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Optimization of  Plasma  Processing  for  Silicon-Gate FET 
Manufacturing  Applications 

The  development  and implementation  of  plasma  processing techniques for  silicon-gate FET manufacturing applications  is 
described. Process  requirements are  discussed for  the stripping  of  photoresist and the isotropic etching of thin jilms. A 
systematic  approach  for the optimization  of these processes, involving  the use of  statistically designed multiparametric 
experimentation (MPE),  is  presented.  This  approach, in combination with the use of response-surface analysis techniques, is 
illustrated  by  examples  of  its  application to typical processing problems. In addition, the  multipararnetric optimization  of 
anisotropic etching is  presented for  potential  plasma processing  enhancements. 

Introduction 
Plasma processing, in the  manufacture of VLSI silicon-gate 
FET logic and memory products, is fostered by economic and 
environmental  factors  as well as improved lithographic per- 
formance. The  replacement of standard “wet” etching  and 
resist stripping processes with plasma methods reduces 
deionized water  and bulk chemical usage as well as  chemical 
waste treatment  requirements, while providing improved 
product design ground  rules for more dense  and productive 
chip designs. 

A  typical  “wet”  resist strip or a  polycrystalline silicon 
(@Si)  etch results in a primary  chemical  waste of 300 to 500 
ml of concentrated liquid acid  and consumes approximately 
200 liters of deionized water.  This  compares with  typical 
plasma  processing requirements of about 12-15 liters  (STP) 
of gaseous reactants, less than 2 ml of vacuum  pump oil 
(which can  be recycled), and no deionized water.  To illus- 
trate  the improved lithographic  control achieved  with  plasma 
etching versus that of “wet”  etching, consider the definition 
of a @Si line in a manufacturing environment.  For  a 400- 
nm-thick resist film, a  2.5-pm-wide line in photoresist 
shrinks  to ~ 1 . 5  pm in @Si using  “wet” etching,  but only 
to ~ 2 . 3  pm using  isotropic  plasma etching. 

The development of processes for manufacturing  applica- 
tions requires  experimentation  to  demonstrate  that  the pro- 

cess design criteria  are satisfied and  that  the effects of all 
important  parameters  are understood at  least  empirically. 
The  large  number of plasma etching  parameters complicates 
the development of plasma processes. This is especially true 
since the effects of such  variables as  the  geometry of the 
reaction chamber,  the  nature  and pressure of the  discharge 
gas, the  input power, and  the frequency of excitation are not 
completely  understood.  Additional  problems arise  due  to 
plasma-surface  interactions  that  are affected by temperature 
and electrical  bias of the  substrate.  The  situation is further 
complicated by the  number of etching  characteristics (e.g., 
rate, selectivity) which must be optimized for a particular 
process application.  These  factors combine to  form a  com- 
plex system that  has defied conventional  analysis. As a 
result, most process development to  date has  consisted of 
trial-and-error  experimentation with only minimal attempts 
a t  optimization. 

The most widely used approach  has been to select arbi- 
trarily a set of processing parameters  and  to  evaluate  sepa- 
rately the effect of each  parameter on the  etching process, 
holding all  others  constant.  This  approach is iterative  and 
ignores interactions between parameters. As a result,  the 
conclusions are often  invalid, making  the  approach  neither 
efficient nor desirable.  An  alternate  approach  to process 
development that overcomes most of these inadequacies uses 
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statistically  designed  multiparametric  experimentation 
(MPE)  to  determine  etching  characteristics  as  functions of 
the processing parameters [ 1-51, This  approach, when com- 
bined with response surface  analysis  techniques, minimizes 
the  trial-and-error  aspect of process  development and simpli- 
fies the identification of optimum  operating conditions. 

This  paper describes the successful application of this 
approach at  IBM  to  the development of resist stripping  and 
etching processes for the  manufacture of VLSI silicon-gate 
FET logic and memory  chips. In addition,  experimental 
results of process investigations aimed at  improved  litho- 
graphic  performance  are presented. 

