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Proximity  Correction  Enhancements  for 1 -pm Dense 
Circuits 

The  proximity  effect  in  electron-beam  lithography,  which  is  due  to  electron  scattering  in  the  resist  and  wafer,  results  in 
nonun  form  exposure  and  development  for  patterns in  which the  incident  doses  of all the  shapes  are  the  same.  Correction 
for  this  effect  has  been  accomplished in the  past  primarily  by  varying  the  incident  doses of all the  shapes in order to  
achieve  an  equal  average  resultant  dose  per  unit  area  jbr all shapes.  We  show  that in the  case  of  dense  circuits  with 
linewidths  of  about I pm or smaller,  two  enhancements  to  the  proximity  correction  technique  can be easily  implemented. 
One  of  these is a  simple  approach  to  shape  breakup  (partitioning)  to  enable  dose  correction  to  be applied nonunformly 
within the original design  shapes.  The  other  technique is a  new  type  of  algorithm  for  forming  subsets  of  the  design  to 
perform  self-consistent  dose  correction.  These  two  enhancements  are  applied  to LSI chip  data,for  dense  circuits  and  are 
shown  to  permit  fabrication of circuits which  would be  more  dificult  to  process  using  the  proximity  correction  techniques 
described  previously,  due  to  the  particular  geometries  present in these circuit designs.  We  also  show  the  application  of 
step  and  repeat  pattern  recognition  algorithms  to  compact  the  resulting  data,  and  consequently  to  reduce  the  amount o j  
data  by  an  amount  which is  greater  than  the  increase  in  the  number  of  shapes  caused  by  partitioning. 

Introduction 
IBM Vector  Scan (VS)  electron-beam  (e-beam) systems 
have been used as  the lithographic  tools in several re- 
search programs involving silicon and  bubble  tech- 
nologies [I-61. These  systems  have been  used either in a 
direct-write  mode, in which the e-beam delineates pat- 
terns in resist films that  coat working substrates,  or in a 
mask-making  mode. Considerable  experience  has  thus 
been  gained with VLSI  exposures with minimum feature 
sizes in the range of dimensions of 5 1  pm. Previous pub- 
lications  have  detailed the  hardware and  various control 
functions of the VS system  and  the methods  used in pre- 
paring the  source  pattern  data  for  the system’s exposure 
format [7-91. 

In this paper, we report  several recently  implemented 
enhancements in the  areas of dose correction and pattern 
data  preparation.  Two benefits  derived  from these en- 
hancements  are  an  improvement in development uniform- 
ity for high-resolution patterns  characterized by large 

area  exposures  separated by fine (SI-pm) resist gaps, and 
an increase in the efficiency of the  computational proce- 
dures used in preparing pattern  data. All of these  en- 
hancements relate to  aspects of correcting for  the proxim- 
ity effect, a phenomenon  resulting from electrons incident 
on a solid substrate being scattered  or  backscattered dif- 
ferentially  from the  surface  or within the bulk [lo-171. 
Thus, a thin resist film on a solid substrate, when im- 
pacted by an e-beam of negligibly small dimensions,  ab- 
sorbs energy over a range that is related to  the energy of 
the  incident beam, the resist and its thickness, and the 
substrate material. The spatial  distribution of this  energy 
absorption within the  resist film  is three-dimensional  but 
can be approximated as a superposition of two Gaussian 
functions of position away  from the  incident  beam [13] (a 
long- and a  short-ranged one), e.g., as a  point-spread 
function  convolved with the incident  beam profile. For 
25-keV (4 x J) exposures  on Si substrates [16] and 
for 0.6 pm of resist  and an incident  beam diameter of 0.1 
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Figure 1 Data processing  streams for dose correction scheme 
without  partitioning  [14c]  (left-hand  side) and with partitioning 
(current  scheme;  right-hand  side). 

pm,  these Gaussian functions have halfwidths of 
~ 0 . 2 5  pm (short-range  function a)  and -2.5 pm (long- 
range  function p). The  short-range function a is very 
dependent  on the e-beam  diameter in the VS system 
and on  the resist thickness.  The value given here is only 
approximate. [Editor’s  note: a is equivalent to pf, p to 
pb, and 7 to in the  preceding  paper by M. Parikh.] 

