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ABSTRACT 

A time-average model of the RF plasma sheath was developed. The ion "fluid" equations were used with a frictional 
force to account for ion-neutral collisions. Consideration of the collision dynamics showed that the frictional force may be 
taken as proportional to the square of the ion drift velocity. The sheath model was used to investigate the ion energy and 
flux on the electrodes of plasma reactors. The dimensionless quantity Co (collision number) was found to be important in 
describing the ion motion in the sheath. An analytical expression for the ion bombardment  energy was derived, in terms 
of Co and the sheath voltage, for the range of parameter values typical of high pressure (-1 torr) diode plasma etchers. An 
application of the model  to an oxygen discharge in a parallel plate reactor was considered. Over the parameter range inves- 
tigated, the ion bombardment  energy was found to be only a few tens of eV, much lower than typical sheath voltages 
(-200V). The ion bombardment  energy was found to be a function of the sheath electric-field-to-pressure ratio. The model 
provides a framework that can be incorporated into more general plasma reactor models which consider transport and re- 
action phenomena along surfaces undergoing etching. 

Within the last decade, dry etching using an RF diode 
discharge in a chemically reactive gas has become a wide- 
spread technique in the fabrication of microelectronic de- 
vices. Under conditions of relatively high pressure (-1 
torr) and high frequency (-10 MHz), an RF discharge of 
this kind may resemble an ideal, nonequilibrium, slightly 
ionized plasma separated from wall and electrode surfaces 
by a region of positive space charge or sheath. In the 
sheath region ions are accelerated toward electrode or wall 
surfaces by the electric field present due to the space 
charge. In their transit through the sheath, ions may exper- 
ience collisions, mainly with neutrals owing to the low de- 
gree of ionization (~<10-4). Such collisions serve to reduce 
the energy and randomize the ionic motion. Determination 
of the ion flux and the energy and angular distribution 
functions of ions striking the electrodes of plasma reactors 
is of significant technological interest in semiconductor 
processing. Such quantities affect both the etching rate 
and the degree of anisotropy in plasma etching applica- 
tions. The purpose of this paper is to develop an approxi- 
mate model to investigate the behavior of ionic species 
within the high field sheath regions of a gas discharge. 

Quantities that affect the energy and/or directionality of 
bombarding ions include the sheath electric-field-to- 
pressure ratio (E/p) (1, 2), the applied frequency (3), and the 
nature and topography of the surface (4, 5). The quantity 
E/p is a measure of the energy imparted to an ion by the 
electric field over the distance of one mean fl'ee path. Fre- 
quency has a pronounced effect on ion bombardment  
energy. At low frequencies ions can respond to the instan- 
taneous sheath voltage and, in the absence of collisions, 
the maximum ion energy would correspond to the peak 
sheath voltage. At high frequencies, ions respond to a 
time-average sheath potential. The transition from low to 
high frequency regime happens at about 1 MHz (3, 6). The 
present study emphasizes applications at 13.56 MHz. 
Hence ions can be regarded as responding to an average 
sheath voltage (7), so that an equivalent dc model of the RF 
sheath may be applied. Further, if the sheath is thick com- 
pared to the ion mean free path, the ion bombarding 
energy would lie well below the average sheath voltage. 
However, if the sheath thickness is comparable to the 
mean free path, the ion energy would extend close to the 
average sheath voltage. 
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A rigorous approach to solving for the particle transport 
in the sheath would require consideration of Boltzmann- 
like kinetic equations for the ions, electrons, and neutrals, 
coupled to the Poisson equation for the self-consistent 
electric field. Solution of the coupled integro-differential 
equations subject to appropriate boundary conditions 
could yield the corresponding distribution functions. 
Such an approach is invariably difficult, although progress 
has recently been made in solving for the spatially depen- 
dent energy distribution functions of ions, electrons, and 
fast neutrals (resulting from charge exchange collisions) in 
a t ime-independent sheath (8). Another approach is to em- 
ploy the Monte Carlo method as demonstrated by Kushner 
(9). A simplified approach was taken in the present study 
motivated by the fact that a reasonable sheath model be 
developed, yet simple enough to be readily incorporated 
into a more general plasma reactor model. Thus, in the 
present sheath model, the ion "fluid" velocity was found 
by coupling the equations of  continuity and motion of  the 
ion "cloud" to Poisson's equation for the potential distri- 
bution in the sheath. Time-averaged quantities were used 
throughout, i.e. an equivalent dc model was employed. 
Equivalent dc models of RF sheaths have been used be- 
fore (10). Their advantage is the simplicity of the calcula- 
tion. Their disadvantage is that they are not applicable to 
low frequency (<10 MHz) operation and that they provide 
only the average ion energy and not the ion energy distri- 
bution. 

Model Formulation 
To eliminate edge effects and to reduce the dimensional- 

ity of the analysis, the sheath shall be considered as an in- 
finite planar sheet of finite thickness between an infinite 
planar absorbing surface and a semi-infinite plasma. 
Within the sheath the medium shall be regarded as two in- 
terpenetrating fluids composed of neutral gas molecules 
and singly charged daughter ions, respectively. In all 
cases, the neutral fluid will be taken to be in thermal equi- 
l ibrium at some ambient temperature, T. The ions and the 
neutrals are of equal mass, m. The electron density will be 
taken to be negligible since the sheath is a region of posi- 
tive space charge (i.e., deficient in electrons). If  one further 
assumes the absence of temperature gradients and strong 
magnet ic  fields, the behavior of the ion fluid can be de- 
scribed by three coupled differential equations 

On~ 0 
- -  + - -  (nlui) = 0 [1] 
ot a:c 
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Here,  the  coord ina te  x is in the  di rect ion normal  to the  pla- 
na r  boundary  surfaces def ined previously.  Equa t ion  [1] is 
the  ion  cont inui ty  equat ion.  It  conta ins  no source  t e rm 
and, thus, embod ies  the a s sumpt ion  that  the  ionizat ion 
rate is negl ig ible  wi th in  the  sheath  in compar i son  to the  
p lasma or glow region. This  a s sumpt ion  is cons is ten t  wi th  
the  a s sumpt ion  of  negl ig ible  e lec t ron dens i ty  since elec- 
t ron  impac t  is usual ly  the  dominan t  ionizat ion mecha-  
nism.  Equa t ion  [2] is the  equa t ion  of  mot ion  for the  ion 
fluid wi th  ui denot ing  the  average ion velocity.  The  two 
t e rms  on the  r ight -hand side account ,  respect ively ,  for the  
effect  of  the  sheath  electr ic  field and the  effect  of  the  dy- 
namic  fr ict ional  force, F1, due  to in terac t ion  wi th  the  me- 
dium. Equa t ion  [3] is Poisson ' s  equa t ion  which  relates the  
d ive rgence  of  the  electric field to the  space charge density.  

