ( 7 ) ,
1.25 E  ~  1 3  ± 0 2 w i th p  =  0  a n d  E d  =  0 .2 . T h is  v a lu e  fo r  E d 
is in  rea so n ab le  a g re e m e n t w ith  th e  ex p ec ted  th re sh o ld  fo r 
d is so c ia tio n  o f  S iF 4+ , 0 .43 — 0 .178  =  0 .25 eV . B ey o n d  ~ 8  

eV , th e  S iF 4+ c ro ss  sec tio n  b eco m e s c o n s ta n t w ith  a  m a g n i­
tu d e  o f  3 A 2, a s  sh o w n  in  F ig . 1. T h is  im p lies  th a t  in  th is  
e n e rg y  ra n g e  th e  S iF 4+ is m o s t lik e ly  p ro d u c e d  th ro u g h  long- 
ra n g e  e le c tro n  tr a n s fe r  fro m  A r  + th a t  leaves v e ry  li t t le  in te r ­
n a l en e rg y  in  th e  S iF 4+ .

T h e  S iF 3+ c ro ss  sec tio n , p ro c e ss  ( l b ) ,  is s lig h tly  e n d o ­
th e rm ic  a n d  reach es  a  m a x im u m  v a lu e  o f  3 A 2 a t  ~  2 eV . A  
th re s h o ld  an a ly s is  o f  th re e  d a ta  se ts  fro m  0 . 1  to  2  eV  usin g  
E q . (5 )  re su lts  in  a n  ex ce llen t fit to  th e  d a ta , sh o w n  in  F ig . 3, 
w h e re  E T =  0 .43  +  0 .0 4  eV , n  =  0 .85  +  0 .02 , a n d  
cr0 =  43 .2 . A lth o u g h  th is  v a lu e  o f  E T  is lo w er th a n  th e  va lue  
in  T a b le  I I  by  0 .17  eV , th e  d is c re p a n c y  lies w ith in  th e  0 .2  eV 
u n c e r ta in ty . A t  h ig h e r  energ ies, th e  S iF 3+ c ro ss  sec tio n  is 
n e a rly  c o n s ta n t. T h e  ch an g es  in  sh a p e  (F ig . 1) a re  be lieved  
to  b e  e x p e rim e n ta l a r t ifa c ts , s in ce  th e se  fe a tu re s  a re  n o t re ­
p ro d u c ib le  a n d  a re  d e p e n d e n t u p o n  e x p e rim e n ta l co n d itio n s

ENERGY (eV. CM)

FIG. 3. Threshold region of SiF3+ production from A r+, process (lb ). The 
dashed line shows the threshold fit calculated by using Eq. (5) with 
E t =  0.43 eV, n =  0.86, and <j0 =  43.2. This derived threshold energy for 
the Ar+ (2/>3/2) 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 2P l/2 states of reactant 
A r+. The solid line shows the threshold model convoluted over the ion 
beam and neutral energy distributions.

ENERGY (eV, CM)

FIG. 4. Threshold regions of the SiF2+ (circles) and SiF+ (diamonds) 
cross sections from reaction of A r+ +  SiF4, processes ( lc) and ( Id). The 
arrows indicate the literature thresholds for loss of F atoms: 7.3 and 10.8 eV, 
respectively.

as d iscu ssed  ab o v e  in  th e  e x p e rim en ta l sec tion .
R e a c tio n  ch a n n e ls  ( l c )  a n d  ( I d )  a re  b o th  h ig h ly  e n d o ­

th e rm ic  p rocesses. F o r  S iF 2+ p ro d u c tio n , p ro cess  ( l c ) ,  F ig . 
4  in d ica te s  a n  a p p a re n t th re s h o ld  a t  ~  8 eV . T h is  is ro u g h ly  
c o n s is te n t w ith  th e  ex p ec ted  th re sh o ld  fo r fo rm a tio n  o f  
S iF 2+ +  2 F , 7 .29 +  0 .09  eV  (T a b le  I I ) .  A s  c a n  b e  seen  fro m  
F ig . 1, th e  S iF 2+ c ro ss  sec tio n  re a c h e s  a  m a x im u m  v a lu e  o f  
2.3 A 2 a t  ~ 2 5  eV , a n d  th e n  fa lls  o ff w ith  en e rg y  a s  E  ~ 0 9. 
T h e  th re sh o ld  reg io n  fo r  th e  final p ro d u c t io n  o b serv ed , 
S iF + fro m  p ro cess  ( I d ) ,  is a lso  sh o w n  in  F ig . 4  a n d  h a s  an  
a p p a re n t th re sh o ld  a t  ~  11 eV. T h is  is n e a r  th e  ex p ec ted  
th re sh o ld  o f  10.77 +  0 .1 0  eV  fo r  p ro d u c tio n  o f  S iF + +  3 F  
(T a b le  I I ) .

Ne+ +SiF4

In  th e  re a c tio n  o f  N e + w ith  S iF 4, p ro cesses  ( l b )  
th ro u g h  ( l e )  a re  ob serv ed , a n d  th e  re su ltin g  c ro ss  sec tio n s  
a re  sh o w n  in  F ig . 5. A s in  th e  A r  sy s tem , th e  ra r e  g as f lu o rid e  
io n , N e F + , is n o t observed . A t 0 .05  eV , th e  L G S  c ro ss  sec­
tio n  c a lc u la te d  w ith  a ( S i F 4) =  3.3 A 3 is to w a rd  th e  u p p e r  
edge o f  th e  e r ro r  lim its  in  th e  o b se rv ed  to ta l  c ro ss  sec tion . 
B ey o n d  5 eV , th e  re a c tiv ity  is a p p ro x im a te ly  c o n s ta n t, a n d  
re a c tio n  o ccu rs  in  a b o u t o n e  o f  ev ery  th re e  to  fo u r  h a rd -  
sp h e re  co llis ions. C o m p a riso n  o f  th e  re la tiv e  c ro ss  sec tio n  
m a g n itu d e s  sh o w s th a t  th e  e x o th e rm ic  p rocess , S iF 3+ fo rm a ­
tio n , d o m in a te s  u n til  8 eV . A t  h ig h e r  energ ies, th e  S iF 3+ , 
S iF 2+ , a n d  S iF + c ro ss  sec tio n s a re  a p ro x im a te ly  e q u a l in  
m a g n itu d e , a lth o u g h  S iF + p re d o m in a te s  s ligh tly . T h e  ris in g  
S i+ c ro ss  sec tio n  b eco m es c o m p a ra b le  to  th ese  o th e r  c h a n ­
n e ls  a t  th e  h ig h e s t energ ies.

F o rm a tio n  o f  S iF 4+ , p ro cess  ( l a ) ,  w as  o b se rv ed  w ith  a  
c ro ss  sec tio n  fu n c tio n  v ir tu a lly  id e n tic a l in  sh a p e  to  th a t  
f ro m  th e  A r + re a c tio n  ( l a )  above. H o w ev er, th e  ab so lu te  
m a g n itu d e  w as m u c h  sm a lle r  a n d  v a ried  w idely  fro m  d a ta
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FIG. 5. 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 Ne+ with SiF4) processes ( lb) through ( le). 
The solid line shows the total reaction cross section. The dashed line shows 
the collision cross section, given by the maximum of either the hard-sphere 
or LGS [a(SiF4) =  3.32 A3] cross sections, Eqs. (2) and (3).