Experimental  design 
The problem of definition and optimization of useful  plasma 
processes is simplified if the  functional relationships between 
the  controllable  parameters (e.g., gas flow,  rf power, cham- 
ber pressure) and  the system  response (e.g.. etching  rate, 
etching selectivity) can be adequately represented by a 
polynomial of degree d within the  parameter  space of inter- 
est. If this is true,  the polynomial coefficients may be 
estimated by applying a least-squares fit to  the values of the 
response observed for  a  set of points in the k-dimensional 
parameter space. The design of an  experiment which allows 
this estimation is known as a dth-order design; it consists of a 
set of appropriately selected experimental points. These 
points are chosen to  permit  accurate  approximation of the 
polynomial in the region of interest,  to allow the  determina- 
tion of the  adequacy of the polynomial fit, to minimize the 
required number of observations, and  to simplify the exten- 
sion to a  design of order d + 1. 

The  authors have  found that  experimental designs which 
are  appropriate for plasma processing development and 
which satisfy  the above criteria  can be defined on the basis of 
early designs introduced by  Box and Wilson in 1951 [ 11 and 
by application of the techniques of  Box and  Hunter  [2]. 
These  experimental design methods  and associated  analysis 
techniques  have been implemented via interactive  APL 
programs. 

The  experimental designs used for the process optimiza- 
tion, and described in subsequent sections of this  paper,  are 
second-order  central-composite rotatable designs that exhib- 
it  uniform precision. The choice of second-order  designs 
( d  = 2) is based on the variation of plasma processing re- 
sponses observed by these authors  and reported by others in 
the literature. The central-composite  aspect of these designs 
refers to  the  construction of the designs from a group of 
central-point observations which have the  parameter  space 
coordinates (0, 0, - . , 0). These points are enclosed by 
concentric circles,  spheres, or hyperspheres of additional 
observation points. Two of these arrays of points are required 

for second-order  designs. Third- or higher-order  designs can 
be easily constructed by the  addition of successive concentric 
arrays.  The points on the  innermost hypersphere form a 
hypercube with coordinates (+ 1, + 1, . , 1)  and  corre- 
spond to  the  standard 2k factorial points. The points on the 
second hypersphere have coordinates (+a,  0,  0, . . , 0), 
(O,-+a,O, , O ) , ( O , O , + a ,  ,O) ,  * * * (O,O,O, * * * , + a ) ,  
where a is chosen to  satisfy  other design requirements. For 
example, a can be chosen to produce  a rotatable design  in 
which the  variance of the  estimated response is constant a t  a 
fixed radius p from  the design center.  The  further condition 
that  the  variance  at p = 0 be  equal  to  the  variance  at p = 1 is 
referred to as uniform precision and  can be approximated by 
varying the  number of experimental observations made  at 
the design center. 

Response surface analysis 
The  least-squares polynomial fit to  the  experimental  data 
can be accomplished by standard  multivariate regression 
techniques. These techniques  also provide the  experimenter 
with information regarding  the relative  significance of each 
of the  parameters.  This  information  can  be used to  determine 
which parameters  must be controlled  for the optimization of 
individual responses. 

There  are a variety of techniques beyond standard regres- 
sion analysis which can also be used with MPE  to provide the 
experimenter with useful information.  The following discus- 
sion deals with two of these  techniques which have been 
particularly useful: ridge  analysis [3]  and desirability- 
function  analysis  [4]. 

Ridge analysis provides a  method  for  selecting  those 
conditions  within the  range of an  experimental design that 
have the  “best” response when either a minimum or maxi- 
mum value is desired. In this  technique,  the  maximum (or 
minimum) response is determined for each of a  series of 
hyperspheres about  the design center, with radii  ranging 
from 0 to  the  largest  radius within the  experiment.  These 
values can  then be used to  determine  the  absolute  maximum 
(or minimum) response and  the corresponding processing 
conditions. In addition, a  comparison of the  changes  required 
in each of the  parameters  to produce  a  desired change in the 
response can be used to  rate  the relative importance of the 
parameters. 

Although ridge  analysis is effective for  maximizing or 
minimizing one or a t  most two responses [5],  this in general 
is not sufficient for  optimization of a process. Many processes 
require  the  simultaneous  optimization of multiple responses. 
Furthermore,  the desired  value of a particular processing 
characteristic may be within  a range of acceptable values 
rather  than  at a minimum or maximum. For  these  cases, the 
use of desirability function  analysis may  be  preferred.  With 58 1 
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Figure 1 Desirability  transforms d { Y }  for a response which is required (a) to  be  maximized, (b) to be minimized, or (c) to exist within a range 
of acceptable  values. 

this  technique,  the  optimum value, as well as  the  minimum 
and  maximum  acceptable values of each response Y,., are 
used to define desirability  transforms d,{ Y,}. 