The proximity effect has been widely considered in the 
literature [lo-171 from two points of view: the description 
or measurement of the  scattering function  and the devel- 
opment of approaches  for minimizing the practical con- 
sequences of the proximity  effect. If a uniform electron 
dose is used to  expose  patterns, two  commonly recog- 
nized consequences  are  that small  isolated shapes receive 
a size-dependent  dose  and  that neighboring pattern 
shapes may partially expose  each  other.  The degree to 538 
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which the resultant exposure distribution  affects the  sur- 
face topography of the developed  resist is also  related to 
the solubility (contrast)  characteristics of the  resist  sys- 
tem being considered. 

A widely recognized  method for  the  compensation of 
proximity  effects is to  correct  the incident dose of each 
shape in a pattern. A theory  and  computer algorithm 
called SPECTRE [14a, b] has been  developed to  compute 
these  corrections in a self-consistent  manner for  vector- 
scan (VS) systems.  This  procedure adjusts the incident 
dose  for  each  shape so that  the resultant average  ex- 
posure within the  boundary of each  shape is the  same. In 
order  to calculate the  doses,  shapes  are first collected  into 
groups  (see  left-hand  side of Fig. 1). The individual shape 
doses  are translated by the  system’s  pattern  generator 
into a  clock frequency, which determines  the scanning 
“fill-in” period for  each  shape. This  procedure  has had 
wide success in the  correction of patterns comprised of 
small exposed regions in the resist ( e . g . ,  bubble memory 
[6], FET circuits [4]). However, in the  case of patterns 
requiring large exposed regions separated by small resist 
gaps,  the  enhancements  described in this paper, modifica- 
tions to  the  SPECTRE  program,  are quite important; they 
are summarized on  the right side of Fig. 1. Both ap- 
proaches  operate  on identical files of primitive shapes, 
each compatible in size and geometric type  to VS system 
requirements.  The left-hand path provides  only for  the 
adjustment of the  exposure level of each input shape.  The 
right-hand path  performs  some similar functions,  but first 
breaks up (“partitions”) many of the input shapes.  In ad- 
dition, the right-hand path  contains a  number of enhance- 
ments that allow the  computation time to be significantly 
reduced  compared to  earlier  software,  as well as provide 
for  compaction of the  output  data file and  additional dose 
modification at  the  center of large shapes. 

Enhancements for dense 1-pm circuits 

Shape  partitioning  with  increased  dose  ut  shape 
centers 
To  date, most emphasis  on  the proximity effect problem 
has  been  directed toward  correcting  exposure levels of 
small shapes, i.e., those whose  smallest  dimension is less 
than the size of the long-range (backscatter) Gaussian 
function. Shapes whose dimensions  are in the range 0.5- 
2 pm would normally fit into  this class. This approach  has 
been  reasonable  since the  experimental  exposure  and re- 
sist development  process is normally tailored toward  es- 
tablishing  dimensional fidelity of the smallest, and  thus 
most  critically sized,  detail.  However,  the  exposure dis- 
tribution within large shapes varies strongly as a function 
of position, which compromises  proper  dose  correction if 
the  only  degrees of freedom  are  the individual doses  for 
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the original shapes.  This deficiency becomes  critical in 
cases where  narrow gaps ( 5 1  pm) between large shapes 
are  to be accurately delineated. 

It  has  been  found that improvements in resist  develop- 
ment characteristics  can be achieved by partitioning large 
shapes  to  better  control  the effective  incident exposure 
profiles. Such an approach is sketched in Pig. 2, which 
shows a simple device  consisting of two large shapes sep- 
arated by a I-pm gap. Figure 2(a) shows the original de- 
sign version of this device, while Fig. 2(c) shows  the  de- 
vice after partitioning. If proximity correction is applied 
to the two  shapes in Fig. 2(a),  the resultant dose  near  the 
gap is very  different from that of the outer  edges,  as is 
shown for this shape printed in partially developed  resist 
in Fig. 2(b). The partitioned design in Fig. 2(c)  permits 
proximity  correction to adjust the  doses in these  areas 
properly, leading to more uniform resist development  as 
demonstrated in Fig. 2(d). Without this simple change in 
the design,  the device is very difficult (or impossible) to 
process properly.  A similar partitioning approach has 
been developed separately and  independently [ 151. 