se t to  d a ta  set. N o  co rre la tio n  w as  fo u n d  b e tw een  th e  m a g n i­
tu d e  o f  th is  p ro d u c t a n d  a n y  e x p e rim e n ta l p a ra m e te rs , in ­
c lu d in g  re a c ta n t p re ssu re , o c to p o le  p o w er, e le c tro n  energy , 
q u a d ru p o le  re so lu tio n , a n d  d e te c tio n  a n d  fo cusing  c o n d i­
tio n s . W e believe th a t  th e  e x p la n a tio n  fo r  th is  b e h a v io r  is 
c o n ta m in a tio n  b y  a n  im p u rity  io n  o f  m / e  =  20  in  th e  20N e + 
b eam . S u ch  a n  im p u rity  h a s  b een  p rev io u sly  ob se rv ed , 39 a n d  
a lth o u g h  n o t p o sitive ly  id en tif ied  it  is be lieved  to  b e  40A r + + . 
A n o th e r  poss ib le  ex p la n a tio n , h o w ev er, is th a t  th e  S iF 4+ 
p ro d u c t c h a n n e l is severe ly  affec ted  b y  th e  io n  co llec tio n  
d ifficu lties d iscu ssed  in  th e  e x p e rim e n ta l sec tio n  above. In  
each  d a ta  se t, th e  o b se rv ed  <r(S iF4+ ) m a g n itu d e  ab o v e  3 eV  
is  v ir tu a lly  c o n s ta n t w ith  en e rg y  a n d  d o es n o t exceed  0 .2  A 2. 
U n d e r  th e  m o s t c o n tro lle d  a n d  re liab le  co n d itio n s , th e  m a g ­
n itu d e  ab o v e  3 eV  w as  lo w e r th a n  th e  d e te c tio n  lim it in  th is  
s tu d y , 0 .0 1  A 2, a n d  a t  0 . 1  eV  th e  m a g n itu d e  w as less th a n  0 . 1  

A 2. In  e ith e r  case, th e  ob se rv ed  S iF 4+ c ro ss  sec tio n  is m u c h  
sm a lle r  th a n  th o se  o f  p ro cesses ( l b )  th ro u g h  ( l e ) .  W e  b e ­
lieve th e  o b se rv a tio n  o f  th is  p ro d u c t  is a n  ex p e rim en ta l a r t i ­
fac t, a n d  th u s  i t  is n o t in c lu d e d  in  F ig . 5 n o r  co n sid e red  
fu r th e r  here .

T h e  c ro ss  sec tio n  fo r  th e  S iF 3+ p ro d u c t sh o w s e x o th e r­
m ic  b e h a v io r  a s  ex p ec ted  fro m  th e  th e rm o c h e m is try  in  T ab le
II . C lo se r ex a m in a tio n  o f  th e  c ro ss  sec tio n  a t  low  ene rg ie s  in  
F ig . 6  sh o w s r a th e r  a ty p ic a l b e h a v io r  fo r  e x o th e rm ic  io n -  
m o lecu le  re a c tio n s .27-38 In itia lly , c r(S iF 3+ ) dec lin es  w ith  in ­
c rea s in g  en e rg y  a s  E  ~  0 80 ±  0 07 f ro m  0 .02  to  0 .4  eV , a n d  th e n  
th e  c ro ss  sec tio n  dec reases  m u c h  m o re  slow ly  a t  h ig h e r  e n e r­
gies. T h e  low  en e rg y  b e h av io r , w h ic h  d ec reases  s lig h tly  fa s­
te r  th a n  p re d ic te d  by  L G S  in  E q . ( 2 ) ,  i?  ~ 0 5 , is c le a rly  d u e  to  
e x o th e rm ic  p ro d u c tio n  o f  g ro u n d  s ta te  S iF 3+ (T a b le  I I ) .

ENERGY (eV, CM)

FIG. 6. The low energy region for the reaction of Ne+ with SiF4. The open 
squares show a tot, equivalent to the sum of <7(SiF3+ ) and cr(SiF2+ ), while 
solid squares show <r(SiF,+ ) alone. The dashed line shows the collision 
cross section, given by the maximum of either the hard-sphere or LGS 
[a(SiF„) =  3.32 A3] cross sections, Eqs. (2) and (3). Other lines show the 
calculated cross sections for the postulated deconvolution of the cross sec­
tion into ground and excited state processes. The line labeled SiF3+ shows 
the model for production of ground state SiF3+ , a  =  8.74 E ~  08. The effect 
of dissociation into SiF2+ +  F is accounted for by Eq. (7), with p  =  0 and 
E d =  1.57 eV. The cross section attributed to excited state SiF3+ * produc­
tion is shown by the appropriately labeled line, and is modeled using Eqs. 
(5) and (6) with E T =  0.5 eV, n =  0.86, a0 =  10.6, ED =  2.75 eV, and 

p  =  0. 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 <7(SiF,+ ). The calcula­
tion of each 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.

O n e  e x p la n a tio n  fo r th e  ch an g e  in  b eh a v io r  a t  ~ 0 .4  eV  is 
th a t  a ( S i F 3+ ) is  m im ick in g  th e  b e h a v io r  o f  th e  co llis ion  
c ro ss  sec tio n  fo r  ch a rg e  tr a n s fe r  re ac tio n s . A s  d iscu ssed  
above, crcol is in itia lly  re p re se n te d  b y  th e  L G S  m o d e l, b u t 
th e n  m o s t like ly  levels o ff to  th e  h a rd -sp h e re  lim it. T h is  
c h a n g e  o c c u rs  n e a r  th e  en erg y  a t  w h ic h  <7 (S iF 3+ ) a lso  levels 
off, w h ic h  im p lie s  a n  a p p ro x im a te ly  c o n s ta n t re a c tio n  effi­
c iency . A n  a lte rn a t iv e  e x p la n a tio n  fo r th is  b eh a v io r  is th a t  
th e  c ro ss  sec tio n  is re a lly  th e  su m  o f  tw o  in d e p e n d e n t p ro ­
cesses: a n  e x o th e rm ic  o n e  (w h ic h  co n tin u es  to  d ec lin e  as 
E  ~ 08 u n ti l  d is so c ia tio n  b eco m es im p o r ta n t)  a n d  a n  e n d o ­
th e rm ic  p ro cess  (w h ic h  h a s  a n  a p p a re n t th re sh o ld  o f  ~ 0 .4  
e V ). T h is  la t te r  fe a tu re  c o u ld  b e  d u e  to  p ro d u c tio n  o f  an  
ex c ited  s ta te  o f  S iF 3+ .

S iF 2+ p ro d u c tio n , p ro cess  ( l c ) ,  is c lea rly  e n d o th e rm ic  
w ith  a n  a p p a re n t th re sh o ld  o f  ~  1 eV . T h is  is s tro n g  ev idence  
th a t  fo rm a tio n  o f  m o le c u la r  flu o rin e  is n o t  a  s ign ifican t p ro ­
cess, s ince  S i F /  +  F 2 is a n  e x o th e rm ic  ch a n n e l (T a b le  I I ) .  
A n a ly s is  o f  th e  th re sh o ld  reg io n  o f  th e  c ro ss  sec tio n , fro m
0.2  to  3.3 eV , w ith  E q . ( 5 )  re su lts  in  E r  =  0 .8  +  0.1 eV  a n d  
n  =  3 .2  +  0.1. T h is  is a n  ex ceed ing ly  la rg e  va lu e  o f  n  c o m ­
p a re d  to  o th e r s  o b ta in e d  in  th is  s tu d y , 0 .4  to  1.3, a n d  in  
p rev io u s  s tu d ie s . 10,27,33,39 T h is  va lu e  o f  E T is 0 .7  eV  lo w er
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th a n  th e  ex p ec ted  th re sh o ld  fo r  S iF 2+ +  2 F  p ro d u c tio n , 
1.48 ±  0 .09  eV . T h is  d is c re p a n c y  c o u ld  be  d u e  to  re a c tio n  o f  
th e  im p u ri ty  in  th e  N e + b e a m  d iscu ssed  above; h o w ev er, th e  
p ro b a b le  cau se  o f  th is  a n o m a lo u s ly  lo w  th re s h o ld  is  d u e  to  
th e  in ad eq u a c ie s  o f  E q . (5 )  in  d ea lin g  w ith  tw o  o v e rlap p in g  
c h a n n e ls  fo r  S iF 2+ p ro d u c tio n . A s  d e ta ile d  b e lo w  fo r  th e  tw o  
fe a tu re s  o b se rv ed  in  th e  S iF 3+ c ro ss  sec tio n , S iF 3+ a n d  
S iF 3+ * d is so c ia te  to  S iF 2+ a t  d iffe ren t energ ies. T h u s , th e  
S iF 2+ c ro ss  sec tio n  p ro d u c e d  fro m  b o th  S iF 3+ a n d  S iF 3+ * 
c a n  b e  m o d e led  b y  s u b tra c tin g  th e  e n d o th e rm ic  a n d  e x o th e r­
m ic  m o d e ls  c a lc u la te d  w ith  d is so c ia tio n  in c lu d e d  fro m  th o se  
c a lc u la te d  w ith o u t d is so c ia tio n  in c lu d ed . T h is  p ro c e d u re  
y ie ld s  a  c ro ss  sec tio n  fo r  S iF 2+ fo rm e d  fro m  S iF 3+ * th a t  h a s  a  
th re s h o ld  a t  ~ 2 .5  eV  a n d  m im ics  th e  o v e ra ll S iF 2+ c ro ss  
se c tio n  b e h a v io r  a n d  m a g n itu d e  fro m  2.5 to  3.5 eV . O n  th e  
o th e r  h a n d , th e  re s u lta n t c ro ss  se c tio n  fo r  S iF 2+ fo rm ed  fro m  
g ro u n d  s ta te  S iF 3+ h a s  a  th re s h o ld  n e a r  th e  th e rm o d y n a m ic  
lim it a n d  a  m u c h  sm a lle r  m a g n itu d e . T h e se  tw o  c ro ss  sec­
t io n s  e a c h  rise  ra p id ly  fro m  th re s h o ld  (c o n s is te n t w ith  lo w er 
v a lu es  o f  n ) ,  y e t th e  su m  rises  slo w ly  a n d  w ith  m u c h  c u rv a ­
tu re , w h ic h  is co n s is te n t w ith  th e  o v e ra ll S iF 2+ c ro ss  sec tio n  
observed .