The definition of these transforms is illustrated in Fig. I 
for the  cases where the  desired response is a maximum, a 
minimum, or within  a range of acceptable values.  For these 
transforms, a  value of 0 indicates  an  unacceptable response 
and a  value of 1 indicates an  optimum response. An overall 
desirability  function for the process D can  then be obtained 
for any set of conditions by first performing  the  desirability 
transformations of the individual responses and  then  calcu- 
lating  the  geometric mean: 

where n is the  number of responses. The  value of D has  the 
same  meaning for the process as di{Y,} has for the  ith 
response. Note  that  an  unacceptable value for any of the 
transformed responses results in an  unacceptable process 
desirability.  Since  the  desirability of a given set of processing 
parameters  can now be expressed by the single  function D, 
standard  univariate  computer  searching  techniques  can be 
used to  maximize D and,  thus,  to  optimize  the process. 

Plasma resist stripping 
The successful manufacturing  application of plasma  resist 
stripping in the  early 1970s [6] preceded the plasma etching 
of thin films. However, trace  metallic  components (mostly 
tin) of commonly used negative  photoresists  were not 
removed during  the  ashing or stripping process [7]. Small 
amounts of halogen-containing  gases  were added  to  the 
oxygen-stripping gas  to both enhance  the  stripping  rate  and 

trap  the  metal  contaminants in a surface reaction so that 
they could be removed in subsequent cleaning  steps [8]. 
However,  occasionally etching of the exposed silicon was 
observed. 

A similar  problem arose when positive photoresists, which 
require  inorganic developers containing potassium or sodium 
salts, were stripped by using an oxygen plasma [9]. Such 
resists contain  trace  amounts  (ppms) of sodium,  a  source of 
mobile ions which might diffuse into  the SiO, surfaces  during 
plasma stripping in the presence of high temperatures. 
Although  Na, Li, and K may diffuse into  the  surface of SiO, 
films during oxygen plasma  resist stripping, no cross- 
contamination from Na-doped wafers to previously Na-free 
wafers was observed. Small  amounts of CF, could be added 
to  the  stripping  gas  to  trap  the  alkali  metal ions on the 
surface for removal by subsequent processing. This  tech- 
nique is effective because the  dielectric  integrity of thick 
(2  100 nm)  SiO,  gates is insensitive to  the slight SiO,  etching 
which results  from the presence of CF, in the oxygen 
discharge. In the  case of thin  gate oxides, an  alternate 
approach is required. 

Processing  criteria 
Numerous plasma  resist stripping  requirements  must be 
satisfied  for the successful manufacture of silicon-gate FET 
devices. Oxidation of silicon and &Si films must be mini- 
mized to  permit  formation of buried  ohmic  contacts.  Etching 
of thin oxide films should be minimized to prevent degrada- 
tion of the  gate thickness  tolerances or device breakdown 
voltages, or loss  of dielectric  strength. Silicon and 4Si 
etching  must be minimized to  maintain dimensional  control 
and  to prevent modification of the silicon surfaces.  Radiation 
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damage  to both silicon and SiO, films (and  interfaces)  must 
be minimized to avoid degradation of capacitor  storage 
lifetimes and  shifts in the device threshold  voltages. Contam- 
ination by mobile ions must  also be minimized. An  adequate 
process must  also strip  the photoresist  which,  because of 
exposure to plasma etching,  may have been chemically or 
physically altered, in which case common wet stripping 
methods  may no  longer be effective. The process should be 
applicable, with acceptable  throughputs,  to  the various  wafer 
diameters needed, while simultaneously  meeting all  the 
previously mentioned requirements. 

Process development and implementation 
The desired characteristics of a  plasma  resist stripping 
process are achieved by two approaches: 1) modification of 
process equipment  and  parameters  to minimize  both  oxida- 
tion of the exposed silicon and infiltration of mobile ions, 
without seriously extending  the  stripping  time;  and 2) addi- 
tion of a  small amount of a  selected C1- and F-containing gas 
to  the oxygen-stripping  gas, to  reduce  contamination by 
mobile ions without attack on the exposed SiO,, Si, or 4Si 
surfaces. 

