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ABSTRACT 

T h e  m o s t  t r o u b l e s o m e  p r o b l e m  in a u t o m a t e d  X- 
r a y  m a s k  i n s p e c t i o n  is h o w  to e x a c t l y  d e t e r m i n e  
t h e  t h r e s h o l d  l e v e l  f o r  e x t r a c t i n g  t h e  p a t t e r n  
p o r t i o n s  of e a c h  s c a n n i n g  e l e c t r o n  m i c r o s c o p i c  
(SEM) image. A n  e x a c t  d e t e r m i n a t i o n  is d i f f i c u l t  
b e c a u s e  t h e  h i s t o g r a m  s h o w s ,  i n  m o s t  c a s e s ,  a  
c o m p l i c a t e d  multi-modal p a t t e r n  a n d  t h e  t r u e  
t h r e s h o l d  level o f t e n  v a r i e s  t o o  m u c h  w i t h  e a c h  
s u c c e s s i v e  i m a g e  t o  b e  d e d u c e d  f r o m  t h r e s h o l d  
v a l u e s  d e t e r m i n e d  f o r  t h e  p r e c e d i n g  image. T h i s  
p a p e r  p r e s e n t s  a  n o v e l  t h r e s h o l d i n g  a p p r o a c h  
for s e g m e n t i n g  S E M  i m a g e s  of X - r a y  m a s k s .  I n  
t h i s  a p p r o a c h ,  t h e  s h a p e  o f  t h e  h i s t o g r a m  o f  
e a c h  i m a g e  i s  i t e r a t i v e l y  a n a l y z e d  u n t i l  a  reli- 
a b l e  t h r e s h o l d  v a l u e  s a t i s f y i n g  all c r i t e r i a  f o r  
d e t e r m i n i n g  t h r e s h o l d s  i s  o b t a i n e d .  T h i s  n e w  
a p p r o a c h  i s  u s e d  i n  a n  a u t o m a t e d  i n s p e c t i o n  
system. W h e n  t h e  i n p u t  i m a g e  r e s o l u t i o n  is 
s e t  t o  0.05 p m / p i x e l ,  e x p e r i m e n t s  c o n f i r m  0.1 
f i m  d e f e c t s  a r e  u n f a i l i n g l y  detected. 

t i o n s  of s u c h  a  d e t e r i o r a t e d  S E M  images. An 
e x a c t  d e t e r m i n a t i o n  i s  d i f f i c u l t  b e c a u s e  t h e  
h i s t o g r a m  s h o w s ,  in m o s t  c a s e s ,  a  c o m p l i c a t e d  
m u l t i - m o d a l  p a t t e r n  a n d  t h e  t r u e  t h r e s h o l d  
l e v e l ,  d u e  t o  d o m i n a n t  n o n u n i f o r m i t y  o f  e l e c t r o n  
c h a r g e - u p  o n  t h e  m a s k ,  o f t e n  v a r i e s  t o o  m u c h  
w i t h  e a c h  s u c c e s s i v e  i m a g e  t o  b e  d e d u c e d  f r o m  
t h r e s h o l d  v a l u e s  d e t e r m i n e d  f o r  t h e  p r e c e d i n g  
i m a g e .  T h i s  d i f f i c u l t y  h a s  s o  f a r  p r e v e n t e d  us 
f r o m  d e v e l o p i n g  a n  a u t o m a t e d  X - r a y  m a s k  in- 
s p e c t i o n  s y s t e m  w h e r e  m a s k  p a t t e r n s  a r e  com- 
p a r e d  w i t h  t h e i r  c o r r e s p o n d i n g  d e s i g n  data. 

