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Pattern transfer by plasma-based etching is 
one  of  several  key  processes  required  for 
fabricating  silicon-based integrated circuits. 
We present  a  brief  review of elementary 
plasma-etching  processes on surfaces  and 
within integrated-circuit microstructures-and 
an  overview of recent work in  our  laboratory 
on  plasma-etching aspects of the formation 
of self-aligned contacts to a  polysilicon  layer 
through  a SiO, layer  and  a  Si3N4 etch-stop 
layer.  The  work  illustrates the richness of 
associated  surface  science  issues that must 
be understood  and  controlled  in  order  to  most 
effectively  achieve  plasma-based  pattern  transfer. 

Introduction  and  motivation 
Plasma  etching is currently widely used in the  fabrication 
of silicon-based integrated circuits. The  process is used to 
produce  high-resolution  patterns in many of the  thin 
layers of the circuits and  to selectively remove masking 
layers [l, 21; it is based on the following sequence of 
microscopic reaction  steps.  Electrons  are  accelerated by  rf 
or microwave electric fields and collide  inelastically with 
suitable  precursor molecules to  produce  ions,  atoms, 
and radicals. A complex mixture of reactivc  species is 
produced.  Neutral  and ionic reactive species strike  the 
surfaces  that  are in contact with them  to  form  products 
that  are volatile. The  consequences of plasma-surface 

interactions  are  to a significant extent  controlled by the 
incident ion fluxes and  their  energies.  An  electron-free 
space-charge region designated as a “sheath”  forms 
between a plasma and  a  contacting solid surface.  Sheaths 
are of critical importance  for plasma etching, since 
positive  ions are  accelerated  toward  the  surface when 
entering  a  sheath.  The  accelerated  ions  bombard  the 
surface with energies  that  are much greater  than  thermal 
energies.  This  results in nonthermal  interactions  that  are 
in many instances  dominant in controlling  the  outcome of 
a plasma-etching process. The  controlled  patterning  of 
thin layers by a  plasma-etching process requires  a  rapid 
chemical reaction  rate of the  incident  species with the 
layers, and  that  the  reaction  products have a high vapor 
pressure  at  the  substrate  temperature. 

defined patterns  into a thin layer  must satisfy 
constraints  that  include  dimensional  control,  etch 
selectivity to  the mask and  the underlying surface  or layer, 
and  an  acceptable process rate; additionally, the  process 
should  not  damage devices that may be present  on  the 
substrate.  One key prerequisite  to achieving these goals is 
the  control of plasma-surface interactions. In this paper, 
we review important plasma-surface-interaction 
phenomena  that  are  pertinent  to  the plasma etching of 
layers of interest in the silicon-based integrated-circuit 
technology. The first part of the  paper is an  introduction 
to relevant  scientific  issues, and  for  completeness  repeats 
several  discussions presented in a  recent review [2]. 

A plasma process that is used to transfer lithographically 
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Schematic diagram of incident and outgoing particle fluxes at a 
i surface in contact with a low-pressure etching plasma. The surface 
{ processes that occur are detailed in Table 1. 
I 

I Schematic of the imaging of radicals interacting with a surface 
{ (IRIS) technique. From [9], with permission. 

Subsequently,  an overview is presented of current work in 
182 our  laboratory on surface science  issues pertaining  to an 

important  plasma-etching  application:  the  etching of via 
holes for  forming self-aligned contacts  to  a polysilicon 
layer. The final section briefly describes related 
approaches,  for which well-characterized beams of reactive 
spccies that exist in plasmas arc employed to gain more 
fundamental insights into plasma-surface interactions. 

Plasma-surface  interactions 

Planar surfaces 
A  surface in contact with a  process plasma is exposed to 
fluxes of neutral  atoms, molecules,  ions, clcctrons,  and 
photons, which in turn  stimulate  thc  production of 
outgoing fluxes of neutrals, ions, electrons,  and  photons. 
A modified surface layer is produced by these processes, 
as  shown  schematically in Figure 1. Associated physical 
and chemical surface  processes  are listed in Table 1 [2]. 

In  situations of practical interest,  the  plasma-etching 
reaction is dominated by the  incident fluxes of ions, 
neutrals,  and  electrons,  whereas  photon  bombardment 
plays a negligible role.  The plasmas  used for  integrated- 
circuit  processing are weakly ionized, with an ionincutral 
ratio  that can range  from less than 10-O to  about 0.1 [3]. 
Although  the  neutral flux to  the  surface is dominant,  the 
ability to  produce  directional  (vertical)  etching profiles is 
due  to  bombardment of the  substrate with positive  ions. 
Often  the  achievement of the  process objectives-etching 
rate, directionality, selectivity-requires the use of multiple 
species fluxes with differing energies. Certain species fluxes 
that  are incident at  the surface may not be desirable or 
necessary to achieve process objectives, but are unavoidable 
because of the use  of the plasma environment. 

to satisfy the  needs of particular  applications,  and 
the  absolute values of the  surface fluxes and  the flux ratios 
vary significantly between  these  reactors.  High-resolution 
pattern  transfer  requires  controllable  ion  bombardment  to 
achieve the profile and selectivity goals of the  process of 
interest  and is typically conducted  at  pressures of less than 
100 mTorr.  In  recent years, a significant effort  has  been 
devoted  to developing  high-density  plasma reactors  that 
function at  pressures of 10 mTorr  or less, where it is 
easier  to  produce highly directional  etching profiles and 
control  feature-size-dependent  etching  phenomena [4,5]. 
High-density  plasma-etching equipment employs two 
power supplies, making  it  possible to  separately  control 
ion  density and ion energy. Ion density is adjusted 
by the  source power  level, whereas  ion  energies  are 
controlled with a  separate "bias"  power  supply [3].  At  the 
opposite  end of the  spectrum of plasma-etching  reactors 
are  high-pressure,  remote plasma  tools. These  are used for 
highly selective etching (e.g., resist  mask stripping)  for 
which etching directionality is not  required. Resist  mask 
stripping  processes employ  gas pressures  near -1 Torr, 

Various  reactors have evolved that  are best  suited 

G .  S. OEHRLEIN ET AL IBM J RES. 1)EVELOP. VOL. 43 NO. 112 IANUARYiMARCH 1999 



Table 1 Surface processes that arc important in the plasma processing of t h i n  layers of interest in  the silicon-based 
integrated-circuit technology. From [2], with permission. 