P ro cesses  ( I d )  a n d  ( l e )  a re  h ig h ly  e n d o th e rm ic . T h e  
re a c tio n  c ro ss  sec tio n  fo r  th e  S iF + p ro d u c t , sh o w n  in  F ig . 7, 
h a s  a n  a p p a re n t th re s h o ld  o f  ~  5 eV . T h is  is c o n s is te n t w ith  
th e  ex p ec ted  th re s h o ld  o f  4 .97  +  0 .1 0  eV  (T a b le  I I )  fo r 
S iF + +  3 F  fo rm a tio n . T h e  S i+ p ro d u c t  c h a n n e l ( l e )  show s 
a n  a p p a re n t th re s h o ld  a t  ~  16 eV  in  F ig . 7, w h ic h  exceeds th e  
e x p e c te d  th re sh o ld  fo r  S i+ +  4 F  o f  11.28 +  0 .0 4  eV  b y  n e a r­
ly  5 eV . T h is  is n o t su rp ris in g , s ince  th is  p ro ce ss  invo lves 
successive  loss o f  F  a to m s. In  s u c h  p rocesses, th e  p ro b ab ility  
is lo w  th a t  e a c h  F  a to m  w ill d e p a r t  w ith  n o  m o m e n tu m  an d  
leave  a ll th e  in te ra c tio n  en e rg y  av a ilab le  fo r  fu r th e r  d isso c ia ­
tio n . T h u s , a  k in e tic  sh ift is observed .

Ne+ + SiF4

FIG. 7. Threshold regions of the SiF2+ (circles), SiF+ (diamonds), and 
Si+ (triangles) cross sections from reaction of Ne+ +  Si4, processes ( lc), 
(Id ), and ( le). The arrows indicate the literature thresholds for loss of F 
atoms: 1.5, 5.0, and 11.3 eV, respectively.

ao iao 2ao sa o 4ao sao

ENERGY (eV. Lab)

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 ( lb) through ( le). 
The solid line shows the total reaction cross section. The dashed line shows 
the collision cross section, given by the maximum of either the hard-sphere 
or LGS [a(SiF4) =  3.32 A3] cross sections, Eqs. (2) and (3).

He+ +SiF4

S h o w n  in  F ig . 8 a re  th e  ob se rv ed  c ro ss  sec tio n s  fo r  th e  
re a c tio n  o f  H e + a n d  S iF 4, p ro cesses  ( l b )  th ro u g h  ( l e ) .  
H e F + is n o t o b se rv ed  in  th e  en e rg y  ra n g e  s tu d ie d  he re . T h e  
o v e ra ll re a c tio n  is ex trem e ly  ineffic ien t a t  low  energ ies, b u t 
fro m  15 to  50  eV , H e + re a c ts  a b o u t o n e  o f  ev e ry  th re e  h a rd -  
sp h e re  co llis ions. A t m o s t energ ies, S iF + fo rm a tio n  d o m i­
n a te s , a n d  S iF 3+ fo rm a tio n  is  th e  le a s t efficient o f  th e se  p ro ­
cesses. H o w ev er, th e  c ro ss  sec tio n  m a g n itu d e s  o f  c h a n n e ls  
( l c )  th ro u g h  ( l e )  a re  w ith in  6 0 %  o f  th e  S iF + m a g n itu d e  a t  
th e  h ig h e s t energ ies.

A s  in  th e  N e + sy s tem , th e  c ro ss  sec tio n  m a g n itu d e  fo r 
S iF 4+ , p ro cess  ( l a ) ,  v a ried  w id e ly  b e tw een  d a ta  files f ro m  
<  1 0 ~ 2 to  1 0 ~ b u t  h e re  th e  sh a p e  o f  th e  c ro ss  sec tio n  fu n c ­

tio n  a lso  d iffered . A g a in , n o  c o rre la tio n  w as fo u n d  b e tw een  
th e  observed  c ro ss  sec tio n  a n d  an y  specific  p a ra m e te rs . C o n ­
ta m in a tio n  in  th e  io n  b e a m  m a y  b e  re sp o n sib le  fo r  th is  b e ­
h av io r , a s  be lieved  fo r  th e  N e + re a c tio n , b u t  th e  id e n tity  o f  
su c h  a n  im p u rity  is n o t  a p p a re n t. T h u s , th e  m o re  lik e ly  ex ­
p la n a tio n  is  th a t  th e  S iF 4+ p ro d u c t c h a n n e l is su b jec t to  th e  
d ifficu lties a sso c ia te d  w ith  c h a rg e  tr a n s fe r  p ro cesses d is ­
cu ssed  above. A s  is th e  case  o f  th e  N e + re su lts , u n d e r  th e  
m o s t c o n tro lle d  a n d  re liab le  c o n d itio n s , th e  m a g n itu d e  o f  
th e  S iF 4+ c ro ss  sec tio n  is lo w er th a n  th e  d e te c tio n  l im it in  
th is  s tu d y , 0.01 A 2. T h u s  i t  is n o t in c lu d e d  in  F ig . 8 n o r  
co n s id e red  fu r th e r  he re .