T h i s  p a p e r  p r e s e n t s  a  n o v e l  t h r e s b o l d i n g  ap- 
p r o a c h  f o r  s e g m e n t i n g  S E M  i m a g e s  o f  X-ray masks. 
T h e  s h a p e  o f  t b e  h i s t o g r a m  o f  e a c h  i m a g e  i s  
i t e r a t i v e l y  a n a l y z e d  u n t i l  a re1 i a b l e  t h r e s h o l d  
v a l u e  s a t i s f y i n g  a l l  c r i t e r i a  f o r  d e t e r m i n i n g  
t h r e s h o l d s  i s  o b t a i n e d .  E x p e r i m e n t s  c o n f i r m  
f i n e  d e f e c t s  a s  s m a l l  a s  0.05 p a  o n  X-ray m a s k  
p a t t e r n s  c a n  b e  u n f a i l i n g l y  d e t e c t e d  o n  t h e  
b a s i s  of chip-to-CAD c o m u a r i s o n  w h e r e  i n ~ u t  S E M  
i m a g e s  a r e  c o m p a r e d  w i t h  t h e i r  c o r r e s p o n d i n g  

1 IrnWCrION d e s i g n  data. 

A u t o m a t e d  X-ray m a s k  i n s p e c t i o n  i s  i n d i s p e n -  
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s a b l e  f o r  c e r t i f y i n g  t h e  q u a l i t y  o f  X - r a y  
m a s k s  u s e d  in t h e  p r o d u c t i o n  o f  L S I s  w i t b  s u b -  
q u a r t e r  m i c r o n  p a t t e r n s  o n  t h e  o r d e r  of 0.2 p a  
w i d e ,  w h i c h  w i l l  b e  u s e d  f o r  n e x t - g e n e r a t i o n  
m e m o r i e s  o f  m o r e  t h a n  256 M b i t  [I]. T h e  m a s k  
u s e d  in t h e  S O R  ( S y n c h r o t r o n  O r b i t a l  R a d i a t i o n )  
l i t h o g r a p h y  i s  a  s i l i c o n  n i t r i d e  t h i n  f i l m  a  
f e w  m i c r o n s  in t h i c k n e s s  t h a t  is t r a n s p a r e n t  for 
S O R  [Z]. T h e  f i n e  p a t t e r n s  o n  t h e  m a s k  a r e  m a d e  
o f  a  h e a v y  m e t a l  s u c h  a s  t a n t a l u m ,  w h i c h  
p r e v e n t s  S O R  f r o m  p a s s i n g  t h r o u g h  t h e  maskC31. 
T h e  m i n i m u m  s i z e  of p a t t e r n s  d r a w n  o n  t h e  X-ray 

T h e  s y s t e m  h a r d w a r e  c o n f i g u r a t i o n  is s h o w n  in 
Fig. 1. A S E M  w i t b  a  s p a t i a l  r e s o l u t i o n  h i g h e r  
t h a n  2 0  n m  is u s e d  t o  g e n e r a t e  a n a l o g  i m a g e  sig- 
n a l s  o f  a  m a s k  pattern. T h e  i m a g e  r e s o l u t i o n  in 
t h e  i n s p e c t i o n  m o d e  i s  u s u a l l y  2 5  o r  5 0  
nm/pixel. T h e  A D  p r o c e s s o r  (ADP) d o e s  low-level 
i m a g e  p r o c e s s i n g  s u c h  a s  t h e  c o r r e c t i o n  of image 
m a g n i f i c a t i o n  a n d  r o t a t i o n  r e l a t i v e  t o  t h e  cor- 
r e s p o n d i n g  d e s i g n  data. T h e  d e f e c t  d e t e c t i o n  
p r o c e s s o r  (UIP) d e t e c t s  s i g n i f i c a n t  m a s k  d e f e c t s  
in t h e  i m a g e s  s e n t  f r o m  t h e  ADP. I t s  m a i n  j o b s  

m a s k  is 0.2 p m. T h i s  is m u c h  s m a l l e r  t h a n  t h e  
p a t t e r n s  o n  t h e  c o n v e n t i o n a l  o p t i c a l  m a s k ,  or 
r e t i c u l e ,  u s e d  in o p t i c a l  lithography. T h e  op- 
t i c a l  m i c r o s c o p e s  u s e d  in c o n v e n t i o n a l  i n s p e c -  
t i o n  a r e  n o t  s u i t a b l e  f o r  X-ray m a s k  inspec- 
t i o n  a n y  l o n g e r  b e c a u s e  t h e i r  r e s o l u t i o n  is 
l i m i t e d  t o  0.4 p m at b e s t  C41. 