Processes References 

1 .  Adsorption rates of radicals at specific surfaces [251 
2. Reaction rates to form intermediate or stable products ~ 5 1  
3. Desorption rates ~251 
4. Effect of simultaneous ion and electron bombardment on adsorption, reaction, and desorption [25,55,63-651 
5 .  Particle and energy reflection during ion bombardment [661 
6.  Ion implantation and production of defects ~671 
7. Sputtering [42-44, 641 
8.  Diffusion effects (on the  surface, through the reaction layer, ion-enhanced diffusion effects, etc.) ~64,671 
9. Desorbed product redeposition phenomena (on the sidewalls of structures, walls of the  reactor, etc.) ~ 9 1  

10. Surface roughening (intrinsic, micromasking) [681 
11. Electron emission [3, 621 
12. Photostimulated processes ~ 9 , 7 0 1  
13. Metastable induced processes ~711 

and wafers are  located  downstream  from  the plasma, thus 
preventing  exposure  to  charged  species  and  photons. 

Establishing and quantitatively  describing a  surface 
reaction mechanism in the plasma environment  requires, 
first, characterization of the  incident species fluxes, c.g.,  as 
a  function of composition, energy,  angle, and so forth; 
second,  determination of the  surface processes, e.g., 
adsorption, reflection, direct  reaction  behavior of the 
incident species, measurement of the  surface coverage, 
characterization of the processes  in the  reaction layer, 
and so forth;  and  third,  determination of the  reaction 
products  (their chemical  identity,  energy content,  product 
desorption mechanism, etc.). Ideally we would like to 
characterize  and  quantify  the  importance of each of the 
elementary  surface processes  listed in Table I for  the 
important plasma and surface  species, and  relate  these  to 
measured  etching  or  deposition  rates, film properties,  etc. 

Techniques for incident and outgoing Pux analysis of a 
broad set of species Often based  on optical  techniques 
[2, 61 or mass spectrometry [7, 81, these  techniques 
provide  an overview of a  broad  set of species. Significant 
adaptation of these  techniques  to  address issues connected 
with the plasma process  environment has occurred in 
recent years. One  development is illustrativc of these 
efforts:  the imaging of radicals interacting with a  surface 
(IRIS) technique.  The  technique provides important 
information  on  the  interaction of specific radicals with a 
realistic surface; it is schematically depicted in Figure 2 
[Y]. A plasma chamber is  in contact with a high-vacuum 
chamber  containing  the  substrate. A molecular  beam is 
produced,  strikes  the  surface,  and is partly reflected. Light 
from  a dye laser optically  excites specific radicals in the 
incident  and reflectcd  beams. The light emission from 
these radicals is then  measured  and used to  extract 
information on their density. The  measurement can be 
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performed with and  without  a  surface  present. By taking 
the  difference of the emission data, it is possible to 
determine  the intensity of scattered radicals and  the 
reactivity of specific radicals with particular  surfaces. 

Techniques for surface characterization In most  cases, 
such techniques  cannot  be used in real time  for  the 
characterization of plasma-surface interactions  because 
of the high pressure  and corrosive  plasma process 
environment. However, many of the plasma-modified 
surfaces  are  stable in ultrahigh  vacuum (UHV). Significant 
insights regarding  the mechanisms that limit etching 
reactions can be  obtained  from  studies of the  stable 
plasma-modified surface in UHV as a function of process 
conditions,  and by comparing  the  data  obtained with 
changes in surface-etching  behavior.  The  use of optical 
real-time  measurement  techniques  (for  example, 
ellipsometry [lo], and  Fourier  transform  infrared 
spcctroscopy [ l l ,  121) enables  researchers  to  test 
assumptions  regarding  the stability of the plasma-modified 
surfaces. A listing of these  techniques has been provided 
in Reference [2]. 

array of techniques exist that  can  be used to  probe  various 
aspects of plasma-surface intcractions in order  to identify 
relevant physical and chemical  mechanisms. 

We conclude  that,  for  planar  surfaces,  an impressive 

Microstructures 
The most important use of plasma-etching  processes is in 
the  production of the microscopic features of integrated 
circuits. When exposing threc-dimensional  patterned 
structures  to  a plasma, many novcl phenomena  take  place 
inside the  microstructures  that  are  absent  for  blanket 
films. These  microstructure-related processes often 
determine  the technological  usefulness of the plasma 
process. The  geometry  and  dimensions of the 
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microstructure  and  the  electrical  nature of the 
microstructure sidewalls (insulating  or  conductive)  are key 
parameters in determining processes in the  microstructure. 
For  microstructures of interest to the  semiconductor 
community, the  microstructure widths W and  depths D 
are in the  range of about 0.1 pm  to 10 pm.  The gas mean 
free  paths  at low pressure  are of the  order of millimeters. 
Consequently,  molecular  transport in the  microstructure is 
not  determined by gas-phase collisions of the  particles, but 
by multiple reflections with the walls of the microstructure, 
and possibly surface diffusion  [see Figures 3(a)  and  3(b)]. 
To  describe  these  phenomena in microstructures, 
we need to know the reflection  coefficient and 
geometry of reflection of neutrals  from sidewalls as a 
function of the plasma parameters  and microscopic 
discharge parameters. Ions also collide with the sidewalls, 
leading to scattering  and energy loss [Figure 3(c)]. 
We would  like to know the ion  energy loss and  the 
neutralization probability as a function of the angle of 
incidence of the ions, their energy, and  their chemical 
nature.  Differential charging of sidewalls by electrons 
[Figure 3(c)] has  also been shown to  be  important [13, 141. 
The  magnitude of this  effect should vary significantly with 
the  surface conductivity of the  thin layers in the plasma 
environment, which is in  most cases  not known. 

Ideally we would  like to have for  microstructures  the 
same  information listed above  for  planar  surfaces as a 
function of microstructure  geometry.  The  connection 
to the technological  figures of merit also has to be 
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established.  It is therefore  imperative to attempt to 
characterize  the effects of the incident and  desorbing 
species fluxes and  the  surface processes at distinct features 
of relevant three-dimensional  microstructures, e.g., 
trenches  and vias. An attempt to determine experimentally 
the  changes in ion flux when  passing through holes in 
quartz as a function of the  aspect  ratio of the holes 
has been  reported by Kurihara  and  Sekine [15]. A 
fluorocarbon plasma was characterized by mass 
spectrometry  through 100- and  200-pm-thick capillary 
plates  made of lead glass placed on  the sampling  orifice of 
the mass spectrometer.  The  diameter of the holes in the 
capillary plates  ranged  from 25 pm to 10 pm, covering 
aspect  ratios  from  4 to 20. A reduction of the ion current 
by more  than an order of magnitude  relative  to  planar 
surfaces was observed.  The  reduction was less for 
conditions  where  the holes  in the glass had  been  coated 
with a Cu film. These  results  are  helpful in  explaining the 
observed  etching  behavior of SiO, as a function of feature 
aspect  ratio [16, 171. 