P ro cess  ( l b ), S iF 3+ p ro d u c tio n , is e x o th e rm ic  b y  o v e r  8 

eV  (T a b le  I I ) .  O n e  fe a tu re  in  th e  S iF 3+ c ro ss  sec tio n  sh o w s 
e n d o th e rm ic  b e h a v io r  w ith  a  th re sh o ld  a t  ~  1 e V  a n d  is q u ite  
rep ro d u c ib le . A n o th e r  fe a tu re  is a n  e x o th e rm ic  ch a n n e l th a t
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FIG. 9. Threshold regions of the SiF2+ (circles), SiF+ (diamonds), and 
Si+ (triangles) cross sections from reaction of He+, processes ( lc), ( Id), 
and ( le). The arrows indicate the literature thresholds for SiF+ +  3F and 
Si+ +  4F: 1.9 and 8.3 eV, respectively. Literature thermochemistry indi­
cates that SiF2+ production is exothermic.

fa lls  o ff very  s teep ly  a s  E  ~ 3 2 ±  0 6. T h is  ty p e  o f  en e rg y  d e ­
p en d en ce  is u n u su a l, a n d  th e  m a g n itu d e  o f  th is  fe a tu re  v a r­
ied  fro m  < 0 .0 1  to  2  A 2 a t  0 .5  eV  w ith  n o  c o rre la tio n  to  
specific e x p e rim en ta l p a ra m e te rs . T h u s  i t  is like ly  to  b e  an  
e x p e rim en ta l a r t ifa c t, w h ic h  w e believe  is d u e  to  n o n reac tiv e  
ra d ia l sc a tte r in g  o f  th e  re a c ta n t ions. T h ese  s c a tte re d  H e + 
io n s ca n  b e  a c c e le ra ted  by  th e  p o te n tia l o n  th e  o c to p o le  ro d s , 
a n d  re a c t u p o n  fu r th e r  co llis io n  a t  an o m a lo u s ly  h ig h  e n e r­
gies. T h u s  re a c tio n  ca n  b e  e rro n e o u s ly  o b se rv ed  a t  low  in te r ­
a c tio n  energ ies, w h ic h  is c o n s is te n t w ith  th e  b e h a v io r  o b ­
se rved  here . O n ly  lig h t re a c ta n t io n s su ch  as  H e + , a t  low  
energ ies  a re  su b jec t to  s tro n g  ra d ia l s c a tte r in g  a n d  th is  effect. 
A t energ ies  h ig h e r  th a n  ~  1 eV  a n d  fo r  h e a v ie r  re a c ta n t ions, 
th is  effect is n o t in  evidence.

A lth o u g h  th e  S iF 2+ c h a n n e l, re a c tio n  ( l c ) ,  is ex p ec ted  
to  b e  e x o th e rm ic  b y  1.54 +  0 .09  eV  (T a b le  I I ) ,  th e  S iF 2+ 
c ro ss  sec tio n  show s a n  a p p a re n t th re sh o ld  o f  ~ 2  eV. T h e  
final tw o  re a c tio n  ch a n n e ls  o b se rv ed  in  th e  re a c tio n  o f  H e + 
+  S iF 4 a re  fo rm a tio n  o f  S iF +  a n d  S i+ , p rocesses  ( I d )  a n d  
( l e ) .  T h e  th re sh o ld  reg io n s o f  th e se  re a c tio n  c ro ss  sec tions 
a re  sh o w n  in  F ig . 9. B o th  a re  ex p ec ted  to  b e  e n d o th e rm ic , 
b u t  th e  a p p a re n t th re sh o ld s  o f  3 eV  fo r  S iF + a n d  11 eV  fo r 
S i+ a re  1 a n d  3 eV  h ig h er , resp ec tiv e ly , th a n  ex p ec ted  fo r  F  
a to m  fo rm a tio n  (see  T a b le  I I ) .

DISCUSSION 
F2 versus 2 F loss

A lth o u g h  loss o f  F 2 is en e rg e tic a lly  fav o red  o v e r  loss o f  
tw o  F  a to m s, th e  la t te r  is m o s t like ly  th e  d o m in a n t, a n d  
possib ly  th e  exclusive, p ro cess  o c c u rr in g . S tro n g  ev idence  
fo r  th is  is p ro v id ed  by  th e  o b se rv ed  e n d o th e rm ic  b eh av io r 
f o r S iF 2+ p ro d u c tio n  fro m  N e + , s ince  th e  S iF 2+ +  F 2 c h a n ­

ne l is ex p ec ted  to  b e  ex o th e rm ic . F u r th e r  e x p e rim en ta l evi­
d en ce  fo r  p re fe rre d  loss o f  2  F  lies in  th e  fa c t th a t  th e  S iF + 
c ro ss  sec tio n  fro m  N e + a n d  th e  S i+  a n d  S iF + c ro ss  sec tio n s  
fro m  A r +  h av e  a p p a re n t th re sh o ld s  th a t  co in c id e  w ith  F  
a to m  p ro d u c tio n . L oss o f  F  a to m s  is ex p ec ted  to  be  k in e tica l- 
ly  fav o red , s ince  i t  p ro ceed s  th ro u g h  a  loose  tra n s it io n  s ta te  
a n d  can  m o re  read ily  co n se rv e  a n g u la r  m o m e n tu m  th a n  fo r­
m a tio n  o f  F 2, w h ich  re q u ire s  a  t ig h t tra n s it io n  s ta te .

General behavior and relative reactivity
S im ila ritie s  a re  fo u n d  in  th e  g en e ra l b eh av io r o f  th e  A r, 

N e , a n d  H e  sys tem s. F ir s t  p ro d u c tio n  o f  th e  ra re  g as  flu o rid e  
io n  is n o t o b se rv ed  in  a n y  o f  th e  th re e  system s. S eco n d , th e  
re a c tio n  c ro ss  sec tio n s  d o  n o t d ec lin e  ra p id ly  a t  h ig h  e n e r­
gies, w h ich  im p lies  th a t  th e  S i F /  p ro d u c ts  c o n ta in  l i t t le  in ­
te rn a l en e rg y  th a t  w o u ld  o th e rw ise  cau se  d isso c ia tio n  in to  
th e  S iF x+ , species. T h e  excess en e rg y  m u s t in s te a d  b e  p laced  
in  tra n s la tio n a l m o d es  o f  th e  R g , F , o r  S iF x+ p ro d u c ts . T h is  
is c o n s is te n t w ith  ch a rg e  tr a n s fe r  p ro cesses  w h ich  o c c u r  
w ith  la rg e  im p a c t p a ram e te rs .

T h e  N e  a n d  H e  re su lts  sh o w  a d d itio n a l s im ila rities . A t 
energ ies  ab o v e  20  eV , th e  S iF + p ro d u c t is d o m in a n t, a n d  
S iF 4+ is n o t observed . I n  th e  A r  sy s tem , o n  th e  o th e r  h a n d , 
S iF 4+ is a  sign ifican t p ro d u c t , th e  S iF +  ch a n n e l h a s  th e  
sm a lle s t c ro ss  sec tio n  ob serv ed , a n d  th e  S i+ p ro d u c t is n o t 
seen  a t  all. A t  h ig h  energ ies, th e  H e  a n d  N e  re su lts  sh o w  th e  
S iF 3+ , S iF 2+ , S iF + , a n d  S i+ c ro ss  sec tio n s h av e  a p p ro x i­
m a te ly  th e  sam e m a g n itu d e , a ll w ith in  a  fa c to r  o f  ~ 4 .  Y e t in  
th e  A r  sy s tem , S iF 3+ p ro d u c tio n  is fav o red  o v e r an y  o th e r  
p ro cess  by  fa c to rs  ran g in g  fro m  5 to  16. T h e  e x p la n a tio n  fo r 
th is  b eh av io r is b a sed  o n  th e rm o d y n a m ic  g ro u n d s . W ith  A r, 
c h a rg e  tr a n s fe r  is a  s lig h tly  e n d o th e rm ic  p rocess , so  th a t  
v e ry  li t t le  excess en erg y  is ava ilab le  fo r d isso c ia tio n . F u r ­
th e rm o re , a f te r  successive  loss o f  F  a to m s , th e  p ro b a b ili ty  is 
v ery  low  th a t  en o u g h  excess en erg y  w ill b e  p re se n t in  S iF + to  
p ro d u c e  S i+ . W ith  H e  a n d  N e , o n  th e  o th e r  h a n d , th e  excess 
en e rg y  is su c h  th a t  v ir tu a lly  a ll th e  S iF 4+ fo rm ed  dissoc ia tes . 
E v en  a f te r  th e  lo ss o f  th re e  F  a to m s, en o u g h  in te rn a l en e rg y  
re m a in s  in  S iF + fo r  d is so c ia tio n  in to  S i+ . I n  a ll th re e  sy s­
tem s, th e  firs t p ro cess  th a t  is s ign ifican tly  e n d o th e rm ic  
d o m in a te s  th e  reac tiv ity  ab o v e  sev era l v o lts  o f  co llis ion  en e r­
gy. T h is  p ro cess  is S iF + fo rm a tio n  fo r H e  a n d  N e , a n d  S iF 3+ 
fo r  A r.