T h e  m o s t  p r a c t i c a l  w a y  t o  i n s p e c t  X-ray m a s k s  
is b y  S E M  ( S c a n n i n g  E l e c t r o n  M i c r o s c o p e )  b e c a u s e  
of i t s  h i g h  r e s o l u t i o n .  H o w e v e r ,  in S E M  i m a g e s ,  
t h e r e  is a  l a r g e  n o n - u n i f o r m i t y  o f  o u t p u t - s i g n a l  
l e v e l s  d u e  t o  n o n - u n i f o r m  e l e c t r o n  c h a r g e - u p  
o n  t h e  m a s k  a n d  t h e  o u t p u t - s i g n a l  l e v e l s  o n  pat- 
t e r n  e d g e s  is v e r y  h i g h  d u e  t o  t h e  e d g e  e f f e c t  
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are image segmentaion to extract pattern por- 
tions, the e v a l u a t i o n  and correction of posi- 
tional displacements of S E M  images, the extrac- 
tion of d e f e c t s  and d e f e c t  f e a t u r e  specifica- 
tion. The thresholding approach proposed here 
runs in the UIP. 

3 PROBLEMS IN THRESHOIDING 

S E M  i m a g e s  include high-brightness regions 
around pattern e d g e s  d u e  t o  the edge effect. 
C o n s e q u e n t l y ,  the h i s t o g r a m  of each image in- 
cludes regions with much higher brightness than 
the a v e r a g e  b r i g h t n e s s  of the actual pattern 
port ions. Let's call these regions edge-effect 
regions. In addition, multi-modal distribution 
of more than two peaks can occur in the his- 
togram depending on the mask pattern configura- 
tion. This complicates thresholding. 

A typical example of a histogram is schemati- 
c a l l y  s h o w n  in Fig. 2. T h e  a l m o s t  f l a t  
plateau indicated by c and bill d represent 
the c u m u l a t i v e  edge b r i g h t n e s s  d i s t r i b u t i o n  
caused by the e d g e  effect. Since c and d are 
d e p e n d e n t  on the mask s t r u c t u r e  a n d  t h e  S E M  
probing c o n d i t i o n ,  they do not always have the 
same shape. For instance, c will s o m e t i m e s  be 
a large, s m o o t h y  c o n t o u r e d  hill instead of a 
plateau. This tendency of edge-effect region c 
to c h a n g e  s h a p e  m a k e s  it difficult to distin- 
guish it from other regions. The small bump e 
is a part of c. Hills a and b correspond to the 
c u m u l a t i v e  b r i g h t n e s s  d i s t r i b u t i o n s  of back- 
ground and pattern portions, respectively. The 
positions of these two hills, especially hill b, 
shift image by image d u e  to c h a n g e s  in the 
electron charge-up distribution on the mask, so 
the threshold level must be estimated for every 
l o c a l  S E M  image. T h e  o t h e r  m o r e  s e r i o u s  
problem is that hill a often divides into two or 
three smaller hills as shown by al and a 2  in the 
figure. In a d d i t i o n ,  hill b often has a sub- 
peak protruding from its left s l o p e  d u e  to the 
edge effect. The positions of thl and thh are 
the lowest and highest thresholds and the region 
b e t w e e n  t h e m  i s  the allowance region. Even 
small errors in thl and thh often lower defect 
detection accuracy and reliability. 

To summarize, the problems in thresholding are 
h o w  t o  d i s c r i m i n a t e  hill d and p l a t e a u  c 
while taking bumps like e into account; how to 
discriminate hills a and b and to determine the 
positions of thl and thh from t h e m ;  h o w  to 
know whether hill a or h even exists when their 
height is as low as plateau c ;  and how to es- 
t i m a t e  the extent of hill splitting if it oc- 
curs. 

Fig.2 Schematic of a histogram of an image 

4 ANALYSIS OF HIS- 

The thresholding problems described above can 
be o v e r c o m e  by iteratively analyzing the shape 
of the histogram of each image. The modules for 
the shape analysis are iteratively executed un- 
d e r  v a r i o u s  c o n d i t i o n  parameters. When the 
predetermined criteria for reliable thresholding 
are not satisfactory, the c o n d i t i o n  p a r a m e t e r s  
are changed and the modules are executed again. 
T h i s  is repeated until the c r i t e r i a  a r e  all 
satisfied. 