X-ray  photoelectron spectroscopy (XPS) of etched 
microstructures  after vacuum transfer has been used to 
obtain  information on the  surface chemistry  in three- 
dimensional  patterned  structures  for a variety of plasma- 
etching  situations [lS-241. This  information is also critical 
to obtaining an understanding of the  interaction  between 
different  surfaces  during plasma etching (e.g., the 
plasma-surface interaction with a resist  mask) and how 
the  reaction  products  from  this  interaction  change  the 
surface chemistry of etching  on a different  material (e.g., 
redeposition of resist etching  products  on  a polycrystalline 
silicon surface [20]). 

Role of modified  surface  layers in achieving  plasma 
process  objectives 
The  formation of distinct  reaction layers at  the  various 
surfaces of a microstructure exposed to a process plasma 
is often intimately linked  to achieving the goals of the 
pattern-transfer process. Figure 4 shows ideal  pattern- 
transfer  characteristics of a plasma-etching process. The 
indicated  characteristics can be approximately  achieved if 
relatively  thick ( 2 2  nm) involatile reaction layers form on 
critical surfaces  during  exposure  to  the plasma. This 
requires  the  use of appropriate  etching  parameters 
such as the  nature  and  mixture of the  feed gases (“etch 
chemistry”),  the plasma  density, and  the  ion  energies to 
nearly balance layer etching  and growth. The most 
important  reasons  for  differences in plasma-surface 
interactions  between  distinct surfaces are  1)  the ion 
and energy flux difference  at  horizontal  and vertical 
surfaces and 2) compositional  differences  between two 
distinct materials, e.g., SiO, vs. silicon or resist. The 
plasma-surface interaction  changes  resulting  from  these 
differences  often  produce  thin  steady-state passivation 
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layers (see  the finished structure in Figure 4), but can  in 
the  extreme  case  produce a change from net etching to 
net  deposition. 

Etching  directionality To  control  the  directionality of the 
etching  process, we select process  conditions  for which the 
spontaneous  etching  rates  are slow and ion bombardment 
initiates  the  etching. In addition,  control of lateral  etching 
for reactive  layers requires  the  formation of passivation 
layers on the vertical walls of the layers. This mechanism 
is important  for  patterning of thin films of silicon and 
aluminum using either resist or SiO, masks in fluorine-, 
chlorine-, and bromine-based plasmas. The  composition of 
the sidewall passivation  layers has  been  studied  for various 
systems [18, 19, 21-23], and  the  reader is referred  to  that 
literature  for  details. 

Etching selectivity This can be achieved by the  formation 
of passivation  layers on the  horizontal mask and 
underlayer  surfaces.  This mechanism is important  for 
SiO, etching  and is discussed in more  detail below. 

been well characterized because of the  importance of 
the  integrated-circuit technology. A  detailed review of 
halogen-based  plasma-etching  chemistries is not within the 
scope of this paper.  For reviews dealing with the  surface 
chemistry of plasma  etching of silicon, SiO,,  and Si,N, in 
various  halogens, the  reader is referred to two reviews and 
the  references  provided  there  [2, 251. In the following 
section we focus on a specific example of a plasma-etching 
challenge in the  current silicon-based integrated-circuit 
technology. The example chosen is the  formation of self- 
aligned contacts  through  SiOz  to a Si,N, etch-stop layer 
[26]. This  particular  application is useful in highlighting 
the richness of the  surface chemistry phenomena  that 
must be  understood in order  to  control  the  plasma-etching 
aspects of microstructure  fabrication.  The  phenomena 
discussed are  representative of similar  issues that must be 
addressed in other  plasma-etching  steps  during  integrated- 
circuit fabrication. 

Plasma  etching of integrated-circuit-related layers  has 

9 An example:  Plasma-etching  aspects of the  formation  of 
self-aligned  contacts to a  polysilicon  layer 
Figure 5 shows a scanning electron  micrograph of the 
cross  section of a self-aligned contact  structure.  The goal 
of the associated  plasma etching is to initially etch  the 
SiO,  layer to  the Si,N, etch-stop layer that covers the 
polysilicon (poly-Si) layer [26]. Subsequently, oxide etching 
should  continue in the region next to  the poly-Si where 
the SiO,  layer is thicker, until the underlying Si,N, layer 
is encountered.  After  the SiO, etching,  the resist mask 
and  the Si,N, etch-stop layer must be removed with high 
selectivity. Important  requirements  here  are satisfactory 
SiO,/Si,N, etching selectivity for  different  inclinations of 
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2 Etching  rate of SiO, as a function  of  self-bias  potential in a 
fluorocarbon  high-density  plasma.  Use  was  made  of  a  CHF, 
plasma  and  an  inductive  power  level of 1 kW. For  comparison,  a 

i theoretical  oxide-reactive  sputtering  curve  is  shown.  At high self- 
! bias  voltages,  the  curve  fits  the  etching-rate  data  and  increases as 
{ the  square  root  of  the  ion  energy.  From [28], with permission. 

the Si3N, surface, high SiO,/resist  mask etching sclcctivity, 
a  near-vertical SiO, sidewall angle,  and  the ability to 
remove  the sacrificial layers (resist  and Si,N,) with high 
selectivity relative  to SiO, and silicon.  Finally, a clcan 
silicon contact  surface must be  formed  to  control  contact 
resistancc of the  subsequently  formed  contact.  The 
structure shown in Figure 5 was produced in conditions 
under which only a  marginal  oxide-to-nitride sclcctivity 
was achieved at  thc curved nitride  etch-stop layer [27], 
leading  to  unacceptable Si,N, loss. The  various  surface 
chemical aspects of this process  sequence  are  described 
below. All  of the  steps  described, except for  the isotropic 
removal of the Si,N, layer, were  performed using  an 
inductively coupled high-density  plasma etching  reactor 
at low pressures with independent  substrate biasing [28] .  
The Si,N, removal was conducted in a microwave-based 
plasma-etching system with the wafer located downstrcarn 
from  the plasma [29,30]. The  reader  should  consult  the 
cited publications  for  experimental  details  and  further 
information. 