Figures 3(a)-(d) illustrate the  somewhat more  general 
case of a 6-pm-wide line separated by 1 pm from a I-pm 
line. Using the same  scattering  parameters as for Figs. 
2(b)  and (d) but with a = 0.33 pm,  absorbed energy  dis- 
tributions are shown  for four distinct situations.  Each 
case  also shows  a  resist solubility distribution. The  latter 
assumes a positive resist  and an exposure level for which 
the solubility-exposure  relationship is a square law.  This 
condition is often close  to  the practical case [16, 171. 

Figure 3(a)  shows these distributions for  the  case in 
which the lines receive the  same incident dose per unit 
area  (no  dose Correction). Here, it  is apparent  that  the 6- 
pm line will “develop  out” well before  the  1-pm  line. Fig- 
ure 3(b) shows the result of applying proximity correction 
without  pattern  partitioning. The correction increases  the 
incident dose of the  narrow line relative to  that of the 
wide line. The facility for tight  dimensional control of the 
narrow line’s width is lost because of the continued  devel- 
opment required to fully develop  the edges of the 6-pm 
line. In Fig. 3(c),  the wide line is partitioned with 1-pm 
borders, and  then the usual dose  correction program is 
applied. The  dose in the  edge region of the wide line is 
now uniform and nominally equal  to that of the narrow 
line. Thus, all edges develop  at approximately the  same 
rate.  However, although the most critical part of the pat- 
tern (the edges) is successfully treated, the development 
of the edges of the center of the wide line (dips in dose vs.  
x at  about 1.3 and 4.6 pm)  governs  the development time, 
since  only the uvrrage of this shape is correct. This  prob- 
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Figure 2 (a) Device in which  two  large  exposed  regions  define a 
narrow (sl-/.un) resist  gap. (b) Photograph  showing  the  partially 
developed  resist  for  this  unpartitioned  case. (c) Same  device  de- 
sign, but partitioned  according  to  the  scheme of the  present  pa- 
per.  This  permits the dose  correction  scheme of Ref.  [14c] to 
more  uniformly  tailor  the  dose  received  by  the resist. (d) Photo- 
graph  showing the partially  developed  resist for this  partitioned 
case. 

lem substantially narrows  the development process win- 
dow because additional development of the  pattern re- 
quired to remove all resist in this region results in over- 
development of the edges of the  shape. 

Finally, in Fig. 3(d) we artificially “override” by 15% 
the  calculated dose-corrected value for  the  exposure of 
the  central region. Both the edge region and the  central 
area of the large stripe are now seen  to  have a  relatively 
uniform exposure and thus  “develop  out” uniformly. 
Control of the  development time can  thus be determined 
by the most  critical features,  the fine detail. 

This  approach is now used in processing all patterns. 
Any rectangular shape whose x and y dimensions both 
exceed some  threshold width (presently  2 pm) is broken 539 
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Figure 3 Resultant dose vs .  position (solid lines)  and  resist  development rate vs. position (dashed lines) for  the  case of two  lines in the y 
direction (a 6- and a I-pm line) separated by 1 pm.  The  electron scattering parameters used [I61 were a = 0.33 pm, /3 = 2.35 pm, 
77 = 0.86 pm. (77 is the  ratio of the  deposited  energies  from  the  short-range and long-range components.)  (a)  Case where dose is uncor- 
rected;  (b)  dose  correction of the original design; (c)  dose  correction  after partitioning; and  (d)  dose  correction  after partitioning,  but with 
the center shape given 1.15 times  the nominal dose. 
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Figure 4 A partially developed  dense pattern after  dose  correction, but  without  partitioning. The smallest pattern  feature (gap) is 1 pm. 
(b)  The  same design as in (a), but with partitioning done before dose  correction  and with the  centers of the partitioned shapes given a dose 
1.15 times that of the base dose. 

into four perimeter shapes of I-pm width and one  central 
shape.  Shapes with x or y dimensions <2 pm  are not al- 
tered. After dose  correction,  shapes which are >2 pm in 
both dimensions are recognized to be “center”  shapes, 
and  their  doses  are replaced by 1.15 times the nominal 
dose  (see Fig. 1). 