D y n a m i c  f r i c t i o n . - - T h e  preced ing  set of  equa t ions  is 
c losed in all quant i t ies  excep t  the  fr ict ional  force, F~. In  
this section,  a form for F~ as a funct ion  of  molecu la r  dy- 
namic  parameters  and the  average  ion veloci ty,  u~, will  be 
obtained.  To begin,  one  notes  that  wi th in  a s l ightly ionized 
discharge,  the  great  major i ty  of  col l is ions expe r i enced  by 
any g iven  ion are binary encounte rs  wi th  a neutra l  gas 
molecu le  (shown schemat ica l ly  in Fig. 1). Phenomeno log i -  
cally, one  can express  the  dynamic  fr ict ional  force as an 
average  over  all possible  col l is ions of  a " tes t"  ion m o v i n g  
at a veloci ty,  u~, wi th  a the rmal  d is t r ibut ion  of  neutrals.  Re- 
s t r ic t ion of  cons idera t ion  to spherical ly  symmet r i c  ion- 
mo lecu l e  in teract ions  yields the  express ion  

F, - ~- d• sinx f dg  g~(x, g) hu~(• g)f(v) [4] 

where  g is the  re la t ive  veloci ty  of  the  test  ion wi th  respec t  
to a gas molecu le  (g = Igl) and • is the  coll isional  scat ter ing 
angle  (see Fig. 1). The  function,  or(x, g), is the  different ial  
col l is ion cross sect ion for the  ion-molecule  in terac t ion  and 
hui(x, g) is the  coll isional  change  in the  c o m p o n e n t  of  the 
ion ve loc i ty  parallel  to the  X-axis  (i.e., normal  to e lec t rode  
or  wall  surfaces). The  molecu la r  veloci ty  d is t r ibut ion  func- 
tion, f(v), is t aken  to be  a Maxwel l ian  

For  ma themat i ca l  convenience ,  the  different ial  coll ision 
cross sect ion will  be  a s sumed  to be  i n d e p e n d e n t  of  g [i.e., 
or(x, g) = or(x)] and hui(x,  g) will  be a s sumed  to be  of  the  form 

hu~(x, g) = - g cos0 6(• [7] 

Physical ly ,  this cor responds  to a hard sphere  descr ip t ion 
of  the  ion-molecu le  interact ion.  Such  a descr ip t ion is plau- 
sible s ince the  coll isional k inet ic  energy  is genera l ly  qui te  
large and the  repuls ive  core of the  in teract ion is dominant .  
Of  course,  a hard sphere  in teract ion neglects  the  energy  
d e p e n d e n c e  of  the  cross section. Conceptual ly ,  the  use of  a 
"sof t"  in terac t ion  (such as a Lenna rd - Jones  6-12 potential)  
wou ld  p resen t  no difficulty excep t  for more  labor ious  
computa t ions .  However ,  the  va lue  of  such increased  so- 
phis t ica t ion  is ques t ionable  since (i) Fi is an integral  quan-  
t i ty  and is not  s t rongly dependen t  on the  detai led nature  of  
the  interact ion,  and (ii) in the  app rox ima te  sheath  model ,  
t he  ion energy  dis t r ibut ion  is replaced by the  average  ion 
energy.  

One  can subst i tu te  Eq. [5]-[7] into the express ion  for Fi 
Eq.  [4], and integrate  to obtain  

+ k \ ~ - /  k T -  1 ~ _  m 

erf  (u~ ~ / 5  ) } I ]  dx sin •162 [8] 

In  the  p resen t  case, ions have  kinet ic  energies  which  are 
m u c h  larger  than  kT ,  hence,  the  p reced ing  express ion  can 
be  s implif ied by the  a s sumpt ion  mu~ 2 > >  2 k T  

Fi = - 2~ m N u i  2 dx sin X~(• [9] 
Jo 

Thus,  the  fr ict ional  force is app rox ima te ly  quadra t ic  in ul. 
It  is conven ien t  to define a frictional coefficient,  % such 
that  

Fi = - ~ i u i  2 [10] 

whe re  

r m 13/2 2 
AV)  : N / / e-mY /2kT 

L2%-~J [5] a~ = 2 w m N f f d x  sin x~(x)~(• [11] 

where  the  molecu la r  ve loc i ty  magni tude ,  v, is 

v = X/g 2 - 2gui cos0 + u~ 2 [6] 

and the  angle  0 is taken  be tween  the  relat ive ve loc i ty  g and 
the  X-axis.  

Ion  c .m.  
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m o l e c u l e  c .m.  
Fig. 1. Ion-molecule collision geometry 

The  coeff icient  can be  evalua ted  if specific forms are g iven 
for g(X) and ~(X). Fo r  elastic hard sphere  interact ions  

~el(• = ~ D 2 [12] 

1 
~(• = = (1 - co s  x) [13] 

2 

Then,  the  fr ict ional  coeff icient  takes  the form 

r m N  D 2 
a i  - [ 1 4 ]  

2 

Charge  exchange  coll isions can be t reated as grazing en- 
counters  which,  i f  there  were  no charge exchange ,  would  
have  a scat ter ing angle  near  0. Howeve r  the  effect  of  the  
charge  exchange  is to change  the  scat ter ing angle  to near  
radians  (for equal  ion and neutra l  masses). I f  the  constant ,  
De• is def ined as an effect ive d iamete r  appropr ia te  to 
charge  exchange ,  the  charge exchange  cross sect ion can 
be  g iven  an idealized form 

2 6 ( ~  - x )  ~ex(• = ~D~• : [15] 
sin X 

where  6(~r - • is the Dirac del ta  function.  Dynamical ly ,  all 
charge  e x c h a n g e  coll is ions are be ing  t reated as if  X = ~r. 
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The differential  cross sect ion inc lud ing  both elastic and 
charge  exchange  coll is ions is ~t = ~] + ~ .  The  form of~(x) 
remains  as in Eq. [13]. When charge exchange  is included,  
c~, becomes  

gm~T 
~, = ~ (D 2 + Dex ~) [16] 

2 

wh ich  suggests  that  an ad hoc general  express ion  for a~ can 
be  g iven  as 

N m  
o t  i = - -  [17] 2 ~t 

Model equations and boundary conditions.--Equations 
[1]-[3] can be simplif ied by replac ing the  ins tan taneous  
field wi th  its t ime  average <E>.  Taking into account  Eq. 
[10] and that  

dV 
<E> = - - -  [18] 

dx 

yields 

d 
- - -  (niu~) = O [19] 
d x  

dui q dV (~lUi 2 
ui [20] 

dx m dx m 

d:V qn, 
[21] 

dx 2 eo 

It  n o w  remains  to impose  sui table boundary  condi t ions  
on this sys tem of  equat ions .  B o h m  (27) demons t ra t ed  that  
ions enter ing  the  sheath  mus t  do so wi th  an app rox ima te  
ve loc i ty  which  is de te rmined  by the p lasma parameters  
character is t ic  of  the  glow. I f  one defines the coord ina te  ori- 
gin, x = 0, to be at the  sheath-glow interface (Fig. 2), the  
B o h m  cr i ter ion in a coll isionless p lasma is 

•/kT• [22] ui(0) = - - m  

Here,  T~ is the  e lec t ron t empera tu re  wi th in  the  g low re- 
gion. Typically,  in an RF discharge  of  pract ical  impor-  
tance,  kTr is f rom 1 to 10 eV. 

The essence  of  the  B o h m  cri ter ion is that  before  en ter ing  
the  sheath,  an ion falls th rough  a potent ia l  drop of order,  
kTJ2q, which  " leaks"  into the  glow from the  sheath. A po- 
tent ia l  drop of  this magn i tude  can be  susta ined wi th in  the 
g low due  to the  the rmal  energy  of  the  e lectron fluid with-  
out  grossly per tu rb ing  the  sys tem away from ideali ty (i.e., 
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Fig. 2. Schematic of sheath and of sheath/glow interface (not drawn 
to scale). 

the  glow remains  quasi-neutral  wi th  approx imate ly  equal  
ion and electron densities).  The  B o h m  cri ter ion mus t  be  
modif ied  when  the  negat ive  ion densi ty  in the  glow is large 
as compared  to the e lectron dens i ty  (15). 