SiO, etching and SiO, etching selectivity to silicon and Si,jN, 
Fluorine-based plasmas are normally  used to  pattern SiO,, 
since the  reaction  rates of SiO,  with the  other  halogens 
are small [31]. Because of the chemical inertness of SiO,, 
significant ion energies  are  required  to  etch SiO, layers at 
an acceptable  rate [31-331. For high ion energics, physical 
sputtering is an  important  erosion  mcchanism,  and it 
becomes difficult to  stop  ctching  on  a chemically different 
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material (e.g., the  underlayer  or  the mask).  Achieving 
adcquate  etching selectivity of SiO, with respect  to  the 
mask and  the  underlayer is onc of the  principal  difficulties 
in the  patterning of SiO,  layers  using  plasma-based 
methods.  The only practical solution to this problcm  has 
been  an approach in which, during plasma etching,  the 
resist surfacc  and  the  underlayer (silicon, Si,N,, etc.)  are 
covered by a thin  steady-state passivation  layer to  prevent 
ion-induced  etching.  This is achieved  using fluorine- 
deficient  polymcrizing fluorocarbon plasmas [34, 351, e.g., 
discharges based on CHF,, CF,, C,F,, C,F,, or C,F,, with 
H, and CO as  possible  additives. If a high cnough rf 
bias is applied  to  the wafer, a complex balance  among 
fluorocarbon  deposition,  fluorocarbon  etching,  and 
substrate  etching  produces a thin  fluorocarbon film on  the 
substrate  surface  during  steady-state  etching.  The  chemical 
differences between the  substrate  materials allow for a 
window of selective etching, since the  balance  for  one 
material can  favor etching while for  the  other  material 
it can  tend  toward  deposition. 

An example of the SiO, etching  rate as a  function of 
rf bias voltage in a fluorocarbon high-density  plasma is 
shown in Figure 6. Without  substrate bias, fluorocarbon 
film formation  takes place at a high rate.  This 
fluorocarbon film formation  can  be  suppressed if the 
substrate is biased  above an energy threshold  that  depends 
on the  discharge chemistry. The  atomic oxygen that is 
produced  on  the SiO, surface by ion bombardment 
oxidizes thc  fluorocarbon film precursors (e.g.,  CF,) and 
reduces film formation  on  the SiO, surface. As a result of 
the  competitive process between  fluorocarbon  deposition 
and  etching,  the  etch  rate of the  substrate is controlled 
by a fluorocarbon film, especially at lower ion energies. 
Figure 6 shows that  the SiO, etching curve  exhibits  several 
distinct  regimes  as a  function of  rf bias voltage;  they  have 
been  denoted as the Puorocarbon deposition regime  at low 
rf bias voltage, the fluorocarbon suppression regime  for 
intermediate rf bias conditions,  and  the oxide sputtering 
regime at high rf bias. The  same  three  regimes  are  seen 
in all high-density plasma devices. 

Significant differenccs in fluorocarbon layer thickness  on 
SiO, and Si,N, during  steady-state  etching  are  indicated 
by the  carbon 1s photoemission  spectra  plotted in Figure 7 
for a selective Si02-to-Si,N,  etching  process.  The 
photoemission intensity obtained  from  the  etched silicon 
nitride  sample is higher than  that  from  the silicon dioxide 
sample, indicating that  the  fluorocarbon film on the  nitride 
surface is thicker than on the oxide surface [36]. 

In Figure 8 the  etching  rates of oxide and silicon nitride 
at a self-bias potential of -100 V are  plotted as a  function 
of fluorocarbon film thickness and  arc  comparcd  to silicon 
etching  under  thc  same  conditions.  Figure 8 shows that 
the  thickness of thc  fluorocarbon film depends  on  the 
plasma conditions,  and  the  substrate  material.  The varying 
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parameter in this  plot is the  feed-gas  composition, which 
is changed  from CHF,, C,F,, C,F, to  C,F,/H2.  The etching 
rate of the  substrate is inversely proportional  to  the 
thickness of the  fluorocarbon film, since the film 
prevents  etchants  from  reaching  the  substrate. 

from the fact that  the selectivity  mechanism outlined 
above presents only an  imperfect  solution, but the 
etch-suppressing fluorocarbon film forms to some  extent on 
all surfaces  (Figure 8). Silicon dioxide is covered for 
all conditions by a fairly  thin fluorocarbon film ( 5 2  nm). 
For  the  thinnest films, the mechanism of etching  can  be 
identified as reactive ion sputtering.  The  thin  fluorocarbon 
film can  be explained by the ability of silicon dioxide to 
react with the  fluorocarbon film, for example through  CO, 
formation [37]. It  has  been  found  that  for  fluorocarbon 
gases  such  as CF, and  CHF,  for which the polymerization 
rate is  low, oxide etching is primarily dcpendent on the 
ion flux [28,38]. 

For  the  same  conditions, silicon is covered by relatively 
thick fluorocarbon films that vary in thickness from 2 to 
8 nm as  process parameters  are  changed.  A discussion of 
the  etching  through such films can  be  found in Reference 
[38] and is summarized  here. Ion penetration is limitcd to 
1-2 nm for  150-eV  ions [39]. As the  fluorocarbon film 
thickness increases, the ion species  and energy flux that 
reach  the Si substrate  decrease.  More  detailed  studies 
have shown that  the silicon  etching yield (number of  Si 
atoms removed per  ion)  rather  than  the silicon etching 
rate  correlates in a  unique  fashion with the  fluorocarbon 
film thickness, decreasing exponentially with fluorocarbon 
film thickness. A possible interpretation of these  data 
that is consistent with the  simulations on stopping of 
fluorocarbon  ions in the  fluorocarbon film is that  the ion 
energy deposition  into  the first 1-2 nm  of the  steady-state 
fluorocarbon layer rather  than  into  the Si substrate is a 
major  factor in the  reduction of the Si etch  rate. As the 
fluorocarbon film grows to a thickness  that exceeds 1 nm, 
thc lack of direct ion bombardmcnt  and energy deposition 
onto  the Si substrate  reduccs  the  importance of ion- 
assisted etching,  and ultimately Si etching occurs only by 
direct  spontaneous  reaction with fluorine  atoms  that have 
migrated  through  the  fluorocarbon film. Neutral  transport 
through  fluorocarbon films of a thickness  exceeding about 
1 nm dominates  the etching  process. 