T h e  c ro ss  sec tio n s  a t  low  ene rg ie s  in  th e  H e + +  S iF 4 

sy s tem  d o  n o t b eh av e  co n s is ten tly  w ith  e ith e r  th e  N e  o r  A r  
re su lts . S pecifically , a ll p ro cesses  ( l b )  th ro u g h  ( l e )  fa il to  
sh o w  s ign ifican t c ro ss  sec tio n s  u n ti l  w ell ab o v e  th e  th e rm o ­
d y n a m ic  lim its , th u s  in d ic a tin g  re a c tio n  b a rr ie rs . S u ch  b e ­
h a v io r  h a s  a lso  b een  o b se rv ed  in  s im p le r sy s tem s in vo lv ing  
H e +  a n d  N e + , su c h  as  re a c tio n  w ith  m o le c u la r  h y d ro g e n .39 

T h e  o b se rv ed  b a rr ie rs  in  th e  R g + +  H 2 re a c tio n  ch a n n e ls  
a re  easily  ex p la in ed  b y  e x a m in a tio n  o f  th e  p o te n tia l en e rg y  
su rfaces, a s  o rig in a lly  in tro d u c e d  b y  M a h a n .40 H e re , o n ly  
th e  [ H 2+ +  R g ]  su rface  co rre la te s  w ith  th e  g ro u n d  s ta te  
p ro d u c t su rface , [ R g H + +  H ] ,  w h ile  th e  re a c ta n t 
[ R g + +  H 2] su rface  c o rre la te s  w ith  p ro d u c tio n  o f  a n  e x c it­
ed  h y d ro g e n  a to m , [ R g H + +  H * ] .  T h u s  a d d it io n a l en erg y  
is n eed ed  to  p ro d u c e  th e  ex c ited  s ta te .
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Construction of potential energy surfaces
A s in  th e  H e + , N e + +  H 2 sy s tem s , in s ig h t in to  th e  d y ­

n a m ic s  a n d  re la tiv e  reac tiv itie s  o f  th e  p re s e n t sy s tem s c a n  be 
o b ta in e d  b y  c o n s tru c tin g  p o te n t ia l  en e rg y  su rfaces  (P E S s ) . 
T h e  fo llo w in g  tr e a tm e n t is fa r  f ro m  q u a n tita t iv e , b u t  is d e ­
sig n ed  to  e lu c id a te  th e  im p o r ta n t  q u a li ta t iv e  fe a tu re s  in  
th e se  reac tio n s . F o rm a tio n  o f  S i F /  p ro d u c ts  b eg in s w ith  
c h a rg e  tr a n s fe r  fro m  R g + to  fo rm  S iF 4+ . T h u s  th e  reg io n  o f  
in te re s t is th e  c ro ss in g  fro m  th e  [ R g + +  S iF 4] su rface  to  a  
[S iF 4+ +  R g ]  su rface . T h e  S iF 3 +  F  +  R g + c h a n n e l c o rre ­
la te s  w ith  S iF 4 +  R g + a lo n g  a n  a ttra c tiv e , b o n d in g  su rface  
th a t  c o rre sp o n d s  to  a  sp in -p a ire d  in te ra c tio n  b e tw een  S iF 3 

a n d  F . L ikew ise , S iF 3+ +  F  +  R g  c o rre la te s  w ith  S iF 4+ 
+  R g  a lo n g  su c h  a n  a tt ra c t iv e  su rface . A lso  o f  in te re s t h e re  

is th e  rep u lsiv e , a n tib o n d in g  [ S iF  3+ - F  +  R g ]  su rface  th a t  
a rise s  fro m  th e  sp in -a lig n ed  in te ra c t io n  o f  S iF 3+ a n d  F .

T re a tm e n t o f  S iF 3- F ,+) a s  a  d ia to m ic  species sim plifies 
th e  c o n s tru c tio n  o f  th e se  su rfaces , a n d  still i l lu s tra te s  th e  
d o m in a n t b e h av io r . T h e  c o n to u r  o f  each  su rface  th e n  is d e ­
p e n d e n t u p o n  th e  e q u ilib r iu m  in te m u c le a r  d is ta n c e  re a n d  
th e  w ell d e p th  D e fo r th e  a p p ro x im a te d  d ia to m ic  species

. M N D O  c a lc u la tio n s  in d ic a te  th a t  r e (S iF 4+ ) ex-
41

S iF 3- P +>
ceeds re (S iF 4 ) by  o n ly  1 .2 % .41 T h e  va lue  
re (S iF 4 ) =  1.552 +  0 .002  A  h a s  b een  m e a su re d , 23 a n d  in ­
c rea s in g  th is  v a lu e  b y  1 .2%  y ie ld s  r e (S iF 4) =  1.57 A . T h e  
w ell d e p th  D e is th e  su m  o f  th e  d isso c ia tio n  energy , d e te r­
m in e d  fro m  th e  th e rm o c h e m is try  in  T a b le  I , a n d  th e  zero - 
p o in t energy . V a lu e  u sed  fo r  D e a re  6 .46 eV  fo r S iF 4 a n d  0.55 
eV  fo r  S iF 4+ . F o r  e a c h  R g  sy s tem , th e  m in im u m  o f  th e  
[ R g +  +  S iF 4] su rface  is o ffset fro m  th a t  o f  th e  
[S iF 4+ - f -R g ]  su rface  by  th e  d iffe ren ce  be tw een  I P ( R g )  
a n d  IP ( S iF 4), w h ic h  is g iven  in  T a b le  I I  a s  th e  th re sh o ld  fo r 
p ro ce ss  ( l a ) .  T h e  a ttra c tiv e , b o n d in g  S iF 3- F (+) su rfaces  a re  
c a lc u la te d  u s in g  a  M o rse  p o te n tia l42 w ith  
coe (S iF 3- F )  =  1400 c m - 1 ,43 a n d  &),, ( S iF 3+ - F ) =  900  
c m - 1 .44 F o r  th e  S iF 3+ - F  +  R g  c h a n n e l, th is  M o rse  p o te n ­
tia l is n e a rly  id e n tic a l to  a  c a lc u la te d  b o n d in g  su rface  fo r 
H 2+ 4 5  w h en  sca led  to  th e  p ro p e r  re a n d D e o f  S iF 3+ - F  (1 .5 7  
A  a n d  0 .55  e V ). T h is  is n o t su rp r is in g  since  th e  S iF 3+ - F  
b o n d  invo lves o n ly  o n e  e le c tro n , as in  H 2+ . T h u s , a  re a so n a ­
b le  a p p ro x im a tio n  to  th e  [S iF 3+ - F  +  R g ]  repu lsive , a n ti­
b o n d in g  su rface  is p ro v id e d  by  a n  id e n tic a l sca lin g  o f  th e  
H 2+ a n tib o n d in g  su rfa c e .45

Analysis of potential energy surfaces
A n  e x p la n a tio n  fo r  th e  o b se rv ed  reac tiv ity  is p ro v id e d  

b y  th e  re su ltin g  p o te n tia l su rfaces . T h ese  a re  sh o w n  in  F igs. 
1 0 ,1 1 , a n d  12 fo r  in fin ite ly  se p a ra te d  re a c ta n ts  in  th e  A r, N e , 
a n d  H e  sys tem s, resp ec tiv e ly . N o tic e  th a t  th e  v e rtic a l sca les 
o f  th e se  d ia g ra m s  d iffer ap p re c ia b ly , a  re s u lt o f  th e  v e ry  d if­
fe re n t r a r e  g as  io n iz a tio n  p o te n tia ls . I n  each  case, th e  re a c ­
tio n  c o o rd in a te  lies in  th e  b o tto m  o f  th e  R g + +  S iF 4 w ell 
a n d  is o r th o g o n a l to  th e  p la n e  o f  th e  d iag ram . R e a c tio n  re ­
q u ire s  th a t  th e  re a c ta n ts  m o v e  fro m  th is  S iF 4 w ell to  th e  
seam  c o n n e c tin g  th e  [ R g + +  S iF 4] a n d  [S iF 4+ +  R g ]  s u r ­
faces. F o r  th e  A r  sy s tem  in  F ig . 10, th e  P E S s sh o w s ex tens ive  
o v e rla p  b e tw een  th e  th e se  su rfaces , su c h  th a t  th e  su rface  
c ro s s in g  seam  is  n e a r  th e  e q u il ib r iu m  g eo m e try  o f  th e  S iF 4