I f  one adopts  the  conven t ion  that  x < 0 cor responds  to 
the  glow and x > 0 corresponds  to the  sheath  (and/or elec- 
trode), one can modi fy  the B o h m  cri ter ion to inc lude  the 
effect  of  dynamic  fr ict ion as follows 

mui(0) 2 kTe 
_ (o dx IFi(x)] [23] 

2 2 • 

Thus,  the  kinet ic  energy of  an ion enter ing  the  sheath  ap- 
p rox ima te ly  equals  the potent ia l  energy,  kTe/2, minus  
energy  lost to fr ict ion against  the med ium.  In  practice,  the  
quadra tu re  cannot  be evaluated  and will  be replaced  by an 
e s t i m a t e ,  ~D]Fi(0)], where  ~D is the  Debye  length.  The  
Debye  length  is a character is t ic  measu re  of  the  d is tance  
wi th in  a quasi -neutra l  p lasma over  which  a var ia t ion in po- 
tent ial  of  order, kTJ2q, is effect ively  screened out. Conse- 
quent ly ,  electric fields wi th in  the  p lasma should  be no 
greater  than  the  order  of  kTJ2qkD. Hence,  before  en ter ing  
the  sheath, an ion is s t rongly affected by electr ical  and fric- 
t ional  forces pr imar i ly  wi th in  the  last Debye  length  of  the  
glow (presheath in Fig. 2) before  reaching  the  sheath-glow 
interface.  S ince  the  average  electron energy  in the  glow as- 
sociated wi th  the  x-degree  of  f r eedom is kTe/2q, the  sheath- 
g low interface is the  p lane  at which  the  average electron is 
ref lected back  to the glow, leaving the  sheath  devoid  of  
e lectrons,  as a s sumed  earlier. 

It  should  be m e n t i o n e d  at this point  that  the  above  dis- 
cuss ion  associated with  the  B o h m  cri ter ion is mos t  appro-  
pr iate  for a dc sheath. For  example ,  per iodic  e lec t ron 
" l eakage"  into an RF  sheath, to neutral ize  the  posi t ive  ion 
flux to a capaci t ively  coupled  electrode,  wou ld  violate  our  
a s sumpt ion  of  the sheath  be ing  devoid  of electrons.  
However ,  it was felt  that, for the  present  s implif ied sheath  
model ,  the  B o h m  cri ter ion may  be used  [as was done  in 
prev ious  work  on RF  sheaths,  Ref. (22)] to provide  an ap- 
p rox ima te  boundary  condi t ion  for the ion current  at the 
g low/sheath  interface. The p rob lem of sui table bounda ry  
condi t ions  at the  (imaginary) g low/sheath  interface arises 
w h e n  the  sheath  is cons idered  separate ly  f rom the  glow. 
Such  a p rob lem would  not  exis t  in a g low discharge  mode l  
wh ich  is wri t ten  over  the ent ire  in te re lec t rode  space (26). 
However ,  such a mode l  is far more  complex  and does not  
serve  the  purpose  of the  p resen t  work;  namely,  to p rov ide  
a simplified,  yet  reasonable  sheath  mode l  which  can be 
readi ly  coupled  to a t ransport  and chemica l  react ion 
m o d e l  of  a p lasma e tch ing  reactor.  

In  the  present  work, the  bulk  ion dens i ty  np was taken  to 
be  cons tan t  wi th in  the glow up to the  g low-sheath  inter- 
face (x = 0). Thus,  the  B o h m  cr i ter ion and quasi-neutra l i ty  
p rov ide  the  fol lowing boundary  condi t ions  at the  sheath-  
g low interface 

hi(0) = np [24] 

l kTe 
ui(0) = ~/ [25] 

u 
m + 2~ikD 

d_V kTe [26] 

dx 2qhD x=O 

V(0) can be chosen  arbitrari ly and will  be taken  to be  zero. 
The  e lec t rode  is a s sumed  to be an equipoten t ia l  surface 

V(d) = - Ys [27] 

Equa t ion  [27] impl ies  that  the  e lec t rode  has a negat ive  po- 
tent ia l  wi th  respect  to the  plasma. The  three  boundary  
condi t ions  imposed  on potent ia l  do not  overspeci fy  the  
p rob l em since the  sheath  th ickness  d is not  k n o w n  
a priori. 

I t  is ins t ruc t ive  to render  the equat ions  and boundary  
condi t ions  dimensionless .  By  defining 

ni ~/ V* qV 
hi* = - -  u~* = ui - [28] 

n, ~ kTe kTe 
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22 ~ i ~ k D  
x* - Co - [29] 

kD m 

one  can  rewr i t e  Eq. [19]-[21] to  o b t a i n  

d 
- -  ( n ~ * u i * )  = 0 [30] 
dx* 

du~* dV* 
ui* - Co u, .2 [31] 

dx* dx* 

d 2 V  * 

dx.~- ~ = - hi* [32] 

In  r e n d e r i n g  Eq. [21] d i m ens i on l e s s ,  t he  e x p r e s s i o n  for t h e  
D e b y e  l e n g t h  kD - -  (kTeeo/n~q2) 11~ was used.  T h e  p r e c e d i n g  
b o u n d a r y  c o n d i t i o n s  b e c o m e  

1 
n,*(0) = 1 ui*(0) = - -  [33] 

1 + 2Co 

d V *  _ 1 V*(0) = 0 V*(d*) = - Vs* [34] 
dx* x~=o 2 

T h e  d i m e n s i o n l e s s  q u a n t i t y  Co, h e r e a f t e r  r e fe r red  to as t he  
"co l l i s ion  n u m b e r , "  d i rec t ly  affects  the  ene rgy  of  ions  
b o m b a r d i n g  t he  e lec t rode .  Wi th  use  of Eq. [17] a n d  [29], Co 
can  b e  e x p r e s s e d  as 

1 
Co = - Nk,~ t  [35] 

2 

Co is a m e a s u r e  of t he  n u m b e r  of col l i s ions  a n  ion suffers  
w h e n  t r a v e r s i n g  t he  shea th .  I f  t he  va lue  of  Co is smal l  (Co 
--* 0), s u c h  as u n d e r  low p r e s s u r e  opera t ion ,  ions  free-fall  
in to  t h e  shea th .  Th i s  is t he  so-cal led space  c h a r g e  s h e a t h  
l imit .  In  s u c h  a case  ions  b o m b a r d  the  e l ec t rode  sur face  
w i t h  e n e r g y  e q u a l  to t he  ave rage  s h e a t h  vol tage.  At  t he  
o t h e r  . ex t r eme  of h i g h  Co values ,  ions  e x p e r i e n c e  m a n y  
col l i s ions  d u r i n g  t he i r  t r ans i t  t h r o u g h  the  s h e a t h  a n d  ions  
can  b e  r e g a r d e d  in " e q u i l i b r i u m "  w i t h  t he  local  field. In  
t h a t  case,  ion  iner t ia  effects  can  be  neg l ec t ed  (dui/dx = 0), 
a n d  t he  ion  b o m b a r d m e n t  e n e r g y  wil l  be  s u b s t a n t i a l l y  
sma l l e r  t h a n  t he  s h e a t h  vol tage.  

C o m b i n i n g  Eq. [30]-[32] y ie lds  

d 2 d 2 . /  1 
d x  .2 (u,*") + 2Co (u1"2) = - -  V [36] 

d:c* ui* 1 + 2Co 

w h i c h  was  so lved  for u, .2 by  a f inite d i f fe rence  a lgor i thm.  
E q u a t i o n  [33] p r o v i d e d  u,*2(0), one  of  the  two  ini t ia l  condi-  
t ions  r equ i red .  The  s e c o n d  ini t ia l  c o n d i t i o n  was  f o u n d  by  
a p p l y i n g  Eq. [31] for x* = 0, a n d  u s i n g  Eq.  [33] a n d  [34] to 
o b t a i n  

dui .2 
d x ~  [:~* o = 1/(1 + 2Co) [37] 

Af te r  o b t a i n i n g  t he  drif t  ve loc i ty  u~* = ui*(x*), Eq.  [30] and  
[32] we re  so lved  s i m u l t a n e o u s l y  to f ind the  p o t e n t i a l  distr i -  
b u t i o n  in t he  shea th .  Ca lcu la t ions  s t o p p e d  w h e n  t he  po- 
t en t i a l  a t t a i n e d  a va lue  of -V~*, i.e., w h e n  t he  e l ec t rode  
was  r eached ,  a t  w h i c h  po in t  the  s h e a t h  t h i c k n e s s  cou ld  be  
o b t a i n e d  f rom the  c o r r e s p o n d i n g  x* value.  