The relatively thick fluorocarbon film on silicon can be 
explained by the  fact  that  fluorine  from  the gas phase is 
consumed by the  etching of the  fluorocarbon film and 
the silicon substrate.  The  reaction of fluorine with the 
fluorocarbon film leads  to  formation of desorbing 
fluorocarbon film particles  and  balances  fluorocarbon film 
deposition,  resulting in a  steady  statc. Additionally, ion 
sputtering  at  the  surface  contributcs  to  the  desorption of 
fluorocarbon film particles. The film thickness adjusts itself 

Important  problems in plasma etching of S i02  arise 
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is not the case  for the SiO,. 
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so that  the  fluorocarbon film deposition is balanced by the 
fluorine  reaction in the film. The  part of the  fluorine flux 
through  the  fluorocarbon film that is not used for  the 
desorption of fluorocarbon film material  reacts with the 
silicon substrate  and  forms volatile SiF,. This process is 
schematically depicted in Figure 9. I t  is suggested that 
neutrals  are  transported  through  the  fluorocarbon film 
by means of diffusion [40]. 

fluorocarbon film thickness  lie  between those of silicon 
dioxide and silicon (Figure 8). The  experimental  data 
suggest that silicon nitride  etching is more like that of 
silicon than silicon dioxide. An important  indication is that 
the  etching  rate of the  nitride is linearly proportional  to 
that of a  fluorocarbon layer (see Figure 10). The  same 
relationship has been observed between silicon and 
fluorocarbon  material  and is consistent with the  fluorine- 
driven  etching process  described  above [38]. Furthermore, 
the silicon dioxide data in Figure 10 do  not line up with 
the solid  curve as the  dashed lines of Figure 8 suggest. 
This can be explained by the fact that  the silicon dioxide 
etching rate is more  dependent  on  direct ion impact. 
Hence,  the silicon dioxide  etching rate  has  not  been  found 
to be proportional  to  the  fluorocarbon  etching  rate  (see 
Figure 10). For nonselective conditions, Si,N, etches 
through  a mechanism  similar to  that of SiO,,  i.e., a 
chemical sputtering mechanism  [28]. 

In the  fabrication of self-aligned contact (SAC) 
structures,  the silicon  dioxide etching  process should 
terminate  on  a curved  silicon nitride  etch-stop layer. In 
the  etching of SAC structures,  a  reduced  oxide-to-nitride 
selectivity is commonly observed  at  the  corners of the 
curved nitride  etch-stop layer (see  Figure 5 ) .  To  examine 
the  etching  behavior  and  surface chemistry  as a  function 
of angle in a  controlled  fashion,  V-groove  structures  were 
prepared by highly anisotropic wet etching of silicon 
substrates [41]. These  were covered with either  a 380-nm- 
thick  layer of thermally grown oxide or  a 100-nm-thick 
thermal oxidei200-nm-thick silicon nitride stack. The 
angle between  a  normal of the V-groove sample  surface 
and  that of the  average  wafer  surface was 54.70'. The ion 
bombardment  remained  normal  to  the macroscopic wafer 
surface, since the V-groove dimensions  were at least  an 
order of magnitude  smaller  than  the plasma sheath. 

Comparisons of behavior  for  the  planar  and  the 54.7" 
inclined surfaces allowed  us to identify the most important 
effects that give rise to SiO,/Si,N, selectivity loss [27]. The 
reason  for  the selectivity loss is not an increase of the 
Si,N, erosion  rate with angle,  e.g.,  as  commonly seen in 
physical sputtering [42-441, but a  change in the  balance 
between  fluorocarbon film deposition  and etching, 
producing  a  thinner  steady-state  fluorocarbon film. The 
thinner  steady-state  fluorocarbon film results  from  an 
enhanced  fluorocarbon  etching  rate  at  the curved surface 

For silicon nitride,  the  etching  rates  and  the  steady-state 
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relative to  a  planar  surface, in conjunction with a lower 
fluorocarbon deposition rate on the sloped surface (Figure 11). 
The  thinner  steady-state  fluorocarbon passivation 
layers on the inclined Si,N, surface relative to the flat 
surface lead to  a significantly higher Si,N, etching  rate  on 
the angled surfaces relative to  the flat surfaces [in  this 
work we found an etching yield ratio between 54.7" and 0" 
of 2.8 (Figure l l ) ] .  For SO,,   the etching yield ratio 
between 54.7" and 0" was found  to  be 1.33. The  oxide-to- 
nitride etching selectivity was thus  reduced  at  the  corners 
of the curved nitride  surfaces.  For nonselective SiO,/Si,N, 
etching processes  (e.g.,  employing CHF,), the Si,N, 
etching  rate is not  controlled by a  steady-state  reaction 
layer, and  the  enhancement of the Si,N, etching  rate 
shows a  different  dependence on the angle of incidence. 
For nonselective Si,N, etching  processes,  the etching yield 
ratio  difference is 1.4, i.e., similar to  that  for SiO,. 

For highly polymerizing fluorocarbon gas mixtures and 
low ion  bombardment  energies,  steady-state  fluorocarbon 
films can also be  formed on a SiO, surface  and  can 
reduce  the SiO, etching  rate  [45,46].  This  has  important 
consequences in the  etching of high-aspect-ratio  features, 
for which the energy flux to  the  bottom of the  etching 
feature  decreases with increasing aspect  ratio  (feature 
depthiwidth).  This ion-flux reduction can be explained 
by ion deflection caused by electrostatic charging of the 
SiO, sidewalls [13, 151 and/or charging of the resist  mask 
[47,48]. As the energy flux to the SiO, surface  decreases 
with aspect  ratio,  a  thin  fluorocarbon film starts  to grow 
on  the SiO, and  reduces  the  etching  rate  further, 
ultimately  resulting in fluorocarbon  deposition.  This 
etching-deposition  transition model  can  explain the  strong 
slowdown of SiO, etching  rates  at low pressures in high- 
aspect-ratio  features if highly polymerizing  gas  mixtures 
are used [16, 171. 