The system used in these stripping  experiments is a 
barrel-type  etcher/asher [ I O ]  which has been modified as 
follows: The  chamber coil spacings  were adjusted  to increase 
generation of oxygen atoms  and excited molecules toward 
the  front of the  reaction  chamber in order  to  compensate for 
the  higher wafer temperature [ 111 and  stripping efficiency 
near  the  rear of the  chamber.  The  Faraday  cage or etching 
tunnel was  replaced by one with greater  optical  transparency 
(i.e.,  the  ratio of the  area of the perforations to  the  area of the 
tunnel was increased) depending on the relative strip  rate, 
apparent oxide growth,  and  reactor  temperature,  as mea- 
sured via the  standard system thermocouple (see  Fig. 2). The 
etching  tunnel was retained  to prevent or reduce  energetic 
surface  bombardment,  surface oxidation, and  radiation  dam- 
age. Replacing  the  quartz wafer  boats  with adjustable  alumi- 
num boats permitted  the  stripping of a t  least fifty wafers (up 
to 125 mm in diameter)  centered along the  tunnel axis. 

Figure 3 shows the results of an MPE evaluation of both 
stripping  time t and  reactor  temperature T for  a  system with 
the modifications just described. Although  stripping pro- 
ceeds more rapidly as  the  temperature increases,  a low 
temperature is desirable  to  reduce  alkali  metal diffusion into 
SiO,  surfaces.  Thus,  an  intermediate  temperature is required 
for the  optimal process. In this case, since there  are only two 
responses to be optimized, process definition can be accom- 
plished immediately with the  aid of the  dual  contour plot in 
Fig. 3. The  indicated  operating point (shown  with an  asterisk 
on the figure)  reflects the compromise made  to limit the 
maximum  temperature  and minimize stripping  time. 

- 
0 

)ptical transparcncy- 

Figure 2 Relative  stripping  rates (O), reactor  temperatures (O), 
and  apparent  oxide  growth on silicon ( A )  as  functions of the  optical 
transparency  (open  area/total  area) of the  etching  tunnel, 

Oxygen tlow 

Figure 3 Multiparametric  response  surfaces for time (solid lines) 
and  reactor  temperature  (dashed  lines); t ,  < t ,  < t , ,  . . . and T,  < 
T 2 <  T 3 , .  . . . 

The  approach  taken  to  reduce mobile ion diffusion 
involved the  addition of trace  quantities of CHFCI,  to  the 
oxygen stripping gas. The  CHFCI, provides an anion which 
can bind  mobile Na' ions to  the  surface  during  the  stripping 
process, but allows subsequent removal of the sodium salts by 
wet processing. Since low levels of this  gas in the 0, plasma 
did not measurably  etch silicon, $Si, silicon nitride, pyrolytic 
SiO,, thermally grown SiO,, or phosphosilicate  glass, but  did 
provide the required  reduction  in mobile ion contamination 
while increasing the  stripping  times only slightly, this 
method  was used in subsequent processing. 583 
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Figure 4 Isotropic  etching (a) at an etching  endpoint (SIM = 0) 
and (b) at 100% over-etch (SIM # 0, S,, # 0). 

Since  thin-gate  dielectrics (e.g., SiO,)  are most vulnerable 
to  etching  degradation,  these were used to  evaluate  the 
performance of the  stripping process. The observed flatband 
voltages, dielectric  strengths,  and mobile-ion concentrations 
were statistically  equivalent  for  plasma-stripped, wet- 
stripped,  and unprocessed  oxide  controls. Implementation of 
the resist stripping process involved transfer of the process to 
a manufacturing plasma system.  This  procedure was  simpli- 
fied through  the  use of an  MPE evaluation  in  which only the 
most  significant process parameters were  investigated. In 
addition  to simplifying the system-to-system transfer,  this 
evaluation provided the process control  and  diagnostic infor- 
mation  required  for  routine processing. 

Plasma etching 
Typical plasma etching processes needed for  the  manufac- 
ture of VLSI silicon-gate FET devices include 1) the defini- 
tion of patterns  in  thin low-pressure chemical vapor- 
deposited (LPCVD) Si,N, films over even thinner  SiO, 
films; 2) the  patterning of highly  doped 4Si  conductors  and 
FET  gates over thin-gate  SiO, dielectrics; and 3)  the  etching 
of vias in  plasma-deposited silicon nitride  insulators  to 
contact Al-Cu-Si metallurgy.  The plasma etching  require- 
ments for each of these  applications  are  different; however, 
in all cases,  high etching selectivity and  tight linewidth 

control  are needed. For some  cases, a non-vertical etch 
profile is also  desired to avoid reliability  concerns  such as 
degradation of sidewall dielectric  integrity or inadequate 
step coverage  in subsequent layers. 