Results and Discussion 
Two sets  of ca lcu la t ions  were  ca r r i ed  out,  t he  first b e i n g  

of  genera l  b e h a v i o r  in  d i m e n s i o n l e s s  p a r a m e t e r  space,  t he  
s e c o n d  b e i n g  specif ic  to a n  o x y g e n  p l a s m a  in a para l le l  
p l a t e  e t c h i n g  reactor .  

F i g u r e  3 shows  t he  d i m e n s i o n l e s s  s h e a t h  po t en t i a l  as a 
f u n c t i o n  of  d i m e n s i o n l e s s  d i s t a n c e  f rom t he  g l ow / shea th  
i n t e r f ace  (x* = 0) in to  t he  shea th ,  for  severa l  va lues  of Co. 
The  a b s o l u t e  va lue  of t he  s h e a t h  po t en t i a l  i nc reases  m o n o -  
ton ica l ly  w i t h  d i s t a n c e  in to  t he  shea th .  Fo r  a g iven  d i s -  
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into the sheath with the collision number as a parameter. 

t a n c e  in to  t he  shea th ,  the  po t en t i a l  " d r o p "  is h i g h e r  for  
h i g h e r  va lues  of  t he  col l is ion n u m b e r .  Th i s  is b e c a u s e  t he  
s h e a t h  " r e s i s t a n c e "  inc reases  w i t h  Co. In  prac t ice ,  if  one  
ha s  a n  e s t ima te  of  t h e  s h e a t h  vo l tage  a n d  of  Co, one  can  
o b t a i n  x* f rom Fig. 3 a n d  in t u r n  t he  s h e a t h  t h i cknes s .  Fo r  
e x a m p l e ,  in  a s y m m e t r i c  d i s cha rge  (e lec t rode  area rat io  

1), t he  s h e a t h  vo l tage  m a y  be  t a k e n  as a p p r o x i m a t e l y  1/4 
of  t he  app l i ed  RF  peak - to -peak  vo l tage  ( a s s u m i n g  t h a t  
t h e r e  is neg l ig ib le  vo l tage  d rop  across  t he  b u l k  plasma) .  In  
a s t rong ly  a s y m m e t r i c  s y s t e m  (e lec t rode  area  rat io  < <  1), 
t he  s h e a t h  vo l tage  over  t he  smal l e r  area  e l ec t rode  (usual ly  
t h e  p o w e r e d  e lec t rode)  m a y  be  t a k e n  as 1/2 of  t he  app l i ed  
R F  peak - to -peak  vo l tage  (1D. The  col l i s ion n u m b e r  is 
g iven  b y  Eq. [35] a n d  r equ i r e s  k n o w l e d g e  of t he  col l is ion 
cross  sect ion,  va lues  of w h i c h  m a y  be  f o u n d  in Ref. (14) 
a n d  (16). 

T h e  va lue  of x* o b t a i n e d  in the  fo rego ing  m a n n e r  c an  
t h e n  b e  u s e d  w i t h  Fig. 4 to  ob ta in  the  ion  ve loc i ty  (and  
ene rgy)  for t h e  g iven  Co. As s een  in Fig. 4, t he  ion ve loc i ty  
d e c r e a s e s  w i t h  i nc rea s ing  Co b e c a u s e  ions  e x p e r i e n c e  
m o r e  col l i s ions  in t he  shea th .  The  ion ve loc i ty  c h a n g e s  
r ap id ly  c lose  to t he  g low/ shea th  in terface .  The  c u r r e n t  con-  
t i nu i t y  e q u a t i o n  t h e n  r equ i r e s  t h a t  t he  ion dens i t y  falls 
r ap id ly  there .  For  va lues  of  Co > 1, t he  ion ve loc i ty  qu ick ly  
a t t a in s  a " fu l ly  d e v e l o p e d "  value,  c h a n g i n g  on ly  s lowly 
w i t h  d i s t a n c e  d o w n  the  shea th .  Th i s  is t he  force  b a l a n c e  
c o n d i t i o n  for w h i c h  t he  e lec t ros ta t i c  force a n d  t he  fric- 
t i ona l  force  a l m o s t  b a l a n c e  each  other ,  i.e., ion iner t ia  (ac- 
ce le ra t ion)  is neg l ig ib le  (du~/dx = 0 in Eq. [20]). Then ,  Eq. 
[20] y ie lds  

= ( q E t l / 2  u, ~ /  [38] 

or, s ince  (~1 is p r o p o r t i o n a l  to p r e s s u r e  p (Eq. [17]) 

~ ( E t l / 2  
us \ P /  [39] 

Th i s  r e su l t  was  o b t a i n e d  by  W a n n i e r  (12) for t he  m o t i o n  of  
gaseous  ions  w i t h  fully d e v e l o p e d  ve loc i ty  d i s t r i b u t i o n  
u n d e r  a s t rong  electr ic  field (E/p > >  1 V/torr-cm), a n d  con-  
s t a n t  m e a n  free  p a t h  ion -neu t r a l  col l i s ions  ( such  as in t he  
case  of  h a r d - s p h e r e  in te rac t ions) .  

T h e r e  are  some  l imi t ing  fo rms  of  the  s h e a t h  m o d e l  
w h i c h  are a m e n a b l e  to  ana ly t ica l  so lut ion.  In  t he  " f r ic t ion-  
leas"  case  (Co --~ 0), Eq. [36] can  b e  so lved  ana ly t ica l ly  to 
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into the sheath with the collision number as a parameter. 

o b t a i n  an  expl ic i t  e x p r e s s i o n  of ion ve loc i ty  vs. d i s t ance  
in to  t h e  s h e a t h  

w i t h  

[ ]1J3 I ]1/37 u i * =  4 y +  + z  + 4 y +  z - [40] 
512 512 8 

9X .2 33X* 
y = - -  + - -  [41] 

16 64 

The integration constant C can be eliminated by using 
boundary condition Eq. [33]. Then 

2Co ] 1/3 
C = (3(1 +2Co) ]  [47] 

H o w e v e r  for the  large  x* for  w h i c h  Eq. [46] is valid,  C can  
be  neg l ec t ed  c o m p a r e d  to x*, a n d  Eq. [46] r e d u c e s  to 

u,* = [2Co ~ /  

In  addi t ion ,  i n t eg r a t i on  of P o i s s o n ' s  e q u a t i o n  yie lds  for  the  
case  at  h a n d  (and for  h igh  x*) 

9 [3(i ace~ 2c ]"~ 
V* . . . .  10 - - o ) J  (x* + C) s/3 [49] 

E q u a t i o n  [48] a n d  [49] i nd i ca t e  t h a t  for  any  finite va lue  of  
Co, uj will b e c o m e  a s y m p t o t i c  to a one - th i rd  p o w e r  law 
a n d  V will  b e c o m e  a s y m p t o t i c  to a f ive- th i rds  p o w e r  law 
w i t h  r e spec t  to x*, as x* --~ ~. The  a b o v e  l imi t ing  cases  are 
d i sp l ayed  in Fig. 5 w h e r e  t he  c o m p l e t e  so lu t ion  (solid 
l ines)  is c o m p a r e d  to t he  a s y m p t o t i c  so lu t ions .  I f  Co = 0, 
t he  c o m p l e t e  so lu t ion  a l m o s t  co inc ides  w i th  t he  Child-  
L a n g m u i r  law, Eq. [43] (dash -do t t ed  line). Fo r  Co ~ 1, t he  
c o m p l e t e  so lu t ion  is v i r tua l ly  iden t i ca l  to t he  a p p r o x i m a t e  
so lu t ion  Eq. [48]. In  fact, for x* g rea te r  t h a n  a b o u t  10, Eq. 
[48] is a good a p p r o x i m a t i o n  for va lues  of  Co ~> 0.1. 