Hills a ,  b and d and plateau c in Fig. 2 are 
hereafter called label groups a to d. P e a k s ,  
v a l l e y s  a n d  t h e  left and right f o o t s  of the 
hills are labeled p, q, 1 and b. T h e s e  are 
called sublabels. Each label is composed of the 
label group and sublabels. The features of each 
label a r e  extracted and s t a n d a r d  c o n d i t i o n  
parameters for that label are d e t e r m i n e d  from 
those features. Some of the features are the 
height, the gradient, the ratio of the top and 
valley, the width of each hill and the spacing 
between adjacent hills. T h i s  process is done 
using samples of typical input SEM images before 
the a u t o m a t i c  i n s p e c t i o n  starts. If the mask 
to be inspected has the same mask structure as 
t h a t  o f  t h e  p r e c e d i n g  m a s k ,  t h e  c o n d i t i o n  
parameters used for the preceding inspection 
a r e  u s e d  a g a i n .  A f t e r  t h e  c o n d i t i o n  
parameters are determined, automatic inspection 
begins. 

Feature positions in the histogram of each in- 
put image are extracted together with the fea- 
tures of each position. Thus, the threshold- 
ing problem is the correspondence problem be- 
t w e e n  the f e a t u r e  p o s i t i o n s  and the labels. 
Figure 3 shows an example of correspondence on 
a search plane C61. T h e  bold line r e p r e s e n t s  
the c o r r e s p o n d e n c e  s e a r c h  and the dotted line 
r e p r e s e n t s  t h e  c o n n e c t i o n  a m o n g  m a i n  l a b e l  
groups a, b, c and d. One constraint is that 
f e a t u r e  p o s i t i o n s  in t h e  h i s t o g r a m  of a S E M  
image correspond to the label groups in order of 
a ,  b ,  c a n d  d. T h e  f o l d s  i n  t h e  l i n e  in 
r e g i o n s  b' a n d  e represent t h e  e x i s t e n c e  of 
m u l t i p l e  h i l l s  in e a c h  region. S o m e  f e a t u r e  
p o s i t i o n s  a r e  n e g l e c t e d  w i t h o u t  matching. 
Figure 4 schematically s h o w s  the m o d u l e s  for 
thresholding. Hill-search modules C, D and E 
are for finding plateau c and hills d and e, and 
main-hill modules A and B are for locating hills 
a and b. These m o d u l e s  are u s u a l l y  executed 
f r o m  l e f t  t o  r i g h t  i n  order. In these 
modules, the features of f e a t u r e  p o s i t i o n s  in 
the h i s t o g r a m  calculated from each input image 
are c o m p a r e d  w i t h  the c o n d i t i o n  p a r a m e t e r s .  
The histogram sometimes has a complicated shape 
and m a n y  small h i l l s ,  w h i c h  m a y  b r i n g  a b o u t  
m i s m a t c h i n g .  T o  o v e r c o m e  t h i s  p r o b l e m ,  a 
measure of the probability of m i s m a t c h i n g  is 
estimated as the cost of the correspondence in 
each module. The measure is given by the dif- 
f e r e n c e  of t h e  f e a t u r e s  f r o m  t h e  c o n d i t i o n  
parameters. Matching candidates are extracted 
in order of the lower cost. If none of the 
costs are allowable, the condition parameters 
are changed and the module is executed again. 

The next step is to select the true correspon- 
d e n c e  a m o n g  the matched candidates. T h i s  is 
d o n e  by s e l e c t i n g  t h e  c o r r e s p o n d e n c e  t h a t  



s a t i s f i e s  several criteria. O n e  is that all 
the c o s t s  c a l c u l a t e d  in the m o d u l e s  m u s t  be 
smaller than the allowable limit determined in 
advance. Other criteria are that the total cost 
must be smaller than the predetermined value and 
that the orders of the label groups and the fea- 
ture positions must be equal. Another impor- 
tant criterion is that the separability showing 
how well hills a and b can be distinguished must 
be bigh. It is estimated in m o d u l e  T along 
with the threshold level using the discrimina- 
tion analysis method ['/I. When h i l l s  a and b 
a r e  n o t  d i s t i n g u i s h e d  c o r r e c t l y  o r  w h e n  
dominant hill s p l i t t i n g  o c c u r s  in hill b, the 
c a l c u l a t e d  s e p a r a b i l i t y  is lower than a given 
allowable value. T h e  other c r i t e r i o n  is that 
when the CAD pattern can be used for threshold- 
ing, the calculated threshold has t o  b e  within 
the threshold expectation region. We can cal- 
culate the ideal threshold from the occupation 
ratio of pattern and background portions in the 
CAD pattern assuming that none of actual defects 
exist. However, the calculated value often has 
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Fig.3 An example of correspondence 
on a search plane 