Controlling fuctors in resist erosion Excessive resist loss 
during  fluorocarbon-based high-density  plasma  etching of 
SiO, features is  of significant concern in the  integrated- 
circuit  technology. The mechanisms of resist erosion  are 
poorly understood, but recent  studies  performed using 
CHF,, C,F,, and C,F,/H! plasmas  have  provided 
important insights regarding  the  factors  that limit such 
erosion.  The  reader is referred  for  details  to  the work 
of Doemling  et al. [49]. 

in a CHF, plasma at 6 mTorr  for inductive  powers and 
at 400, 600, and 1400 W as a  function of the self-bias 
potential.  The curves are qualitatively  similar to  the  one 
shown  above for SiO,. A striking  result was that as the 
power was increased  from 600 W to 1400 W, no change in 
the resist  etching rate was seen  for  a given bias voltage. 
This  result implies that  the  increase of the ion current  at 
the wafer from 6.5 mA/crn' at 600 W to  17 mAicm' at 

Figure 12 shows the  photoresist  erosion  rates  measured 
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j (a) Nitride  etching rates and (b) corresponding  fluorocarbon  film 
.: thicknesses as a function of self-bias  voltage in a C,F, plasma at 
i 1400 W and 6.5 mTorr  on  both  flat (0') and  angled (55") 
b 
I surfaces.  The  data  for  the angled surfaces  were  obtained with 

silicon  V-groove  samples  overcoated  with a Si,N, film.  From 
j [27], with permission. 
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hydrogen-containing discharges, the  FiAr  ratio  changed by 
less than  30%  as  the inductive  power was varied  over the 
entire  range,  whereas  for  fluorocarbon discharges without 
hydrogen present,  the  F/Ar  ratio  changed by more  than 
an order of magnitude.  This is explained by the  strong 
interaction of hydrogen with fluorine  to  form HF, which 
prevents  the  increase of the  fluorine  atom  concentration in 
hydrogen-containing  fluorocarbon  discharges as the  source 
power is increased [31]. 

To determine  whether resist etching is controlled by a 
steady-state  fluorocarbon-layer  formation mechanism 
similar to  that  for silicon and Si,N, surfaces,  fluorocarbon 
film thicknesses on resist were examined for  the  samdes 

-50 0 50 I00 150 
200 of Figure 12. Figure 13 shows the  fluorocarbon film ' Magnitude of self-bias potential (V) 

thicknesses obtained.  For  a small  self-bias potential (low 
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ion energies), similar fluorocarbon film thicknesses were 
obtained  for all three  conditions.  With increasing  self-bias 
voltage, a  strong  reduction of the  fluorocarbon film 
thickness was found  at inductive  power levels of 600 W 
and 1400 W. At 400  W, there was only a slight change 
in fluorocarbon film thickness with increasing  self-bias 
potential. At low inductive  power, the ion current is 
apparently  too small to enable  the  thinning of the 
fluorocarbon film, and  the  steady-state  fluorocarbon film 
thickness remains high even  at  a  large self-bias potential. 

For fluorine-deficient fluorocarbon discharges that 
contain  hydrogen,  the following resist-erosion  model is 
suggested by the above data.' At a low rf bias  power level, 
a fairly thick fluorocarbon film covers the resist. The resist 
etching  rate is total-energy-limited and  depends on the ion 
current. As the rf bias power is increased,  and provided 
that  the ion current is high enough,  a  transition  from  a 
total  rf-bias-power-limited  (energy flux) to  an rf-bias- 
voltage-limited  (maximum ion energy)  behavior is 
observcd.  For fluorine-deficient plasmas, this is mirrored 
in a  transition from a thick to  a  thin  steady-state 
fluorocarbon film, and  an  increase of the resist etching 
rate.  For high inductive  powers the  fluorocarbon film 
thickness is thin enough  that  the resist erosion  rate is 
no  longer limited by the  fluorocarbon film. For  these 
conditions  the etching rate  no  longer shows an ion 
flux dependence, but increases with ion  energy. The 

" Fluorocarbon film thickness vs. self-bias potential for  samples dependence on ion energy is  presumably  related  to 
9 used to obtain the data of Figure 12. From [49], with permission. the  extent of the modification of the layer in which 

fluorine  atoms. 
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1400 W is unimportant  for resist etching,  a behavior that cleaning of contact. and "ia.hole surfaces T~ 
is dramatically different  from  that of s i o 2 ,  for which the  the contact resistance between  the silicon and  the  first 
etching  rate  increases linearly with ion current. Similar  level of metallization, it is important to produce a clean 
observations  were  made when  using CHF, discharges silicon surface following contact-hole  etching.  In  the 
operated  at  different  pressures,  or employing  C,F,/H2 
discharges. The relative trends in F density were ' F u r  Huurocarhon discharges wlthuut  hydrogcn, c.g., conteinlng o n l y  C;F,, l o r  

determined by fluorine  optical emission actinometry.  For different, hu t  the LISC o f  w c h  discharges tor  selective etching is Ilmitcd. 
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absence of a sacrificial Si,N, layer, the  contamination 
would be a  fluorocarbon film (In contact-hole  etching 
with a Si,N, etch-stop layer,  this  layer  must be removed 
first, as discussed bclow.). In contact-hole etching, in which 
the SiO, is etched down to  a silicon or  metal  surfacc,  the 
simplest approach is to  perform in situ resist stripping in a 
high-density etching  reactor  and  concurrently  remove  the 
fluorocarbon  residue from the siliconimetal surface.  The 
cleaning efficiency of this approach  can  be  studied as 
follows. Beginning with a  clean silicon surface,  thc  sample 
is exposed to  a CHF, plasma. With  thc bias applied  to 
the  sample,  this  simulates  the  ovcr-etching  environment 
during  the  dielectric  etching  step  and leaves a 
fluorocarbon  residue on the  sample  surface.  Subsequently, 
an 0, plasma is used to rcmovc the  fluorocarbon film 
and  the resist mask. Thc 0, plasma oxidizes the silicon 
surfacc. In the final step,  the oxide is rcmoved using 
an Ar discharge with a self-bias potential  at  the wafer 
(Ar'  sputtering). 

on the silicon surface, as determined by real-time 
ellipsometry, during  the above  processing sequence.  The 
clean  surface was exposed to  the  fluorocarbon plasma 
environment  at  time  (a),  forming a thick fluorocarbon 
layer. At (b), an rf bias  voltagc was applied t o  the 
sample, and the film was quickly removcd. The sample 
was exposed for 15 s upon complete removal of the 
fluorocarbon film to  simulate  ovcr-ctching.  This allowed a 
steady-state  fluorocarbon laycr to  bc  formed.  To  remove 
the  fluorocarbon layer, e.g., as a rcsult of 0, resist mask 
stripping  during an actual process sequence,  the  sample 
was exposed to an 0, plasma at  (c).  The O2 exposure 
removed  the  fluorocarbon laycr, and  a thick  oxide  layer 
began t o  grow. At  (d),  thc oxidized layer was removed by 
Ar'  sputtering  and  thc silicon surface  returned to its 
original state. 

the  results  are shown in Figure 15. Part  (a)  represcnts 
the  state of the Si after an HF dip, part  (b)  after  thc 
fluorocarbon plasma exposure,  part (c) aftcr  thc O? 
plasma exposure,  and  part  (d)  after Ar t  sputtering.  The 
peaks  located at a  higher  bonding cncrgy than  the 
elemental silicon 2p peak in (b) have been  attributed 
respectively to  silicon-bonded 1,  2, 3, and 4 fluorine  atoms 
[IO]. As  expcctcd,  thcrc was a significant amount of 
reacted Si present  aftcr  the  dielectric  etching  step.  The 
varying overall intcnsitics  were  due  to  the  presence of an 
ovcrlaycr, c.g., in part  (b),  a thick fluorocarbon film. 