FIG. 10. Qualitative potential energy surfaces for the [Ar +  SiF4] + sys­
tem. The dashed line represents the interaction of F3Si-F, while the solid 
lines represent the interactions of F3Si+-F . The energy zero is shown as the 
zero point energy of bound SiF4 and corresponds to the energy of the A r+ 
+  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.

re a c ta n t w ell. E le c tro n  tr a n s fe r  to  fo rm  S iF 4+ is th e re fo re  a  
n e a r- re so n a n t p rocess , so  th a t  th e  re a c tio n  is h ig h ly  efficient 
a n d  p ro ceed s  w ith o u t b a rr ie r . F o r  th e  N e  sy s tem , F ig . 11, th e  
[ N e + +  S iF 4] su rface  cro sses th e  h ig ly  rep u ls iv e  reg io n s  o f  
th e  b o u n d  a n d  u n b o u n d  [ S iF 3+ - F  +  N e  ] su rfaces. T h is  ex-

IHTERNUCLEAR DISTANCE (A)

FIG. 11. Qualitative potential energy surfaces for the [Ne +  SiF4] + sys­
tem. The dashed line represents the interaction of F3Si-F, and the solid lines 
represent the interactions of F3Si+-F. The energy zero is shown as the zero 
point energy of bound SiF4 and corrresponds to the energy of the Ne+ 
+  SiF4 reactants. The energy separation between the zero point energies of 

SiF4 and ground state SiF4+ is the reaction exothermicity for process ( la) 
from Table II, 5.8 eV. The dotted lines represent the interactions of excited 
state F,Si+*-F. The energy separation between the solid and dotted lines is 
the excited state energy of 5.7 eV.
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INTERNUCLEAR DISTANCE (A)

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 of F3Si+-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 SiF4+ is the reaction exothermicity for process (la ) from Table II, 
8.8 eV.

p la in s  w h y  n o  S iF 4+ is observed . F u r th e rm o re , s ince  n o  b a r ­
r ie r  is ob se rv ed  in  th e  S iF 3+ p ro d u c t  ch an n e l, th e  p o in t  a t 
w h ich  th e  sy s tem  cro sses fro m  th e  [ R g + +  S iF 4] su rface  to  
th e  [S iF 4+ +  R g ]  su rface  m u s t lie be low  th e  en e rg y  o f  th e  
re a c ta n ts . E ith e r  th e  c ro ss in g  a c tu a lly  o c c u rs  c lo se r to  th e  
S iF 4 eq u ilib r iu m  b o n d  d is ta n c e  th a n  is sh o w n  in  F ig . 11 o r  
th e  io n - in d u ced  d ip o le  a tt r a c t io n  o v e rco m es th e  sm a ll b a r ­
r ie r  ( ~  1 eV ) in  th is  figure. M o re  q u a n ti ta t iv e  ca lc u la tio n s  
c o u ld  a n sw e r th is  m o re  defin itive ly . F in a lly , fo r  th e  h e liu m  
sy s tem , F ig . 12 sh o w s th a t  th e  re a c ta n t su rface  ag a in  cro sses 
th e  h ig h ly  rep u lsiv e  p a r ts  o f  th e  [S iF 3+ + F  +  H e ]  a n d  
[S iF 4+ + H e ]  su rfaces. T h is  is ag a in  c o n s is te n t w ith  no  
S iF 4+ b e in g  fo rm ed . U n lik e  th e  N e  sy s tem , h o w ev er, th e  
a sy m p to tic  energy  o f  th is  su rface  c ro ss in g  is ~ 2  eV . T h is  is 
c o n s is te n t w ith  th e  o b se rv a tio n  th a t  li t t le  i f  a n y  re a c tio n  is 
observed  u n ti l  g re a te r  th a n  a b o u t 1 eV  o f  k in e tic  energy . 
N o w  th e  io n -in d u ced  d ip o le  a tt r a c t io n  is in su ffic ien t to  o v e r­
co m e  th is  b a rr ie r .

SiF^ excited state
A s d iscu ssed  above, th e  S iF 3+ c ro ss  sec tio n  p ro d u c e d  

fro m  N e + u n d erg o es  a  c h a n g e  in  b e h a v io r  n e a r  0 .4  eV . O n e  
e x p la n a tio n  fo r  th is  is p ro d u c tio n  o f  a n  S iF 3+ * ex c ited  s ta te  
th a t  becom es en e rg e tica lly  access ib le  a t  th e  tra n s la tio n a l 
th re sh o ld  energy . C o m b in in g  th e  ex o th e rm ic ity  o f  p ro cess  
( l b )  fro m  T a b le  II ,  5.21 eV , w ith  th e  a p p ro x im a te  th re sh o ld  
fo r th is  p rocess , E T — 0 .4  eV , im p lies  th a t  th is  ex c ited  s ta te  
lies a t  ~  5.6  eV . S u p p o rt fo r th is  in te rp re ta tio n  o f  th e  S iF 3+ 
d a ta  is  g iv en  by a n  ea r lie r  p re d ic tio n  o f  a n  S iF 3+ ex c ited  s ta te  
th a t ,  in  a n a lo g y  w ith  B F 3, lies b e tw een  5 a n d  6  eV  ab o v e  th e  
'A ,  g ro u n d  s ta te .46 A lso  th e  A r + re su lts  d o  n o t show  th is  
ty p e  o f  c ro ss  sec tio n  beh av io r , as m ig h t b e  ex p ec ted  i f  i t  w ere

d u e  so lely  to  th e  b e h a v io r  o f  c r ^ , . F u r th e r  su p p o r t  is g iven  by  
th e  P E S s, s ince  th e  ex c ited  s ta te  [S iF 3+ * - F  +  R g ]  su rfaces 
w o u ld  lie in  a  n e a r  re so n an ce  w ith  th e  re a c ta n t [ H e + 
+  S iF 4] su rface , a s  in  th e  A r  sy s tem . T h u s , th e  c ro ssin g s 

b e tw een  su ch  su rfaces w o u ld  b e  efficient, co n s is ten t w ith  th e  
o b se rv an ce  o f  a  s ig n ifcan t ex c ited  s ta te  fe a tu re  in  <7-(S iF 3+ ).