In  this section the development and  implementation of a 
polysilicon etching process is described to  illustrate  the 
optimization of isotropic (nondirectional) plasma etching 
[ 121. The  use of more  directional (anisotropic) etching 
[ 13, 141 for the improvement of linewidth and profile control 
is addressed in  a later section  on  processing enhancements. 

Isotropic etching 
Isotropic etching refers to  an  etch  rate in  a  homogeneous film 
that is independent of the  etching direction (i.e., horizontal 
and  vertical  etch  rates  are  equal).  Figure  4(a) presents the 
profile of an isotropically etched  sample which is cross- 
sectioned at   the edge of a  nonerodable mask.  This  diagram 
shows the profile a t  etch endpoint, the point a t  which etching 
of the  unmasked film has  just been completed. The percent of 
etching  time  (or equivalent film removal) beyond this point is 
referred  to  as  the  amount of over-etch 0. 

The  etched profile which undercuts  the  mask  can  be 
described at  any  time by a circular  arc, with its  center at  the 
bottom of the  mask  and a radius  equal  to  the  product of the 
etch  rate  and  the  etch  time.  The  situation is complicated by 
the  simultaneous  etching of the  mask  and/or  the underlying 
film. These  factors  are normally  described by an  etching 
selectivity SI, = E,/E, ,  where  the E are  etch  rates of films 1 
and 2. Figure  4(b)  indicates  the resulting profile for 
an = 100% over-etch, where  the selectivities  between the film 
to be etched ( 1 )  and  the  mask  (M), S,,, and between the film 
to be etched (1) and  the underlying film (2), SI,, have  finite 
values greater  than one. 

The  horizontal  distance between the  bottom edges of the 
mask before etching,  and of film 1 after  etching, is referred 
to  as  the  etch bias B. This  parameter is important in 
characterizing  the  degree of linewidth  control  achieved by a 
given etching process, and  may be used to  illustrate  the  major 
problem  encountered  with  isotropic etching.  From geomet- 
rical  considerations, B may  be expressed as a  function of 
over-etch 0 for S,, = CO: 

where T,  is the  thickness of film 1. It  can be readily 
determined  from Eq. (2) that  during isotropic etching  the 
etch bias  increases rapidly with  over-etch. Since  some 
amount of over-etch is required  to  compensate for variations 
in the film thickness and  etch  rate,  the usefulness of isotropic 
etching diminishes as  the  minimum dimensions of the device 
structures  approach =4x the film thickness. 
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e Process development and implementation 
The  plasma  etching of +Si is considered to  be a critical  step 
in the processing of silicon-gate FET devices. For  this reason, 
the development and  implementation of a  +Si etching pro- 
cess is discussed in detail.  The  plasma  system used  in this 
work consists of a barrel-etch system [ lo]  modified by the 
addition of a planar  electrode assembly. The rf power is 
applied to  the  top  electrode  and  the  wafers  are  placed on the 
grounded,  temperature-controlled lower electrode.  The 
etchant  gas is introduced  to  the  chamber above the  front 
edges of the electrodes and is exhausted at  the  back of the 
chamber. 

The objective of the process  is to uniformly etch n+-doped 
@Si films without eroding  the diazo-type positive photoresist 
mask or etching  the underlying thin-gate  SiO,  dielectric.  To 
avoid reliability  problems arising  from vertical etching pro- 
files, the chosen  process  includes an isotropic CF, + 0, 
plasma etch. 