With  the evolution of feature sizes to submicron 
dimensions, RC delay becomes  a critical factor in the 
overall performance of logic chips  containing multilevel 
intcrconnections.  There  are two conventional ways  of 
reducing  the RC delay, one of which is to use  interconnect 

Figure 14 shows the thickness of the modificd  layer 

Each  stage in  this  process was evaluated using XPS, and 

18 ,  

Time (s) 

metals with lower resistivity, the  other being the use of 
dielectrics with a lowcr dielcctric  constant (low K ) .  Recent 
advances using copper have motivated  our study of the 
removal of the  post-dielectric  etch  fluorocarbon  residue 
using an 0, plasma-cleaning step followed by Ar t  
sputtering. 

producing a clean Cu surface  after  the final Ar plasma 
process. An interesting  response of the Cu to the 
fluorocarbon plasma exposure is the  absence of the 
reacted layer seen with many other  materials [SO]. This is 
illustrated by the XPS spectra in Figure 16. Although  the 
intensity  seen in part (b) was much lcss than  aftcr  the  Ar 
plasma step,  the  ratio of reacted  to  unrcacted Cu was 
extremely  small in both cases. Only after  thc O2 plasma 
clcaning stcp was a significant amount of rcactcd  copper 
observcd. 

The  results  reported  for Si extend quite well for  copper, 

The  demonstration of in situ HDP cleaning proccsscs 
for  blanket  substratcs must be  extended  to  high-aspcct- 
ratio  structures.  Both via bottom  and sidewall issues  must 
be addressed; e.g., thc sidewall films (veils)  must be 
removcd [5O]. The stability of novel organic  dielectric 
materials when  exposed to  cleaning is also a critical 
issue and has been  addressed in othcr work [5O]. 
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Selective  removal of Si,N, stopping layer For  the self- 
aligned contact-etching process, the Si,N, etch-stop layer 
must be  removed  after SiO, etching  and resist-stripping 
processes, with a high selectivity relative to SiOz  and Si. 
This  can be achieved by remote  plasma-based removal of 
the Si,N,. The following steps  are  required:  First,  breaking 
through  the oxynitride  layer (formed by oxidation of the 
nitride  during  the resist and  fluorocarbon removal  process 
in 0,; see  above).  For this purpose, NF, is commonly 
used,  since  it  minimizes the selectivity of Si,N,-to-SiO, 
etching.  Second,  the bulk Si,N, film must be removed with 
a high selectivity with respect to SiO,. A CF,/02/N, system 
is sometimes used for this part of the  process [51]. The 
study of this etching system in a  downstream  reactor 
illustrates  the  surface chemical interactions  that  can  occur 
when  reactive radicals formed in the gas phase  dominate 

192 the etching  kinetics by reducing  reaction  barriers.  The 

sensitivity of the  etching  reaction in a  downstream  etching 
reactor to small changes in gas composition is due to the 
absence of ion bombardment  at  the  etching  surface. 

Figure 17 shows the  etching  rates (ERs) of  Si,N, in 
CF,/O,/N, as a function of added 0, and N2 using a 400-W 
microwave  discharge operated  at  a  pressure of 0.5 Torr 
and  a  constant flow of CF,. For CFJO,  mixtures without 
N2, the Si,N, etching rate changes very little upon 
injection of 0, to CF,, despite  the well-known increase of 
the  F  atom  concentration by nearly a factor of 10 due  to 
oxidation of fluorocarbon radicals [30, 311. This  behavior 
indicates  that  the Si,N, etching  rate  cannot  be limited 
by the arrival of fluorine  atoms  on  the Si,N, surface. 
Significant enhancements of the Si,N, etching  rate were 
observed  upon  injection of 5% N2 (by a  factor of 7 X  for 
an O,/CF, ratio of 0.15). At the  same  time,  the SiO, 
etching  rate  changed very little,  enabling highly selective 
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Copper 2p XPS spectra for  Cu at a grazing electron emission angle for (a) an as-received Cu surface; (b) after fluorocarbon plasma exposure; I” (c) after an 0, plasma-cleaning step;  and (d) after a final Ar+ sputtering step. Note that the intensity in (d) has been divided by four. From 
[50], with permmion. 
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etching of Si,N, over  SiO,  using  CF,/O,/N,. An 
examination of the  fluorine density in the  discharge region 
and in the  downstream  chamber showed that N, injection 
did not increase  the  F-atom  concentration.  A survey of 
various nitrogen-related species by mass spectrometry 
resulted in the conclusion that  the  NO mass spectrometric 
signal correlated best with the Si,N, etching rate (see 
Figure 17). The  production of a  large  concentration of 
free  fluorine is necessary  for  significant Si,N, etching, but 
it is not  a sufficient condition, e.g.,  as is the  case  for  a 
silicon thin film. This  can  be explained by the fact that 
Si,N, is thermodynamically more  stable  than Si. For Si,N,, 
the  breaking of the SiN bond is one  important  barrier in 
the  overall etching reaction.  A  surface  reaction  model 
in which NO  attacks  a Si-N bond  at  the Si,N, surface, 
producing  N2, which desorbs  and leaves a Si-0  species  on 
the  surface, has been  proposed [29] and is supported by 
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the  gas-phase  and  surface  characterization  data shown in 
Figures 18 and 19 [S3]. 