large errors for SEM images because parts around 
the edges of background portions in the CAD 
pattern are observed as pattern portions in SEM 
images. C o n s i d e r i n g  t h i s  f a c t ,  w e  d e d u c e  
where the threshold should lie. The region is 
rather wide to allow for a margin of region es- 
t i m a t i o n  e r r o r  o f  p l a t e a u  c. A f t e r  t h e  
criteria are applied in the way described above, 
t h e  c o r r e s p o n d e n c e  t h a t  s a t i s f i e s  a l l  t h e  
criteria and has as lowest c o s t  possible is 
s e l e c t e d  a m o n g  t h e  c a n d i d a t e s .  I f  t h e  
criteria can not be satisfied, they are ligh- 
t e n e d  a n d  t h e  c o n d i t i o n  p a r a m e t e r s  a r e  
changed. T h e n  the a b o v e  P r o c e s s e s  a r e  d o n e  
again from the start. 

5 RESULTS 

A n  X-ray mask sample with four 4 x 4 ~ ~  chips 
was used in the experiments. It is composed of 
a silicon nitride thin film a few microns in 
thickness and a partial tantalum deposit on the 
film. In this s a m p l e ,  brighter portions of 
input SEM images correspond to background parts 
of designed pattern, so brighter and darker 
levels are reversed in A D P  so that brighter 
portions in t h e  revised images correspond to 
pattern portions of design data. An example of 
i n s p e c t i o n  r e s u l t s  is shown in Fig. 5. T h e  
r e s o l u t i o n  of t h e  i m a g e  is 0.05 i.t ./pixel. 
F i g u r e  5(a) s h o w s  t h e  reversed S E M  image, in 
which the especially dark regions a t  pattern 
edges are due to the edge effect, (b) is the 
binarized image thresholded by the proposed ap- 
proach and (c) shows defects detected by the 
comparison between the binarized image and the 
corresponding C A D  pattern. T h e  image regions 
h a v i n g  the b r i g h t n e s s  b e t w e e n  t h e  l o w e r  a n d  
h i g h e r  t h r e s h o l d s  and those around edges 
w h e r e  edge boundaries cannot h e  exactly 
distinguished due to the edge effect are 
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Fig.5 Example of inspection results for a 
mask saaple pattern including random 
defects, erroneous pattern widths and 
some missing patterns 



c o n s i d e r e d  a s  a m b i g u o u s  r e g i o n s  a n d  a r e  
neglected. M a n y  e d g e  d e f e c t s  caused by the 
p r o x i m i t y  e f f e c t  peculiar to e l e c t r o n  beam 
d r a w i n g  in m a s k  p r o d u c t i o n  a r e  c l e a r l y  
detected in (c). The long and fat edge defects 
shown by the solid and broken lines are due to 
both the proximity e f f e c t  and inappropriate 
etching conditions. Besides these systematically 
generated erroneous pattern widths, some ran- 
d o m l y  generated 0 . 0 5 - ~ m  pinhole d e f e c t s  are 
detected. D e f e c t s  larger t h a n  0. 1 M m t h a t  
remained after 2-pixel filtering was applied 
are s h o w n  in (dl. T h e y  a r e  a t t r i b u t a b l e  to 
e l e c t r o n  b e a m  s h o t  error in pattern d r a w i n g  
processes. 