An MPE procedure which used  a  series of central-compos- 
ite  rotatable  experimental designs  was used to  determine  the 
+Si etch  rate,  the @Si-to-photoresist and +Si-to-SiO, 
selectivities, and  the +Si etch  rate  uniformity U#si = 

(31~/E,,~)100, where u is the  standard deviation of EGi. 
Empirical responses for these process characteristics were 
determined  as  functions of six parameters:  electrode  separa- 
tion, chamber  pressure,  total  gas flow, electrode tempera- 
ture, rf power, and 0, concentration.  The  initial  experiments 
indicated  that  the electrode temperature  and 0, concentra- 
tion could be fixed at  relatively low values without  detrimen- 
tally affecting the  outcome. Analysis of the  data  from  the 
subsequent  experiments results  in  polynomials of the  form of 
Eq. ( l ) ,  with n = 4. For example,  the normalized equation 
for the +Si etch  rate  uniformity is 

Umsi = 43 - 40.8~, + 4 . 4 ~ ~  + 2 1 . 9 ~ ~  + 2 4 . 2 ~ ~  

+ 8.1~: - 1.62~: + 12.5~: + 4.9~: 

+ 0.3x1x, - 16.8x,x3 - 9.5x1x, 

+ ~x,x, + 3.6x2x, + 6.7x3x,, 

where  the x, correspond to values of the  dependent  parame- 
ters; xI is the rf power, x, is the  total  gas flow, x3 is the 
chamber pressure, and x, is the  electrode  separation.  The 
coefficients are normalized to specified ranges of the individ- 
ual parameters.  It  is  apparent  from  Eq. (3) that several of the 
terms  are not important.  Standard regression analysis of the 
data  indicates  that  all of the  terms involving x, are insignifi- 
cant.  Consequently,  it  can  be concluded that  total  gas flow 
does  not appreciably influence the +Si etch  rate  uniformity 
within the investigated parameter space. This analysis  is 
useful in the  determination of those  process parameters  that 
must  be controlled  for each response. A similar analysis 
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indicated  that  the  gas flow does  contribute  to  the +Si etch 
rate  and  the  etching selectivity; therefore,  it  must be consid- 
ered for the overall process optimization. 

Figure 5 indicates  the  desirability  transforms d { Y }  used 
for  the  simultaneous  optimization of the process characteris- 
tics. Since  the +Si-to-SiO,  selectivity  was found  to  be  accept- 
able for all process conditions, it is  not  included. A maximum 
value for the +Si etch  rate E,i (1.5 nm/s) was specified in 
order  to allow sufficient time  for recognition of the  end point 
and  termination of the  etching before the  etch  bias could 
become unacceptably  large. A minimum value of etch 
rate (0.2 nm/s) was specified to  ensure  reasonable wafer 
throughput. 

The  contour plot of the overall process desirability D [Fig. 
5(d)] shows the region of operation  (shaded) which was 
selected after  computer  optimization of the responses. The 
values of the rf power and  total  gas flow were thus fixed, 
giving a polysilicon etch  rate E,i of 1.0 nm/s, a polysilicon 
etch  rate  uniformity U&i of -10% and a good @Si-to- 
photoresist  selectivity S&i.pr. The process defined by this 
procedure was then  implemented for the  fabrication of actual 
silicon-gate FET devices. Figure 6 presents electrical line- 
width measurements (process bias)  from more than 100 
wafers. Although  the  variation in  linewidth due to other 
processing steps is included in these  data,  the  control 
achieved by the optimized process is apparent. 

The  MPE  approach  has also been applied to  optimization 
of polysilicon etching in plasma systems  with  different gas 
mixtures  and/or geometries (e.g., barrel  and radial-flow, 
parallel-plate systems). In  the  past, a fair comparison of such 
systems/processes has been virtually impossible. However, 
such comparisons can now be readily  performed with the  aid 
of desirability function  analysis by specifying the  same 
desirability criteria for each  case.  This  approach  has been 
found to be useful  for the selection of systems and/or 
processes. 

Process enhancements 
Circuit dimensions continue  to  decrease  to provide  improved 
density  and  performance.  When  the  required dimensional 
control  approaches  the  lithographic limits, adjustments of 
the  mask dimensions can no  longer be used to  compensate for 
etch bias. As a result,  the  mean value and  range of etch  bias 
must be reduced beyond those which can  be routinely 
achieved  with  isotropic etching.  Furthermore,  the  variation 
in isotropic etching profiles that  results  from  the  variable 
amounts of over-etch required by system and film nonunifor- 
mities  becomes unacceptable for many processes. 