The key role of NO in the  etching of  Si,N, has  been 
verified directly in  experiments in which NO was injected 
downstream  from  a  fluorine-based discharge,  as first 
performed by Blain et al. [S4]. The Si,N, etching  rate 
increased  almost linearly with the flow  of NO  injected 
downstream. In Figure 18, data  for Si,N, surfaces  etched 
in CF,IO, (400120 sccm) with either  NO  or  no  NO 
injected downstream  are  compared.  Consistent with the 
surface  reaction  model  outlined above [29], injection of 
NO leads to an  enhancement of the Si,N, etching  rate by 
a  factor of roughly 8, while concurrently oxidizing the 
Si,N, surface.  The  indicated  peak (oxygen 1s peak) 
has  been  attributed  to S i 0  bonding. 

has provided additional  support  for this model. Intensity 
Additional  mass-spectrometry work  shown  in Figure 19 
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Etching rates of  Si,N, in a CF4/Oz/Nz plasma as a function of 0, 
flow  in the CF,, as determined from mass-spectrometry intensities. 
The data were obtained using a microwave plasma-etching system, 
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From [29], with permission. 
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1 Mass-spectrometry  intensities,  indicating  evidence of increased 
oxidation of a Si,N, surface upon injection of NO downstream 
from a CF,/O, discharge. The Si,N, etching rate increased by a i, 1 factor of 8 as a result of the NO injection.  From [52], with 

2 permission. I 

changes of the  etch-product signals were  determined  for 
different processing conditions.  A SF,/O, mixture was 
used to  etch  a thin-film stack consisting of Si,N,/SiO,/Si. 
SF, was chosen as a  fluorine  source  to avoid the mass 
interference  due  to CO at mass 28. Figure 19 shows SiF, 
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Mass-spectrometry intensities for SiF: and N l  during the etching 
of  Si,N, and SiO, in a SF,/NO  300/50-sccm discharge operated at 
500 mTorr and 700 W microwave power. At point A, NO gas was 
injected downstream into the reactor, increasing the Si,N, etching 
rate  and  increasing  the S i F l  and N,f signals  in  the  mass 
spectrometer. At points B, C, D, E,  and  F,  the  distance between the 
sample and the mass-spectrometer orifice was increased from 0.7 cm 
to 4 cm.  The decrease of the SiFi  and N,f signals indicated that 
both products are produced by the etching of the Si,N,. At point G 
the Si,N, film  had  been  completely  removed  (as  shown  by 
ellipsometry),  and  etching of the SiO, began. At point H the 
distance between the sample and the mass-spectrometer orifice was 
again reduced to 0.7 cm, leading to an increase in the S i F l  signal. 
From [52], with permission. 

(SF:) and N, ( N l )  product signals from Si,N, etching 
as a  function of time.  At  point A, NO gas was injected 
at  a flow rate of 20 sccm downstream  into  the  reactor, 
increasing the Si,N, etching  rate.  This was mirrored in the 
growth of the SiF: signal by roughly a  factor of 8. In 
addition,  the N: signals increased.  At  points B, C, D, E, 
and F, the sample-mass-spectrometer-orifice distance was 
increased in steps  from 0.7 cm to 4 cm, to  ascertain 
whether  the SiF: and N; signals were  produced  at  the 
Si,N, surface.  A  consistent  decrease of the  SiFl  and N,' 
signals  showed that  both  products  were  produced by the 
etching of the Si,N,. At  point G, the Si,N, film had 
been  completely  removed  (as shown by simultaneous 
ellipsometry),  and  etching of the SiO, began.  At  point H, 
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the  distance  between  the  sample  and  the mass- 
spectrometer orifice was again reduced  to 0.7 cm, leading 
to an increase of the SiF: signal. These  experiments 
showed that next to SiF,, N2 is an important  second 
etching  product. N 2 0 t ,  NF:, and N *  signals were 
also monitored  during  the  same  experiment.  These 
measurements showed that N,O and NF, are also 
produced by the  etching of Si,N,, but they vary much less 
significantly upon  NO injection than  does  the N2 signal. 

Fundamental  data on plasma-surface  interactions  by 
controlled-beam  studies 
The example  discussed in the  preceding  section  illustrates 
the complexity of the  surface  processes  that must be 
understood  and  controlled in microstructure  fabrication. 
It is clear  that even if one could characterize in complete 
detail  the  incident fluxes, surface  processes,  and  outgoing 
fluxes, it would be very difficult to mechanistically isolate 
the effects of the  various  incident  particle fluxes applicable 
to an actual plasma environment.  This is due  to  the 
significant interactions between different  particle fluxes on 
surfaces, which make it difficult to establish cause  and 
effect.  Several  investigators  have therefore  attempted  to 
“simulate”  the plasma-surface interaction in a  UHV 
apparatus using beams of different plasma species  at 
relevant  energies, e.g., ions and  neutrals [25].  Using  this 
approach,  Coburn  and  Winters [55]  have demonstrated 
how ion bombardment  can  enhance an etching  reaction 
and  that synergistic  effects between ions and  neutrals  that 
strike  the  surface simultaneously can  be very large  for 
certain systems, e.g., the fluorine-silicon-Ar’ system 
[25, 551. They  have attributed  their results to chemical 
sputtering. In general,  neutraliionisurface  interactions give 
rise to complex  processes,  with the  outcome  depending 
critically on  the energy content of the  neutrals,  the 
substrate  surface  temperature [56, 571 and  the  ionineutral 
reactant flux ratio [58-601. 

The reactive beam  approach  appears  to be useful for 
obtaining  a  database  for  the  interaction of reactive plasma 
particles with surfaces of electronic  materials [61]. A first 
requirement is that sources be available that  can 
produce well-characterized,  clean beams of realistic 
ions and realistic neutrals  at all energies of interest. 
It is essential  that realistic  ions be used in the  beam 
experiments [62],  since the ions are  often  not  just  an 
energy carrier,  but (especially  in  high-density  plasma 
systems)  also  carry a significant fraction of the  reactive 
species  to  the  surface.  The  interaction of these  particle 
beams with pristine  and realistic surfaces must be  studied 
to  determine  reaction  probabilities  and  rates,  reaction 
products  and  their energy content,  the  importance of 
interactive effects for multiple beams,  and  the  nature of 
the  steady-state  surface  reaction layer. These  data  are  a 
prerequisite  for realistic computer  modeling of the 

plasma-surface interactions  that  are crucial in 
comprehensive  computer  modeling of plasma-etching 
processes. 

Conclusions 
For planar surfaces, impressive experimental  techniques exist 
that can be used to obtain the information required to develop 
a  quantitative  description of plasma-surface interactions 
relevant to plasma etching.  A  strong  need exists to 
develop  and employ beam  sources of realistic plasma 
species in order  to  facilitate  controlled investigations of 
relevant  plasma-surface interactions. An improved 
understanding of the  interaction of specific reactive 
particles with a surface  and  the synergistic  effects that 
become  important when  several species  react 
simultaneously, coupled with modeling,  should  make it 
possible to identify key mechanisms. The  situation is not 
as  promising for  microstructures. Novel phenomena  that 
are  absent  for  surfaces  occur in microstructures  and 
ultimately determine  the usefulness of a  particular plasma 
process.  Significant efforts will be needed  to 
further  develop  means  to  establish  particle fluxes and 
identify fundamental  surface processes in microstructures 
as a  function of microstructural  dimensions. 
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