C o n s i d e r  n o w  the  r ange  of  va lues  of  Co t h a t  wou ld  be  en- 
c o u n t e r e d  in  pract ice .  Fo r  02 + m o v i n g  in its p a r e n t  gas, for  
example ,  t he  to ta l  col l is ion cross  sec t ion  has  b e e n  re- 
p o r t e d  as at = 5.5 10 -15 cm 2 (16). Fo r  C12 § in C12, at = 2.67 
10 -1~ c m  2 (14). The re fo re  a typ ica l  va lue  of  ~t m a y  be  t a k e n  
as 5 10 -1~ c m  2. Fo r  a h i g h  p r e s su re  p l a s m a  e t c h i n g  reac to r  
for  w h i c h  p = 0.5 to r r  a n d  T = 350 K, t he  gas dens i t y  is N = 
1.38 10 '6 cm~3; a typ ica l  va lue  ofkD is 100 ~ m  or  l0  -2 era. 
T h e n  Eq. [35] y ie lds  Co = 0.5. Fu r the r ,  a typica l  s h e a t h  
t h i c k n e s s  is a few ram,  i.e., x* is a few decades .  As s h o w n  
above ,  u n d e r  t he se  cond i t ions ,  Eq. [48] a n d  [49] are  good 

a n d  

z = 3  x * +  y + - -  [42] 
, 64 

F o r  la rge  x*, t he  t e r m s  c o n t a i n i n g  x .2 d o m i n a t e  a n d  Eq. 
[40] is s impl i f ied  to 

ui* = (~)1/3 (x*)2/3 [43] 

F u r t h e r m o r e ,  in  the  f r ic t ionless  case  ui* = ~ / 1 -  V*. Fo r  
la rge  x*, for  w h i c h  [43] is val id,  - V *  > >  1 (recall  t h a t  V* < 
0), a n d  

ui ;~ ~ ~ [44] 

N o t i n g  t h a t  I§ = qnjul, t a k i n g  in to  a c c o u n t  Eq. [44], a n d  in- 
t r o d u c i n g  d i m e n s i o n a l  va r i ab les  in to  Eq. [43], r esu l t s  in  t he  
h i g h  v a c u u m  ve r s ion  of  t he  C h i l d - L a n g m u i r  law 

4~o ( 2 q l  l~2 V:3m 
L = ~ -  \ m /  d 2 [45] 

A n o t h e r  l imi t ing  case  resu l t s  w h e n  e lec t ros ta t i c  a n d  fric- 
t i ona l  forces  ba l ance  each  other ,  i.e., w h e n  ion ine r t i a  can  
be  neg lec ted .  Fo r  a n y  finite va lue  of  Co, th i s  will h a p p e n  at 
suf f ic ien t ly  la rge  x*. The  h i g h e r  the  v a l u e  of  Co, t he  s o o n e r  
t h e  ion will  a t t a in  t he  force b a l a n c e  condi t ion .  

W h e n  ion  ine r t i a  iz neg lec ted ,  the  s h e a t h  e q u a t i o n s  can  
b e  i n t e g r a t e d  d i rec t ly  to  yield 

ui* = 2Co (x* + C) '/3 [46] 
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a p p r o x i m a t i o n s .  Then ,  b y  e l i m i n a t i n g  (x* + C) b e t w e e n  
t h e s e  two  equa t ions ,  one  ha s  a n  e x p r e s s i o n  for  t he  ion  
b o m b a r d m e n t  e n e r g y  as a f u n c t i o n  of t he  s h e a t h  vol tage ,  
app l i cab l e  to re la t ive ly  h i g h  p r e s s u r e  p l a s m a  e t c h i n g  re- 
ac to rs  

( -  10V*) 2j~ 
(u,*) 2 - [50] 

(2Co)~5(1 + 2Co) l/5 

E q u a t i o n  [50] p r o v i d e s  t he  d i m e n s i o n l e s s  ion e n e r g y  as a 
f u n c t i o n  of  t he  d i m e n s i o n l e s s  po t en t i a l  d o w n  t he  s h e a t h  
(V*), for re la t ive ly  h i g h  va lues  of Co. T h e  ion b o m b a r d -  
m e n t  e n e r g y  can  b e  o b t a i n e d  w h e n  t he  s h e a t h  vo l t age  (Vs*) 
is u s e d  for  V*. As a n  example ,  c o n s i d e r  a s h e a t h  vo l t age  Vs 
= - 2 5 0 V  a n d  a p l a s m a  e lec t ron  t e m p e r a t u r e  T~ = 4 eV. 
T h e n  Vs* = -250 /4  = -62.5.  A s s u m i n g  Co - 0.5, as calcu-  
l a t ed  above ,  one  f inds  (ui*) 2 = 11.4 a n d  t h e  ion  k ine t i c  
e n e r g y  e~ = 1/2 mui 2 = 1 1 . 4 . 2  = 22.8 eV. Th i s  w o u l d  b e  t he  
e n e r g y  in  o r d e r e d  mot ion .  T he  to ta l  ion  b o m b a r d m e n t  
e n e r g y  w o u l d  be  e~ = 22.8/0.559 = 40.8 eV (see Eq. [52] 
below).  

B e s i d e s  c o n s i d e r i n g  t he  genera l  cha rac t e r i s t i c s  of  t h e  
shea th ,  t he  m o d e l  was  also app l i ed  to a n  ac tua l  p l a s m a  
e t c h i n g  reactor .  T h e  e x p e r i m e n t a l  s y s t e m  has  b e e n  de- 
s c r i b e d  e l s e w h e r e  (13). Briefly,  a n  o x y g e n  d i s cha rge  was  
u s e d  to e t ch  p o l y m e r i c  f i lms in a s h o w e r h e a d  para l le l  p la te  
s ing le -wafe r  e tcher .  T he  s u b s t r a t e  wafe r  was  r e s t i ng  on  t h e  
g r o u n d e d  e lec t rode .  T h e  ave rage  p l a s m a  (and  g r o u n d  
shea th )  p o t e n t i a l  (Vp) was  e s t i m a t e d  f rom m e a s u r e m e n t s  
of  t he  R F  peak - to -peak  app l i ed  vo l t age  (V,p) a n d  of  t he  dc 
self-bias  (Vdc) w i t h  t he  e q u a t i o n  Vp = (Vpp/2 + Vdc)/2 (11). 
T h e  dc  b ias  was  smal l  in  t he  a p p r o x i m a t e l y  s y m m e t r i c  sys 
tern  used .  T h e  a b o v e  e q u a t i o n  for Vp is no t  app l i cab l e  
w h e n  a s u b s t a n t i a l  vo l t age  d rop  occu r s  across  t he  b u l k  
p l a sma ,  s u c h  as u n d e r  c o n d i t i o n s  r e s u l t i n g  in low e l ec t ron  
m o b i l i t y  and /o r  dens i ty .  H o w e v e r  u n d e r  typ ica l  c o n d i t i o n s  
( - 1  torr ,  100W) it  was  f o u n d  t h a t  t he  p l a s m a  r e s i s t ance  
(-10t2)  was  smal l  c o m p a r e d  to t he  s h e a t h  i m p e d a n c e  
(-150s s u g g e s t i n g  t h a t  t h e  vo l t age  d rop  ac ross  t he  b u l k  
p l a s m a  was  typ ica l ly  small .  T he  ave rage  e l ec t ron  dens i t y  
a n d  t e m p e r a t u r e  we re  f o u n d  as d e s c r i b e d  in Ref. (13). T h e  
p u r p o s e  was  to ca lcu la te  t h e  e n e r g y  a n d  f lux of  ions  b o m -  
b a r d i n g  t he  s u b s t r a t e  e l ec t rode  as a f u n c t i o n  of r eac to r  op- 
e r a t i ng  p r e s s u r e  a n d  p o w e r  inpu t .  T h e s e  q u a n t i t i e s  h a v e  
d i r ec t  b e a r i n g  on  t h e  e t c h i n g  ra te  a n d  t he  d e g r e e  of  anisot -  
r o p y  o f  films. 