A potential solution to  these problems is the development 
of anisotropic etching processes, in which the  vertical  etch 
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Figure 5 Desirability transforms d { Y ]  for (a) @Si etching rate E,,,, (b) 6Si etching rate uniformity U6i, and (c) @Si-to-photoresist selectivity 
S6i.,,. (d)  The  total process desirability D as  a function of chamber pressure and electrode separation. 
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rate E, is greater  than  the  horizontal  etch  rate E,. Addi- 
tional advantages  may be obtained  through  the use of hybrid 
or multi-step  etching, in which several processes, each exhib- 
iting different degrees of anisotropy,  are used in succession. 586 
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The benefits of such processes are  illustrated in Fig. 7 by 
the  variation of etch bias with over-etch for a 400-nm film. 
The isotropic  curve,  derived from  the relation in (2), repre- 
sents  the  case where E, = E,. Completely vertical etching 
occurs for E ,  = 0, as  indicated by the horizontal line in the 
figure. In both  cases,  a  nonerodable mask is assumed.  The 
area between these  curves  represents the reduction in etch 
bias which is potentially available with  anisotropic or hybrid 
processing. The  data points indicate  the results of an  actual 
process that is discussed in a later section of this paper. By 
reducing the effect of over-etch on etch bias, the  range of 
etch bias that  can be routinely  produced can be decreased. 
This, in turn, gives improved  linewidth  control. 

0 Anisotropic etching 
Significant  progress has been made in the achievement of 
anisotropic etching using  reactive-ion etching (RIE) [ 11 and 
chlorinated  hydrocarbons [ 141. The  use of these  techniques 
for the development of anisotropic processes can be simpli- 
fied with the  aid of MPE. The definition of anisotropy  allows 
the  etching profiles to be vertical or tapered, or to  approach 
those of the classic  isotropic case.  Thus,  to  evaluate aniso- 
tropic etching,  the  systematic  quantification of experimen- 
tally produced  edge profiles is necessary. Since profiles are 
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often  produced which exhibit some  degree of curvature,  the 
definition of edge slopes or angles is not appropriate.  To 
alleviate  this problem,  a coefficient of directionality C, is 
defined (see Fig. 8): C, = 1 - [(m + h ) / u ] .  This coefficient 
is an  estimate of the directionality  produced by an  etching 
process, and it is determined  from  measurements of edge 
profiles and film-to-mask  selectivities.  A value of 0 repre- 
sents  an isotropic etched profile, while a value of 1 refers to a 
vertical etched profile (assuming  that  mask loss m during  the 
etching process is much less than horizontal film loss h). 

Anisotropic etching was studied using MPE for the evalu- 
ation of polysilicon etching in a radial-flow paraliel-plate 
system [ 151. The rf power was applied to  the  upper electrode 
and  the  etchant  gas was a mixture of C,F,CI and 0,. The 
investigated process parameters were rf power, chamber 
pressure, 0, concentration,  and  electrode  temperature.  The 
electrode  separation  and  total flow were held constant since 
the  variation of these  parameters was  unnecessary for 
achieving variable.anisotropy.  Samples used to  determine 
directionality coefficients were prepared by etching  to  end- 
point, as  determined by laser interferometry. Responses 
measured included the  etch  rate of polysilicon, associated 
selectivities to  thermal oxide and resist, and  the coefficient of 
directionality C,. 

Figure 9 depicts  the observed range of C, for  various rf 
powers and  electrode  temperatures a t  optimized  values for 
the  chamber  pressure  and 0, concentration. Also shown are 
SEM photographs verifying the predicted edge profiles for 
the process  conditions  indicated on the  contour plot. Note 
that  the film-to-mask  selectivity must  be included in the 
determination of Cc. 

The results of this  study  demonstrate  the  ability of MPE to 
evaluate  and model the  degree of anisotropy. Thus, MPE can 
be used to simultaneously optimize  directionality  as well as 
other responses (etch  rate, selectivities) to  obtain a  desired 
process. Since MPE provides empirical descriptions of the 
effects of multiple parameters on the  etching process, it does 
not require  the  etching  mechanism  to be known. However, 
the  data derived from MPE can be used to  support  mechanis- 
tic  studies [ 161, as  illustrated by the following example. 

A mechanism  for the observed variation in anisotropy has 
been previously hypothesized to be an ion-assisted  phenome- 
non [ 171. In this explanation,  CFx  radicals  and C1 atoms  are 
adsorbed on the  substrate  surfaces.  The  Cl  atoms  are 
assumed  to  be  the  primary silicon-etching  species,  whereas 
the CF, radicals  presumably  recombine with the CI atoms 
and  therefore  inhibit  the  etching process. Ions, which are 
generated in the  plasma,  strike  the  substrate  surface a t  
nearly normal  incidence. This  bombardment dissociates the 
CFx-CI product,  enhances  the C I S  reaction,  and  thus 
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Figure 7 Etching  bias B a s  a  function of the  over-etch 0. 