T o  m o d e l th e  en erg y  d ep en d en ce  o f  th e  e n d o th e rm ic  
ex c ited  s ta te  fe a tu re  in  c r(S iF 3+ ), th e  ex o th e rm ic  fea tu re , 
8.74E  - ° 8, is su b tra c te d  fro m  th e  su m  o f  <r(SiF3+ ) a n d  its  
d is so c ia tio n  p ro d u c t, c r(S iF 2+ ) . A n a ly s is  o f  th e  rem a in in g  
c ro s s  sec tio n  y ie ld s  th e  o p tim iz e d  p a ra m e te rs  in  E q . ( 5 )  o f  
n  =  0 .86  ±  0 .05 , E r  =  0 .5  +  0.1 eV , a n d  a 0 =  10.6. T h is  
v a lu e  fo r  E T y ie ld s  a n  ex c ited  s ta te  en e rg y  o f  5.7 ± 0 . 1  eV. 
T h e se  o p tim iz e d  p a ra m e te rs  a re  th e n  u sed  to  m o d e l 
0 -(S iF3+ ) a lo n e  b y  in c o rp o ra tin g  d is so c ia tio n  in  b o th  th e  e n ­
d o th e rm ic  a n d  e x o th e rm ic  fea tu re s , E qs. ( 6 ) a n d  (7 ) .  E x ­
c e llen t fits to  c r(S iF 3+ ) a re  o b ta in e d  w h en  E D is 1.5 to  1.7 eV  
fo r  th e  e x o th e rm ic  fe a tu re  a n d  2 .6  to  2 .8  eV  fo r  th e  e n d o th e r­
m ic  S iF 3+ * fea tu re . T h e  d isso c ia tiv e  o n se t fo r  S iF 3+ c o in ­
c id es w ith  th e  ex p ec ted  v a lu e  o f  1.48 ±  0 .09  eV  (T a b le  I I )  
fo r  d isso c ia tio n  in to  S iF 2+ , b u t  E D fo r  S iF 3+ * is  ~ 1 .2  eV  
h ig h e r  th a n  th is  th e rm o d y n a m ic  lim it. T h is  w o u ld  im p ly  
th a t  d isso c ia tio n  o f  S iF 3+ * p ro d u c e s  a n  ex c ited  s ta te  o f  
S iF 2+ , o r  th a t  th e  a d d it io n a l en e rg y  goes in to  tra n s la tio n a l 
m o d es  o f  e ith e r  g ro u n d  s ta te  S iF 2+ o r  th e  d isso c ia ted  F  a to m . 
F ig u re  6  c o m p a re s  th e  d a ta  to  th e  final m o d e ls  fo r p ro d u c ­
tio n  o f  b o th  g ro u n d  s ta te  a n d  ex c ited  s ta te  S iF 3+ , w ith  a n d  
w ith o u t d isso c ia tiv e  fa ll off.

A ssu m in g  th a t  th e  p ro p o sed  S iF 3+ * ex c ited  s ta te  is a c tu ­
a lly  fo rm ed  in  th e  N e + reac tio n , th e  im p lica tio n s  o f  its  p re s ­
en ce  o n  th e  ob se rv ed  re a c tiv ity  c a n  b e  d iscu ssed  in  te rm s  o f  
th e  PE S s. Q u a lita tiv e  S iF 3+ * - F  su rfaces a re  e s tim a te d  a s  th e  
g ro u n d  s ta te  su rfaces sh ifte d  b y  5.7 eV , sh o w n  in  F ig . 11. 
T h is  c le a rly  ex h ib its  th e  n e a r- re so n a n t n a tu re  o f  th e  [ N e + 
+  S iF 4] a n d  [S iF 3+ * - F  +  N e ]  su rface s  m en tio n e d  above. 

S ince litt le  i f  a n y  S iF 4+ is o b se rv ed  in  th e  N e  sy s tem , an y  
S iF 4+ * fo rm ed  m u s t h av e  suffic ien t en e rg y  th a t  i t  ra p id ly  
d isso c ia tes  e ith e r  to  S iF 3+ * +  F  o r  to  g ro u n d  s ta te  S iF 3+ 
+  F  v ia  a  c ro ss in g  w ith  th e  g ro u n d  s ta te  [S iF 3+ +  F  +  N e ]  

su rface . In  th e  A r + resu lts , n o  S iF 3+ * ex c ited  s ta te  fe a tu re s  
a re  o b serv ed . In  th is  sy s tem , S iF 3+ * p ro d u c tio n  w o u ld  be  
h ig h ly  u n fav o rab le  since  a  >  5.7 eV  b a r r ie r  w o u ld  ex is t to  
c ro ss in g  b e tw een  th e  [ A r + +  S iF 4] a n d  
[S iF 3+ * -t- F  +  A r ]  su rfaces. F o r  th e  H e  sy s tem , n o  defin i­
tiv e  in te rp re ta tio n  o f  th e  effect o f  th e  ex c ited  s ta te  su rfaces 
o n  th e  ob se rv ed  reac tiv ity  is re ad ily  m a d e  d u e  to  th e  u n c e r ­
ta in tie s  invo lved . H o w ev er, th e  ob se rv ed  ex o th e rm ic  fe a tu re  
in  cr( S iF 3+ ) c o u ld  be  ex p la in ed  a s  p ro d u c tio n  o f  S iF 3+ *, 
s ince  o u r  q u a li ta tiv e  su rfaces  in d ic a te  th a t  th e  u n b o u n d  
[S iF 3+ * +  F  +  H e ]  su rface  w o u ld  c ro ss  n e a r  th e  
[ H e + +  S iF 4 ] p o te n tia l m in im u m .

Thermochemistry
T h e  en e rg y  d ep en d en ce  in  th e  re a c tio n  c ro ss  sec tio n s  

fro m  th e  A r  a n d  N e  sy s tem s is, in  g en e ra l, c o n s is te n t w ith  
th e  li te ra tu re  th e rm o c h e m is try  a n d  th a t  d e riv ed  in  o u r  p re ­
v io u s w o rk . 17 P ro d u c tio n  o f  S iF 4+ fro m  A r + ( 2P 3/ 2) sh o w s a 
th re sh o ld  be tw een  0 .03  a n d  0 .09  eV , w h ic h  is in  g o o d  a g re e ­
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m e n t w ith  th e  l i te ra tu re  va lu e  o f  0 .05  ±  0 .02  eV . L ikew ise  
th e  th re s h o ld  fo r  p ro d u c tio n  o f  S iF 3+ fro m  A r + ( 2P 3/2) is 
d e te rm in e d  to  b e  0 .43  ±  0 .0 4  eV . T h is  lies w ith in  th e  u n c e r­
ta in ty  o f  th e  l i te ra tu re  va lu e , 0 .6  +  0 .2  eV , b u t  is m u c h  m o re  
p rec ise . T h is  th re sh o ld  y ie ld s A H ° 29a ( S i F / ) 
=  — 30.1 ±  0 .9  k c a l /m o l ,  a s  c o m p a re d  to  th e  p rev io u sly  

m e a su re d  v a lu es o f  — 30 +  7 ,47 — 22 ±  5 ,48 an d  
— 26.7  ± 4 . 5  k c a l /m o l . 17 A lth o u g h  p ro d u c tio n  o f  S i F /  

a n d  S iF +  fro m  A r + , a n d  S iF + a n d  S i+ fro m  N e +  a re  p ro ­
cesses w h ic h  m ig h t b e  su b jec t to  k in e tic  sh ifts , o n ly  th e  la t te r  
p ro cess  h a s  a n  a p p a re n t th re s h o ld  s ig n ifican tly  g re a te r  th a n  
th e  th e rm o d y n a m ic  lim it. T h e  o th e r  p ro cesses  sh o w  th re s h ­
o ld s  w ith in  1 eV  o f  th e  ex p ec ted  value . I n  th e  H e + sy stem , 
h o w ev er, a ll th re sh o ld s  a re  w ell in  excess o f  th e i r  th e rm o d y ­
n a m ic  values, a  re s u lt w h ic h  is ex p la in e d  by  th e  P E S  c o n s id ­
e ra tio n s .