6 DISCUSSIONS 

X-ray mask defects can be classified into two 
g r o u p s  a c c o r d i n g  to h o w  defects are generated. 
The first i n c l u d e s  r a n d o m l y  g e n e r a t e d  defects 
such as pinholes due to dust on the mask, larger 
d e f e c t s  d u e  t o  intermixed contamination, edge 
positional f l u c t u a t i o n s  d u e  to e l e c t r o n  beam 
drift and missing patterns due to electron beam 
shot error in EB lithography. T h e  s e c o n d  in- 
cludes systematically generated defects such as 
e r r o n e o u s  w i d t h s  a n d  p o s i t i o n s  d u e  t o  t h e  
proximity effect and inappropriate pattern etch- 
i n g  c o n d i t i o n s  i n  EB lithography a s  well as 
missing patterns due to EB data c o n v e r s i o n  er- 
ror. T o  a s c e r t a i n  the quality of a mask, both 
randomly g e n e r a t e d  d e f e c t s  and s y s t e m a t i c a l l y  
generated ones must be detected. Systematically 
generated d e f e c t s  commonly occur in all chips, 
tending to reappear at the same p o s i t i o n ,  and 
can only be detected by chip-to CAD comparison. 
Further, the chip size will greatly increase in 
the near future to the point where one chip oc- 
cupies one mask by itself. From these points of 
view, a thresholding a p p r o a c h  for chip-to-CAD 
comparison is highly desired in the field of LSI 
production. 

Histogram patterns tend to change depending on 
the S E M  beam c o n d i t i o n  and mask structure, so 
the condition p a r a m e t e r s  and c r i t e r i a  a r e  em- 
pirically adjusted t o  the beam condition and 
mask structure every time they are changed. 

When the histogram does not include any noisy 
hills or dominant edge effect regions, it may be 
possible to apply the p-tile method to determine 
the threshold. Actual histograms are, however, 
too complicated to a p p l y  the method w i t h  con- 
fidence. Many examples were observed where the 
method caused wrong thresholding. It is espe- 
cially unreliable when relatively large defects 
exist in the m a s k ,  w h e n  the edge e f f e c t s  are 
rather large or when the hill splitting occurs. 
T h e r e f o r e ,  t h e  C A D  d a t a  are utilized o n l y  to 
c o n f i r m  the t h r e s h o l d s  calculated in our ap- 
proach. 

The histogram has only a mono-modal shape when 
the w h o l e  region has o n l y  a pattern or back- 
ground portion. In t h i s  c a s e ,  t o  d e t e r m i n e  
which portion the region has, the corresponding 
C A D  pattern or the r e s u l t  for the overlapped 
regions of the preceding image is used. O n  the 
other h a n d ,  w h e n  the o c c u p a t i o n  r a t i o  of the 
pattern or background portions is very small, 
the corresponding hill is very l o w  a n d  c a n  be 
t a k e n  a s  noise. In t h i s  c a s e ,  another main 

hill is explicit and the foot of either s i d e  
can be clearly found because the edge region 
is small. So, after the threshold is calculated 
by t h e  d i s c r i m i n a t i o n  a n a l y s i s  m e t h o d ,  t h e  
right foot and the calculated threshold are 
taken as the lower and higher thresholds. 

The proposed approach deals w i t h  S E M  images 
of samples containing insulator structures that 
badly deteriorate the image because of dominant 
electron charge-up. This enables us to inspect 
not only mask/wafer but also resist wafers and 
silicon oxide pattern wafers. This is important 
because inspection by chip-to-CAD comparison 
for samples with such structures w a s  thought 
till now to be totally impossible owing to the 
deterioration mentioned above. 

Thresholding problems - the most serious ones 
in defect detection algorithms - can be solved 
by iteratively analyzing the s h a p e  of the his- 
togram until t h e  c r i t e r i a  become satisfactory 
for f i n d i n g  t h e  t r u e  threshold level of each 
deteriorated image peculiar to S E M  images. 
This strategy enables the true threshold level 
to b e  obtained without m i s t a k e s  e v e n  for the 
sample having the dominant electron charge-up on 
t h e  s u r f a c e .  R e s u l t s  o b t a i n e d  w i t h  t h e  
proposed approach in a practical automated in- 
spection system confirm it p r o v i d e s  r e l i a b l e  
defect detection. This approach represents a 
significant a d v a n c e  in the visual inspection, 
especially in X-ray mask/wafer inspect ion, which 
w i l l  b e  of v i t a l  i m p o r t a n c e  in near future 
high-density LSI productiion. 
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