O x y g e n  d i s c h a r g e s  are k n o w n  to be  e lec t ronega t ive ,  i.e., 
t h e  nega t i ve  ion  dens i t y  c an  e x c e e d  the  e l ec t ron  dens i ty .  
Howeve r ,  for  a p r e s s u r e  of  1 torr,  D e t t m e r  (23) f o u n d  t h a t  
t h e  d e n s i t y  of  t he  d o m i n a n t  nega t i ve  ion (O-) in  a d c  oxy- 
gen  d i s c h a r g e  b e c a m e  small ,  c o m p a r e d  to t h e  e l ec t ron  
(and  pos i t ive  ion) dens i ty ,  for r e d u c e d  e lect r ic  fields in  t he  
b u l k  p l a s m a  EdN >~ 55 Td (1 Td = 10 -17 V-cm2). The  re- 
d u c e d  e f fec t ive  e lect r ic  field (24) Ee~/N in  t he  b u l k  p l a s m a  
was  ca l cu la t ed  to b e  typ ica l ly  a b o v e  50 Td in  t he  s y s t e m  
s tud ied .  U n d e r  t he  a s s u m p t i o n  t h a t  a h i g h  f r e q u e n c y  (and  
re la t ive ly  h i g h  p ressu re )  R F  d i s cha rge  of  a g iven  E~f/N is 
c o m p a r a b l e  to a dc  d i s cha rge  w i t h  t he  s a m e  Eb/N, t h e  nega-  
t ive  ion  c o n c e n t r a t i o n  m a y  t h e r e f o r e  be  n e g l e c t e d  for t he  
s y s t e m  at  h a n d .  However ,  s ince  t h e  p r e s e n t  s h e a t h  m o d e l  
p e r t a i n s  to  e l ec t ropos i t ive  gases,  app l i c a t i on  of  t he  m o d e l  
to  a n  o x y g e n  d i s c h a r g e  s h o u l d  b e  l imi ted  to c o n d i t i o n s  
u n d e r  w h i c h  t he  nega t i ve  ion dens i t y  is low. 

T h e  ion k ine t i c  e n e r g y  owing  to t he  drif t  ve loc i ty  is ei : 
1/2 mu, 2. By de f in ing  a d i m e n s i o n l e s s  ion e n e r g y  e~* = 
2ei/kTe one  f inds  by  u s i n g  u~* f rom Eq.  [28] 

ei* = (Ul*) 2 [51] 

Th i s  is t he  ion e n e r g y  in  o r d e r e d  m o t i o n  (assoc ia ted  w i t h  
t h e  ion  dr i f t  velocity).  H o w e v e r  t he  to ta l  ion  e n e r g y  is 
h i g h e r  s ince  ions  also h a v e  a r a n d o m  ve loc i ty  c o m p o n e n t .  
I t  is t he  to ta l  ion  e n e r g y  w h i c h  affects  t he  e t c h i n g  k ine t ics .  
Fo r  t he  c o n s t a n t  m e a n  free  p a t h  case  c o n s i d e r e d  here ,  
W a n n i e r  (12) o b t a i n e d  a r e l a t i ons h i p  b e t w e e n  t h e  ion ki- 
ne t i c  e n e r g y  in o r d e r e d  m o t i o n  a n d  t he  to ta l  ave rage  ion  
k ine t i c  energy ,  w h i c h  can  be  e x p r e s s e d  he re  as 

e+* = e1"/0.559 [52] 

O n e  n o t e s  t h a t  a s ign i f ican t  f rac t ion  of  t h e  to ta l  ion e n e r g y  
is a s s o c i a t e d  w i t h  r a n d o m  mot ion .  E q u a t i o n  [52] h o l d s  in  
t h e  h i g h  p r e s s u r e  r e g i m e  w h e r e  t he  ionic  m e a n  free p a t h  is 
m u c h  less  t h a n  t he  s h e a t h  t h i c k n e s s ,  so t h a t  t he  ion veloc-  
i ty d i s t r i b u t i o n  f u n c t i o n  is wel l  deve loped .  Use  of  Eq. [52] 
u n d e r  low p r e s s u r e  c o n d i t i o n s  will  o v e r e s t i m a t e  t he  to ta l  
ion  energy.  The  d i m e n s i o n l e s s  ion f lux is 

I+* = ui*ni* = 1/V~l + 2Co [53] 

Quan t i t i e s  s u c h  as e+* and  I+* can  b e  u s e d  in  m o d e l s  for  
t h e  ion-ass i s t ed  k ine t i c s  to  p r ed i c t  t he  ion-ass i s ted  e t c h i n g  
rate.  Th i s  c an  in  t u r n  b e  u s e d  in t r a n s p o r t  m o d e l s  of  
p l a s m a  reac to r s  (13). 

F i g u r e  6 shows  t h e  d e p e n d e n c e  o f - ion  b o m b a r d m e n t  
e n e r g y  o n  r eac to r  p r e s s u r e  for d i f fe ren t  va lues  of  p o w e r  
inpu t .  I o n  ene rg i e s  are  i n d e e d  low. Th i s  is a r e su l t  of  t h e  
c o m b i n a t i o n  of low s h e a t h  vo l tages  ( -200V)  a n d  m a n y  ion  
col l i s ions  in  t he  shea th ,  a t  t he  re la t ive ly  h i g h  p r e s s u r e s  
used .  The  s i tua t ion  m a y  b e  dras t ica l ly  d i f f e ren t  in  low 
p r e s s u r e  ( - 1 0  mtor r )  reac t ive  ion  e t c h i n g  reac to r s  w i t h  t he  
wafe r  r e s t i ng  on  t h e  (h igh  s h e a t h  vol tage)  sma l l e r  size elec- 
t rode .  I on  ene rg ies  as h i g h  as 500 eV are  easi ly  o b t a i n a b l e  
in  s u c h  sys tems .  For  a g iven  power ,  ion  e n e r g y  dec rea se s  
m o n o t o n i c a l l y  w i t h  p r e s s u r e  due  to i n c r e a s e d  n u m b e r  of  
col l i s ions  a n d  l owered  s h e a t h  e lectr ic  field. The  dec rea se  
in e n e r g y  w i t h  p r e s s u r e  m a y  be  par t ly  c o u n t e r b a l a n c e d  by  
i n c r e a s i n g  t he  p o w e r  inpu t .  