Relation to  plasma system s
T o  p re d ic t th e  o p tim u m  p h y s ic a l p a ra m e te rs  o f  a  p la s ­

m a  sy s tem , it  is firs t n ecessa ry  to  u n d e rs ta n d  th e  in te ra c tio n s  
a t  th e  s u b s tra te  a n d  a sc e r ta in  th e  p r im a ry  ch em ica l species 
re sp o n sib le  fo r  th e  d e s ire d  d e p o s itio n  o r  e tc h in g  p rocess. 
T h e n  th e  g a s-p h ase  c h e m is try  c a n  b e  ta i lo re d  by  m o d ify in g  
th e  s ta r t in g  m a te r ia ls  a n d  b ias  o f  th e  s u b s tra te  to  o b ta in  th e  
m a x im u m  c o n c e n tra tio n  o f  re a c tiv e  species. F o r  in s tan ce , if  
S iF 3+ ( o r  p ro d u c ts  o f  S iF 3+ re a c tio n s )  w ere  fo u n d  to  b e  p a r ­
tic u la r ly  s ig n ifican t in  th e  su rface  re a c tio n s  w h ic h  le ad  to  
e tc h in g  o f  silicon  layers , th e n  th e  p re se n t re su lts  suggest th a t  
th e  u se  o f  A r  o v e r N e  o r  H e  in  th e  s ta r tin g  m a te r ia l w o u ld  
re s u lt in  h ig h e r  e tc h  ra te s . L ikew ise , k n o w led g e  o f  th e  gas- 
p h a se  re a c tio n  p ro d u c t d is tr ib u tio n s  c a n  ra tio n a liz e  ex p e ri­
m e n ta l p a ra m e te rs  w h ic h  h av e  been  em p iric a lly  d e te rm in ed . 
F o r  in s tan ce , th e  u se  o f  A r + , a lo n g  w ith  X e F 2, re su lts  in  a 
~ 2 5 %  in c rea se  o v e r N e + a n d  a  fo u rfo ld  in c rea se  o v e r H e + 
in  th e  e tc h  y ie lds o f  Si la y e rs .8 S iF 4 is a  p r im a ry  e tch in g  
p ro d u c t in  th e se  sy s tem s a n d  w ill be  p re se n t in  sign ifican t 
a m o u n ts . T h e re fo re , a  h y p o th e s is  c o n s is te n t w ith  th e se  r e ­
su lts  a n d  th e  p re s e n t w o rk  is th a t  th e  la rg e r  S i F /  species, o r  
th e  n e u tra l  p ro d u c ts  o f  th e ir  re a c tio n s , can  b e tte r  a ss is t th e  
e tc h in g  p ro cess  th a n  su c h  spec ies a s  S i+ a n d  S iF + .

SUMMARY
G u id e d  io n  b e a m  m ass  s p e c tro m e try  h a s  b een  u sed  to  

s tu d y  th e  re a c tio n s  o f  A r + , N e + , a n d  H e + w ith  S iF 4 fro m  
th e rm a l en e rg y  to  50 eV  c .m . C h a rg e  tra n s fe r  fo llow ed  by  
lo sses o f  a to m ic  f lu o rin e  a re  th e  so le  p ro cesses  o b se rv ed  in  
e a c h  case . I n  th e  A r  sy s tem , p ro cesses  ( l a )  th ro u g h  (1 d ) a re  
o b serv ed , w h ile  in  th e  H e  a n d  N e  sy s tem s p ro cesses ( l b )  
th ro u g h  ( l e )  a re  observed . T h e  d o m in a n t p ro cess  b ey o n d  
sev e ra l eV  in  e a c h  sy s tem  is p ro d u c tio n  o f  th e  first S i F /  
p ro d u c t w h ic h  is s ig n ifican tly  e n d o th e rm ic : S i F /  fo r  A r + , 
a n d  S iF + fo r  b o th  N e + a n d  H e + . T h e re fo re , p ro d u c t d is tr i­
b u tio n s  o f  c h a rg e  tr a n s fe r  p ro cesses  in v o lv in g  th e  ra re  gas 
io n s  a re  s ig n ifican tly  affec ted  b y  th e  id e n tity  a n d  io n iz a tio n  
p o te n t ia l o f  th e  ra re  gas. A t  h ig h  energ ies, th e  c ro ss  sec tio n s 
d e c lin e  slow ly , w h ic h  im p lies  th a t  o n ly  a  sm a ll f ra c tio n  o f  
excess en e rg y  is le f t in  in te rn a l m o d es .

In  th e  A r + a n d  N e + sy s tem s , th e  ob se rv ed  en e rg e tic s

a re  co n s is ten t w ith  th a t  ex p ec ted  fro m  th e  lite ra tu re . B o th  
th e  e x o th e rm ic  re a c tio n  o f  A r + i 2P l / 2 ) a n d  e n d o th e rm ic  re ­
a c tio n  o f  A r + ( 2P 3/2) to  p ro d u c e  S iF 4+ a re  observed . F ro m  
th e  S i F /  c ro ss  sec tio n  p ro d u c e d  fro m  A r + , th e  v a lu e  
AH ° 29s =  — 30.1 +  0 .9  k c a l /m o l is d e riv ed  w h ic h  ag rees  
w ith  th e  li te ra tu re  value , b u t  h a s  m u c h  lo w er u n c e r ta in ty . In  
a d d it io n , th e re  is so m e  ev idence  th a t  a n  ex c ited  s ta te  o f  S i F /  
is p ro d u c e d  in  th e  re a c tio n  w ith  N e + . T h e  d a ta  c a n  be  in te r ­
p re te d  to  in d ic a te  th a t  su c h  a  s ta te  lies 5 .7  eV  ab o v e  th e  
g ro u n d  s ta te . F o r  th e  H e + reac tio n s , a ll p ro d u c t c h a n n e ls  
o b se rv ed  sh o w  re a c tio n  b a rr ie rs .

T h e  reac tiv ity  an d  p ro d u c t d is tr ib u tio n s  in  th e  th re e  sy s­
tem s  can  b e  ex p la in ed  u sin g  p o te n tia l en e rg y  su rfaces  a n d  
re a c tio n  th e rm o c h e m is try . S ince fo rm a tio n  o f  S i F /  p ro d ­
u c ts  b eg in s w ith  ch a rg e  tr a n s fe r  fro m  R g + to  fo rm  S i F / , 
th e n  th e  sig n ifican t reg io n  o n  th e  p o te n tia l su rface s  is  th e  
c ro ss in g  fro m  th e  [ R g + +  S iF 4] su rface  to  th e  
[ S i F / - F  +  R g ]  su rfaces. T h e  io n iz a tio n  p o te n tia ls  o f  A r  
a n d  S iF 4 a re  n e a rly  eq u a l, so  th a t  th e re  is s tro n g  o v e rla p  
b e tw een  th ese  su rfaces. T h is  ex p la in s  w h y  A r + is h ig h ly  re ­
ac tiv e  w ith  S iF 4 a n d  w h y  n o  b a r r ie r  is o b se rv ed  fo r  re a c tio n  
in  th is  sy s tem . O n  th e  o th e r  h a n d , th e  io n iz a tio n  p o te n tia l o f  
H e  is n e a rly  9 eV  g re a te r  th a n  th a t  o f  S iF 4. T h u s , th e  c ro ss in g  
o ccu rs  a t  a  sm a ll in te rn u c le a r  d is ta n c e  a lo n g  th e  rep u ls iv e  
p a r t  o f  th e  [ H e + +  S iF 4] su rface  su c h  th a t  a  b a r r ie r  to  r e a c ­
tio n  is observed . N o  S i F /  fo rm a tio n  is ob serv ed , w h ic h  is 
c o n s is te n t w ith  th e  fa c t th a t  th e  c ro ss in g  o c c u rs  in  th e  re p u l­
sive reg io n  o f  th e  [ S i F / - F  +  H e ]  su rfaces. T h e  io n iz a tio n  
p o te n tia l o f  N e  lies in te rm e d ia te  b e tw een  A r  a n d  H e  a n d  is 6 

eV  h ig h e r  th a n  th a t  o f  S iF 4. S ince  n o  b a r r ie r  to  re a c tio n  is 
observed , th e  su rface  c ro ss in g  o f  in te re s t p ro b a b ly  o c c u rs  
n e a r  th e  m in im u m  o f  th e  [ N e + +  S iF 4] b o n d in g  su rface . 
H o w ev er, th e  c ro ss in g  o c c u rs  o n  th e  rep u ls iv e  p a r t  o f  th e  
[ S i F / - F  +  N e ]  su rface , a s  in  th e  H e  sy s tem , so  th a t  n o  
S i F /  is p ro d u c e d  fro m  N e + e ith e r. F in a lly , th e  p lau s ib ility  
th a t  ex c ited  s ta te  S i F /  * is fo rm ed  in  th e  N e  sy s tem  is re in ­
fo rced  by  th e  P E S s w h ich  sh o w  th a t  th e  [S iF  / • - F  +  N e ]  
su rface  w o u ld  b e  n ea rly  re s o n a n t w ith  th e  [ N e + +  S iF 4 ] 
su rface .
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