I 

Etching harrler 

Suhhtrate 

I 
Figure 8 Definition of the  estimated coefficient of directionality 
C,; C, = 1 - [ (m + h ) / u ] ,  where h is the  horizontal  undercut, u is 
the  vertically  etched film thickness,  and m is the  horizontal  mask 
loss. 

Electrode temperdture- 

(a) (d) 

Figure 9 (a)  The  estimated coefficient of directionality C, as a 
function of rf power and  electrode  temperature a t  a  constant 
chamber  pressure  and 0, concentration.  The  circled  letters (B,  C, D) 
on the plots indicate  the process used for the  sample  edge slopes 
depicted in (b) C, = 0.30, (c) C, = 0.58, and  (d) C, = 0.70, 
respectively. Note  that  the  apparent  edge slopes in (b)-(d)  have 
been corrected  for  the  selectivity  between  the polysilicon and  the 
resist. 587 

IBM J. RES DEVELOP. 0 VOL. 26 NO. 5 SEPTEMBER 1982 A. S. BERGENDAHL ET AL 



588 

Figure 10 Edge profile of a polysilicon line produced using a 
two-step hybrid process. (The unsymmetrical appearance of the 
profile  is an artifact of the sample cleavage obtained in this SEM.) 

accelerates  the  etching process. However,  those surfaces  that 
see less ion bombardment (Le. ,  the  surfaces below the  edge of 
a mask)  are  protected by the  adsorbed CF, radicals  and  are 
etched  more slowly. 

”-I 
25 p.rn 

,Resist 

”PSI 

MPE as exhibiting controllable anisotropy. The processing 
requirements, including the  directionality,  are specified in a 
desirability function which can  then  be  systematically  optim- 
ized. 

Figure 10 shows an  example of the results  achieved  for  a 
two-step  hybrid process in  which approximately 85% of the 
film thickness was consumed by an isotropic etching step. 
The  remainder of the film was removed with a significant 
over-etch by an  anisotropic process  in  which C, = 0.95. Other 
samples,  prepared similarly but  with less over-etch,  exhibited 
identical profiles and  equal or smaller  etch biases. The 
measured variation of etch bias with over-etch  for these 
samples has been shown in  Fig. 7.  These results indicate  that 
hybrid etching is an effective technique  for improving profile 
control while minimizing  linewidth loss. 

The use of ridge analysis in the  multiparametric evalua- 
tion of anisotropy  revealed that  temperature was the most 
important  contributor  to  the  degree of directionality.  It is 
conjectured, within the  framework of the previously dis- 
cussed mechanism,  that  the rf power, pressure,  and 0, 
concentration  determine  the availability of reactive  species 
as well as  the ionic bombardment,  and  thus control the 
potential for  anisotropy.  However, the  temperature of the 
substrate  may  control  the desorption rate of the protective 
CF, radicals  and  may  therefore  control  the observed direc- 
tionality. 

Hybrid etching 
Although  anisotropic  etching  reduces  the  increase of etch 
bias with  over-etch,  it has been observed that  edge profiles 
steepen with over-etch  for some  anisotropic processes in 
which C, < 1. If the devices being fabricated  are sensitive to 
the  edge profile of the  resultant  structure, a  hybrid process 
may  be  warranted. 

This  technique involves the  optimization of multiple pro- 
cesses around  different values of C,. This  task is relatively 
straightforward if an  etchant  system,  such  as  the previously 
discussed C,F,CI/O, system, has been characterized by 

Summary 
Statistically  designed  multiparametric  experimentation 
(MPE), including  response-surface  analysis, has been devel- 
oped for the  systematic  optimization of plasma processes. 
The effectiveness of this  approach is demonstrated by its 
successful  application to  the development of plasma  resist 
stripping  and isotropic etching processes required  for the 
manufacture of VLSI silicon-gate FET products.  The  capa- 
bility of this  approach  to  accurately model and optimize 
anisotropic  etching for potential process enhancements  has 
also been demonstrated. Finally, the  use of MPE for system- 
to-system process transferral, process/system  comparisons, 
and  the investigation of process  mechanisms is described. 
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