For  dense  circuits, this  partitioning approach is quite 
successful in producing uniform development, which is 
the key to successful  processing. Figure 4 demonstrates 
this  point. Resist patterns  that  are almost  totally  devel- 
oped  are shown both for  the  case of non-partitioned  and 
partitioned patterns. In these  circuits,  dose  correction has 
been  applied in the  same  manner  to both patterns.  These 
patterns  demonstrate  the utility of partitioning in achiev- 
ing uniform resist development  at the  edges of shapes, 
which are the  most  critical areas.  These  patterns also 
show the importance of breaking up shapes before dose 
correction for significant classes of circuit patterns. 

0 New proximity  correction  shape-grouping  ulgorithm 
Another  enhancement we have made is  in the  portion of 
the  dose  correction technique that groups patterns into 
subfields to improve the efficiency of the  computation of 

doses. Figures 5(a)-(c) illustrate aspects of the  scheme 
used in Ref. [14c], while Fig. 5(d) illustrates our tech- 
nique.  Figure 5(a) is a schematic  representation of a small 
portion of a  chip in which there  are  areas densely  popu- 
lated with small shapes (e.g., memory arrays)  as well as 
areas in which long shapes predominate (e .g. ,  support cir- 
cuits). In order  to calculate the self-consistent  proximity 
effect of all the  shapes  on  one  another,  shapes belonging 
to  “subzones” of the  chip  are grouped together and then 
the  interactions among all the  shapes in each  subzone  are 
calculated. As  is indicated in Fig. 5(a), subzones  are de- 
fined by an arbitrary coarse grid on  top of the design,  and 
shapes  are defined to belong to a subzone if the lower left 
corner of the shape is within the subzone. Two typical sub- 
zones (labeled I ,  J and I ’ ,  J ’ )  are shown with shapes be- 
longing to them shaded. Before calculating the effects of 
all the  shapes in a subzone  on  one  another, it is important 
to  consider  the effects of shapes not belonging to  the  sub- 
zone of current  interest but  having an effect on its shapes. 

Figure 5(b) shows  the  implementation of Ref. [14c] for 
including such neighboring shapes. A frame is drawn 
around a subzone of interest  and  shapes not in the  sub- 
zone  but having asvertex within the frame are included in 541 
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Figure 5 (a) A pattern containing  both dense groups  of small shapes  and  sparse long lines. The  dashed lines  divide  the  design  into 
subzones,  and  shapes belonging to the (If, J ' )  and (I, J )  subzones  are  shaded. (b) Frames  are drawn around  subzones but are not large 
enough to include the influence of all shapes  on  subzone  shapes. (c) Larger  frames (A and B) cure the  problem  of  incorporating all of the 
proper  shape-shape effects,  but incorporate  too many unnecessary  shapes.  (Frame A has  been  displaced for  clarity.) (d) The  technique of 
the present paper uses  frames  that permit shapes in a  given subzone  to  interact with fewer  shapes than in 5(c), but in such a manner  as  to 
include all interactions  properly. 

the  calculation. The frame  size is the same for  every sub- 
zone in the  chip, and is an input  parameter to  the  com- 
puter program. For  the frame  size shown, the dense pat- 
tern of small shapes in subzone (I, J )  has neighboring 
shapes properly accounted  for in calculating the  doses; 
however,  the ( K t ,  J ' )  subzone has  one long shape  that 
extends  far outside of the frame  associated with it. The 
interaction of this shape with others  thus  cannot be 
properly  calculated. 

Figure 5(c)  shows  a  solution to this  problem  achieved 
by simply changing the  frame dimensions to very large 
ones.  Then, long shapes  extending far from their  subzone 
can have their  dose  properly  calculated.  However, this 
approach suffers the  serious disadvantage that its central 

542 processing unit (CPU) time efficiency is low. The enlarge- 

ment of the frame  dimension incorporates many shapes 
that often  have no effect on  the  shapes of interest into the 
calculation of the (Z', J ' )  subzone  shape  doses. In dense 
memory areas this approach  has brought a great many 
more shapes into the calculation  and many of these are 
not required at  all. In attempting to properly  calculate the 
doses  for  subzone (I', J ' )  in this example,  one  has unnec- 
essarily  increased the size of the (I, J )  subzone calcu- 
lation by  a large factor. 