The  va r i a t i on  of  ion  f lux w i t h  p r e s s u r e  is s h o w n  in Fig. 7. 
T h e  b e h a v i o r  can  b e  e x p l a i n e d  b y  i n t r o d u c i n g  d i m e n -  
s ional  va r i ab le s  in to  Eq.  [53] to  o b t a i n  

( k T J m  ~ ,12 
I +  = '~p ~ 1 ~ 0 /  [54] 

T h e  dec rea se  of  I+ w i t h  p r e s s u r e  is t he  r e su l t  of  Te a n d  np 
dec reas ing ,  a n d  of  Co i n c r e a s i n g  w i t h  p r e s s u r e  (note  t h a t  
np i nc r ea se s  w i th  p r e s s u r e  at  low pressu res ,  ~<0.2 to r r  in  
our  case,  b u t  dec rea se s  at  h i g h  pressures) .  The  dec rea se  of  
I+ is s h a r p e r  at  lower  p r e s su re s  m a i n l y  b e c a u s e  np shows  
s imi la r  b e h a v i o r  w i t h  p r e s s u r e  (13). Fo r  c o n s t a n t  p ressu re ,  
ion  f lux inc reases  a l m o s t  l inear ly  w i t h  i n c r e a s i n g  power .  
Th i s  is b e c a u s e  np inc reases  l inear ly  wi th  power  a n d  t he  
t e r m  in  p a r e n t h e s i s  in  Eq.  [54] is on ly  weak ly  d e p e n d e n t  o n  
power .  I on  f lux is i n d e p e n d e n t  of  s h e a t h  vo l tage  for  a 
sou rce l e s s  shea th .  Th i s  w o u l d  no t  be  t he  case  i f  ion iza t ion  
o c c u r r e d  in t he  s h e a t h  by  s e c o n d a r y  e lec t rons ,  for exam-  
ple. S u c h  e l ec t rons  are e m i t t e d  f rom the  e l ec t rode  by  t he  
b o m b a r d i n g  ions  a n d  are acce le ra ted  by  t he  s h e a t h  e lectr ic  
field b a c k  in to  t he  glow. W h e n  p r e s s u r e  is h igh ,  s e c o n d a r y  
e l ec t rons  can  cause  ion iza t ion  in t he  s h e a t h  (10). Th i s  re- 
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su l t s  in  h i g h e r  ion  c u r r e n t  to the  s u b s t r a t e  a n d  to t h i n n e r  
s h e a t h  as c o m p a r e d  to t he  source less  s h e a t h  case. W h e n  
ion iza t ion  in t he  s h e a t h  by  s e c o n d a r y  e l ec t rons  t akes  
place,  t he  ion  f lux on  t he  s u b s t r a t e  e l ec t rode  is 

I + o  
I+ - [ 55 ]  

1 - vi[exp(N~,d) - i]  

w h e r e  I+o is t he  ion c u r r e n t  i n j ec t ed  in to  the  s h e a t h  at  t he  
g l o w / s h e a t h  interface.  T he  m a x i m u m  ion iza t ion  cross  sec- 
t ion  for  e l ec t rons  in oxygen ,  for  example ,  is ~ = 2.72 10 -16 
c m  2 (16). As prev ious ly ,  one  m a y  t ake  neu t r a l  dens i t y  N = 
1.38 10 TM c m  -3 (0.5 torr,  350 K) a n d  d -~ 0.1 cm. Fo r  t he  ion  
ene rg i e s  of  in te res t ,  t h e  s e c o n d a r y  e l ec t ron  e m i s s i o n  coef- 
f ic ient  ha s  a v a l u e  of  ~<0.1 for  m a n y  e lec t rode  ma te r i a l s  
u n d e r  n o b l e  ion b o m b a r d m e n t ,  a n d  is usua l ly  m u c h  
sma l l e r  for  m o l e c u l a r  ion  b o m b a r d m e n t  (11, 16). Then ,  for  

= 0.1, t h e  d e n o m i n a t o r  in  Eq. [55] is a b o u t  0.95, w h i c h  
a m o u n t s  to a 5% inc rease  in c u r r e n t  due  to ion iza t ion  in  t he  
shea th ,  u n d e r  t he  a b o v e  cond i t ions .  Th i s  is r a t h e r  a n  u p p e r  
l imi t  on  t h e  e x p e c t e d  deg ree  of  ion iza t ion  b y  s e c o n d a r y  
e l ec t rons  u n d e r  t h e s e  cond i t ions .  Similar ly ,  i o n - i m p a c t  
i on iza t ion  m a y  also be  neg lec ted .  For  example ,  u s i n g  t h e  
r a t h e r  h i g h  v a l u e  of  (ri = 10 -16 c m  2 for  t h e  c o r r e s p o n d i n g  
cross  s ec t ion  and  va lues  of  N and  d as above ,  one  ob t a in s  
a n  ion  m u l t i p l i c a t i o n  fac tor  of  exp  (Ngid) = 1.14 ions  pro- 
d u c e d  pe r  ion. Again ,  th i s  is an  o v e r e s t i m a t e  of  t he  ioniza- 
t ion  in t he  shea th ,  u n d e r  t he  a b o v e  cond i t ions .  

T h e  d e p e n d e n c e  of  ion e n e r g y  on  t he  s h e a t h  electr ic-  
f ie ld- to-pressure  ratio,  EJp, has  b e e n  r ecogn ized  in t he  lit- 
e r a t u r e  (1, 2, 12). In  o r d e r  to  i nves t i ga t e  f u r t h e r  t h a t  rela- 
t i onsh ip ,  EJp a n d  ion e n e r g y  (Eq. [52]) were  ca lcu la ted  for  
d i f f e ren t  va lues  of  p r e s s u r e  a n d  p o w e r  in the  r a n g e  0.3-2 
to r r  a n d  20-200W, respec t ive ly .  Fo r  each  p r e s s u r e - p o w e r  
pa i r  t he  ave rage  s h e a t h  e lectr ic  field was  f o u n d  b y  inte-  
g r a t i ng  t he  c o m p u t e d  e lectr ic  field d i s t r i b u t i o n  over  t h e  
s h e a t h  t h i c k n e s s .  The  re su l t s  are s h o w n  in  Fig. 8. One  ob- 
se rves  t h a t  t h e r e  ex is t s  a u n i q u e  func t iona l  r e l a t ion  be- 
t w e e n  ion  b o m b a r d m e n t  ene rgy  a n d  s h e a t h  EJp. L o w  val- 
ue s  of  EJp occu r  at  h i g h e r  p r e s s u r e  (h igh  Co). U n d e r  t h e s e  
c o n d i t i o n s  e lec t ros ta t i c  a n d  f r ic t iona l  forces b a l a n c e  each  
o ther ,  a n d  Eq.  [39] is appl icable .  H e n c e  ion e n e r g y  is l i nea r  
in  EJp. At  h i g h  EJp (low pressure) ,  ion  iner t ia  is no t  negli-  
g ib le  a n d  t he  da ta  dev ia te  f rom t he  s t r a igh t  l ine  pa s s ing  
t h r o u g h  t he  origin.  T he  dev ia t ion  is nega t ive  b e c a u s e  ui 
du~/dx is posi t ive,  i.e. t h e  ion  ve loc i ty  has  n o t  h a d  a c h a n c e  
to a c h i e v e  i ts  " fu l ly  d e v e l o p e d "  va lue  ( ions s t r ike  the  elec- 
t r o d e  be fo re  t h a t  happens ) .  

No e x p e r i m e n t a l  da ta  on  ion b o m b a r d m e n t  e n e r g y  and  
f lux in  o x y g e n  p l a s m a  e t c h i n g  reac to r s  cou ld  be  f o u n d  in 
t h e  l i t e r a tu re  to  t e s t  t he  p r e d i c t i o n s  of  t h e  s h e a t h  mode l .  