We have  developed  a new algorithm for incorporating 
shapes  associated with those in a particular subzone. In 
the shape-grouping step of the calculation, we first find all 
the  shapes in a particular  subzone and  then generate for 
each  subzone a  frame that is tailored to  the  requirements 
of the  shapes it contains;  see Fig. 5(d). The frame has 
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been constructed so that it is the smallest  rectangle that 
includes all  of the  shapes of the  subzone of interest. This 
rectangle is expanded slightly beyond  the  range of the 
proximity effect (typically -5 km).  This technique  prop- 
erly calculates  the effect of neighboring shapes belonging 
to a  particular subzone in a manner independent of other 
subzones. In this way,  CPU time is decreased while the 
effects of  all shapes  on  one  another  are properly calcu- 
lated. The implementation of this new algorithm has  been 
instrumental in reducing CPU time for large-chip  post- 
processing.  It  also prevents  errors which the original 
scheme  makes if improper subzone and  frame  sizes are 
chosen when running the  dose  correction program. 

Dose “blurring” and datu  compaction 
One additional data manipulation  has  been  used to  com- 
pact the  data  (see Fig. 1 )  and  thereby  reduce the size of 
the  data  set produced by the partitioning software. A 
great  deal of the data  for  dense circuits can be repre- 
sented  as regular rectangular  repeats of a  given shape 
(“step  and  repeats” of the  shape). In the VS systems,  the 
pattern  generator [18, 191 contains circuits that  can ac- 
cept a step-and-repeat  command and execute a  sub- 
sequent e-beam write of a step-and-repeat  pattern. By us- 
ing software that  recognizes  step-and-repeated shapes in 
the  pattern  data flow, the final circuit data,  formatted  for 
the VS e-beam  machine, can be greatly compacted. This 
procedure is discussed in detail in Ref. [19]. 

This  approach has been applied to partitioned  circuits 
written on  the VS system and has resulted in a factor of 
two to four data-volume improvement.  However,  to  en- 
sure significant compaction,  the  doses resulting from 
proximity correction (which calculates  doses to 1 part in 
1000 precision)  must  be  made  more coarse-ranged. This 
step is required so that large blocks of shapes  that differ 
only slightly in dose  can be treated  as having the same 
final written dose,  thus permitting the  step-and-repeat 
pattern recognition technique [19] to be used to obtain 
significant compaction.  This “blurring” of shape  doses is 
done in such a way that  dose  steps  are of the  order of a 
few percent. This is still fine enough so that proximity 
correction is properly  implemented but is coarse enough 
to permit significant data  compaction  to be achieved. 

Summary 
We have  described  here two  changes  for improving prox- 
imity correction  calculations.  One of these is a simple 
technique for breaking  up individual shapes before dose 
correction, in order  to permit dose  correction  to more 
flexibly tailor dose vs. position.  Such an  approach is espe- 
cially needed in the  case in which fine resist features  are 
to  remain, separating  larger exposed  areas.  However, this 
technique is not important  for  circuits produced from the 

exposure of small individual devices [4, 61, but it is 
needed in other  types of patterns  such  as  those in which 
subtractive etching is used rather than lift-off or plating. 
This approach  may,  however, lead to a significant in- 
crease in the size of the  pattern  data  set.  There  are poten- 
tially more  sophisticated  algorithms which “look  for” 
areas requiring  partitioning, based  on a  calculation of geo- 
metrical areas  that would benefit from shape  breakup 
[20]. However, such shape-shape interaction  calculations 
are lengthy. The simple scheme presented  here is thus  an 
attractive  alternate  approach  to this  problem. 

We have  also presented  here for the first time a new 
approach  to grouping shapes prior to  dose  corrections. 
This approach is potentially  more efficient in CPU time 
than  previously reported  schemes and is not  subject to 
errors caused by a choice of parameters which do not fit 
properly with a  particular  design. 

Finally, we have made these  changes along with others 
which further improve dose distribution and  compact  the 
resulting data.  These new approaches  to proximity effect 
correction not  only increase  the  ease with which  resist is 
processed, but also  improve the linewidth control. 
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