T h o m p s o n  et al. (1, 25), and  Al len  et al. (17) u s e d  a s imi la r  
r eac to r  s y s t e m  to t h a t  e m p l o y e d  in t he  p r e s e n t  s tudy.  
T h e i r  e x p e r i m e n t a l  c o n d i t i o n s  we re  m o s t l y  w i t h i n  t he  
r a n g e  c o v e r e d  in t h e  p r e s e n t  work ,  e x c e p t  t h a t  t he  a u t h o r s  
u s e d  gases  s u c h  as CF3C1, CF3Br, a n d  SF6. Va lues  of  the  
m e a s u r e d  ion  b o m b a r d m e n t  e n e r g y  and  ion f lux were  s im- 
i lar  to t he  va lues  s h o w n  in Fig. 6 a n d  7, a l t h o u g h  such  simi- 
la r i ty  m a y  be  for tu i tous .  The  va r i a t i on  of  ion b o m b a r d -  
m e n t  e n e r g y  w i th  power  a n d  p r e s s u r e  was  also s imi la r  to 
t h a t  p r e d i c t e d  by  t he  p r e s e n t  s h e a t h  model .  Ion  b o m b a r d -  
m e n t  e n e r g y  a n d  f lux cr i t ical ly  affect  e t ch  a n i s o t r o p y  in 
p l a sma-a s s i s t ed  e t c h i n g  appl ica t ions .  A real is t ic  p l a s m a  
r eac to r  m o d e l  m u s t  p rov ide  for t he  ca lcu la t ion  of  t he se  
quan t i t i e s .  

Summary and Conclusions 
A n  a p p r o x i m a t e  m o d e l  of  the  RF  p l a s m a  s h e a t h  was de-  

ve loped .  T h e  ion dr i f t  ve loc i ty  was  f o u n d  b y  c o u p l i n g  t h e  
ion  " f lu id"  e q u a t i o n s  to P o i s s o n s '  e q u a t i o n  for t he  po ten-  
t ial  d i s t r i b u t i o n  in t he  shea th .  I on -neu t r a l  col l i s ions  were  
a c c o u n t e d  for  by  a f r ic t ional  force o p p o s i n g  the  ion mo-  
t ion.  A n  ana lys i s  of  t he  col l is ion d y n a m i c s  s h o w e d  tha t ,  for 
ion  ene rg ies  m u c h  g rea te r  t h a n  t he  b a c k g r o u n d  m e d i u m  
t h e r m a l  energy ,  t h e  f r ic t iona l  force  m a y  b e  t a k e n  p ropor -  
t iona l  to t he  s q u a r e  of  the  ion  veloci ty .  The  p ropo r t i ona l i t y  
c o n s t a n t  i nc r ea se s  l inear ly  w i t h  t he  col l i s ion cross  sec t ion  
a n d  w i t h  pressure .  The  d i m e n s i o n l e s s  n u m b e r  Co (Eq. [35]) 
was  f o u n d  to be  i m p o r t a n t  in  d e s c r i b i n g  t he  s h e a t h  p roper -  
ties. Typica l  va lues  of  Co in  h i g h  p r e s s u r e  ( - 1  torr)  p l a s m a  
e t c h i n g  reac to r s  are a r o u n d  uni ty .  For  s u c h  va lues  of  Co, 
f r i c t iona l  a n d  e lec t ros ta t i c  forces  o n  t h e  ion q u i c k l y  bal-  
a n c e  each  other .  A n  ana ly t ic  so lu t ion  Was t h e n  de r ived  
y i e ld ing  t he  ion b o m b a r d m e n t  e n e r g y  as a f u n c t i o n  of  t he  
s h e a t h  potent ia l .  S u c h  e x p r e s s i o n  m a y  b e  u s e d  for  q u i c k  
e s t i m a t i o n  of  e x p e c t e d  ion e n e r g y  in h i g h  p r e s s u r e  p l a s m a  
e t c h i n g  reactors .  At  the  e x t r e m e  of  no  col l i s ions  in  the  
s h e a t h  (Co --~ 0) the  C h i l d - L a n g m u i r  law was  recovered .  

T h e  m o d e l  was  app l i ed  to a h i g h  p r e s s u r e  para l le l  p la te  
p l a s m a  reac to r  u sed  to e t ch  p o l y m e r  f i lms in  an  o x y g e n  
d i scharge .  The  e n e r g y  of  ions  b o m b a r d i n g  t he  g r o u n d e d  
e l ec t rode  was  ca lcu la ted  to be  on ly  a few t ens  of  eV, m u c h  
lower  t h a n  typ ica l  s h e a t h  vo l tages  ( -200V).  i on  e n e r g y  and  
ion  f lux d e c r e a s e d  w i th  p r e s s u r e  a n d  i n c r e a s e d  w i th  
power .  Over  t h e  r a n g e  of  va r i ab le s  inves t iga ted ,  t he  ion  
b o m b a r d m e n t  e n e r g y  was f o u n d  to be  a u n i q u e  f u n c t i o n  of  
t he  ave rage  s h e a t h  e lec t r ic - f ie ld- to-pressure  ratio,  Es/p. In  
fact,  ion  e n e r g y  was  l inea r  w i th  Es/p for va lues  be low a b o u t  
2000 V/cm-torr ,  b u t  dev ia t ed  f rom l inear i ty  for h i g h e r  Es/p 
values .  

The  a s s u m p t i o n s  i n t r o d u c e d  in the  m o d e l  l imi t  the  pa- 
r a m e t e r  r a n g e  ove r  w h i c h  t h e  m o d e l  is app l icab le .  For  ex- 
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ample, a t ime dependent  phenomena (18, 19) must  be in- 
corporated for frequencies below 5 MHz (30). Ionization in 
the sheath may become important for pressures higher 
than about 1 torr (10). Finally, only the average ion energy 
and not the ion energy distribution (8, 20) can be found. 
Nevertheless, the simplified sheath model  developed here 
can be readily coupled to a more general plasma etching 
reactor model, including transport and reaction phenom- 
ena of the etching species, to calculate etch rate, uniform- 
ity, and anistropy of etching thin films (13). The present 
sheath model may also be used to construct equivalent 
electrical Circuits of the sheath (21, 22). For example, the 
model  allows one to relate molecular quantities, such as 
collision cross sections, to equivalent circuit components,  
such as sheath resistance and capacitance. 

Manuscript submitted March 26, 1987; revised manu- 
script received Aug. 28, 1987. 
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LIST OF SYMBOLS 
Co collision number, Eq. [35], dimensionless 
d sheath thickness, cm 
D collision diameter, cm 
E sheath electric field, V/cm 
erf error function 
Fi frictional force on ion, dynes 
g relative velocity of test ion with respect to neutral 

molecule, cm/s (g = Ig]) 
I+ ion current, mA/cm 2 
k Boltzmann's constant, 1.38 10 -23 J/K 
m particle mass, g 
N neutral particle density, cm -3 
n charged particle density, cm -3 
p pressure, torr 
q fundamental  charge, 1.609 10 -19 Cb 
T temperature, K 
t time, s 
ul ion velocity, cm/s 
V laotential, V 
v neutral particle velocity, cm/s 
x x-coordinate, cm 

Greek characters 
~i proportionality factor in Eq. [10], g/cm 
"]i secondary electron emission coefficient, dimen- 

sionless 
ei ion energy in ordered motion, ergs or eV 
e+ total ion energy, ergs or eV 
eo permittivity of the free space, 8.85 10 1~ F/cm 
0 angle between g and X-axis, degrees 
~D Debye length, cm 
(~ collision cross section, cm 2 
• scattering angle, degrees 

Subscripts 
e electron 
el elastic collision 
ex charge exchange collision 
i ions, ionization 

p plasma 
s sheath 
t total 

Superscript  
* dimensionless quantity 
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