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To achieve  the high reliability and  performance 
required by integrated circuit (IC) chips in 
IBM  Enterprise  System/9000"  processors, 
lithography tool centerline  overlay  variations 
between  masking  levels  were  specified  at 
k0.3 pm,  and circuit design  images  were 
transferred  with 5x  step-and-repeat 
photolithography  tools. In contrast to data 
obtained  from 1 x lithography  tools,  the  level- 
to-level  overlay data which  characterize 
deviations  from circuit design  rules did not fit 
a  normal  distribution,  and  quality control was 
not achieved with traditional statistical 
procedures. A methodology was empirically 
developed  which  transformed  measured  data 
into worst-case  overlay points and 
approximated  the  data  by  a gamma 
distribution. More  than 80% of  the  worst-case 
distributions were fit by  the gamma 

distribution. The transformation  of chip worst- 
case  overlay  data  and  the  quality control 
testing applicable to 5 x  step-and-repeat 
lithography tool processes are described in 
this paper. 

Introduction 
Integrated circuits in IBM Enterprise System/9000TM 
(ES/9000TM) processors must meet high reliability and 
performance requirements. High  reliability implies 
designing  large devices with increased space between the 
devices to prevent failure even with the widest process 
variations, whereas high pe~ormance implies  designing 
small devices with decreased spaces to reduce parasitic 
resistance and capacitance components. During an 
integrated circuit design phase, estimates are made of 
manufacturing process variations, and a  set of design 
rules [l] are selected that achieve the highest circuit 
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BAcL = B to A centerline overlay 

A ,  = A image size change  per shape 

BIM = B image size change per shape 

(B - A)LD = Left B space A as  designed 

(B -A)m = Right B space A as designed 

(B - A)LW = Left B space A on wafer 

(B - A)Rw = Right B space A on wafer 

(E - A)BE = Mge-to-edge  variation for B space A 

I I 

= 2BAcL - - - - A ,  E, 
2 2  

4 Edge-to-edge  components  for a spacing  design  rule  derived  from I centerline  overlay  and  image  size  variations  between  designed  and 

performance and still meet reliability requirements. The 
design rules define the minimum  design distances allowed 
between various manufacturing masking levels. The 
difference in alignment between the designed and actual 
locations of centers of pattern shapes from those in a 
previous level is  defined as a centerline overlay. A 
centerline overlay tolerance is incorporated into any 
design  rule between two lithography levels. 

Earlier chip processes for IBM 3090TM systems used 1 X 

full-field photolithography. Mask and pattern images were 
the same size, and  an entire 125-mm-diameter wafer was 
exposed during a single exposure. Centerline overlay data 
obtained from the 1 X lithography process were normally 
distributed. A normal distribution of centerline overlay 
tolerances simplified  design tolerance modeling and 
allowed product specifications to be maintained using 
standard statistical quality control methods such as mean 
(p)  and standard deviation (a) control charts, Shewart 
control charts, and cusum charts [2 ,  31. 

To meet the reliability, density, and performance 
836 requirements of bipolar integrated circuits for ES/9000 

processors, chips were designed  with a centerline overlay 
tolerance of 0.3 pm (34. A step-and-repeat lithography 
tool, in which mask images were five times the printed 
wafer  image size, was used to achieve these tolerances. 
The mask image was transferred to the wafer in small 
sections or fields, each of which consisted of four chips. 
Centerline overlay data obtained from a 5 X step-and- 
repeat lithography process were not normally distributed, 
and accurate manufacturing padfail decisions could  not 
be obtained with standard quality control methods. 

A quality control methodology was therefore required 
to select products with centerline overlay tolerances that 
are not  normally distributed but that conform to design 
assumptions.  The  design  rule  assumptions  and  requirements 
are reviewed in the next section. The lithography 
process overlay data are then presented, and the 
methodology which ensures that individual manufacturing 
wafer lots conform to the design rule assumptions is 
described. 

Design  rule  requirements 
The set of  minimum allowable dimensions required to limit 
interactions between integrated circuit design shapes are 
the design rules. Single-level  design rules specify minimum 
design shape sizes and spaces for a given  design level. 
Overlay design rules specify minimum  design spacing, 
intersection, or overlap between two different  design 
levels. Single-level  and overlay design rules are established 
to prevent chip reliability or yield failures resulting from 
variations in manufacturing processes. 

the edge of a shape on one design level to the edge of a 
shape on a second design  level. An overlay design rule 
prevents a failure by incorporating the maximum expected 
manufacturing process variation or tolerance into the 
design. Differences between the edges of two design levels 
are described by the centerline overlay and  image size 
variations indicated in Figure 1. As noted earlier, the 
centerline overlay variation is the difference between the 
designed  and actual location of the current level  design 
shapes in relation to the previous level design shapes; 
it is measured between the shape centers. The image size 
variation is the difference between the designed and 
manufactured size of the shapes on each design level. 

The difference between the designed and actual 
distances separating the edges of two design levels, 
referred to as the edge-to-edge overlay tolerance, is a 
function of the centerline overlay and  image size 
tolerances [4] (Figure 1). Since oof a distribution is a 
statistical sum of the us of the components, an edge-to- 
edge overlay distribution is determined if each overlay 
component is  normally distributed with a known u and p 
of zero. A design rule tolerance is selected from an edge- 
to-edge distribution as  a failure rate objective. If a 

Overlay rules are specified as a minimum distance from 
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Measurement site, map for 125-mm wafer 
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design  rule tolerance  at 23u is selected,  the failure rate 
probability is 0.0027. 

the edge-to-edge  tolerance between  two masking  levels 
and  the minimum spacing, intersection,  or  overlap  that  is 
needed  to  prevent a  specific  failure mode [ 5 ] .  To meet a 
specified  failure rate objective, each  component  tolerance 
must  be within the design  rule assumptions. If the 
measured  centerline  overlay  and image size  data  are 
normally distributed,  standard  statistical  control  methods 
are  used  to  judge  the  quality of the  data. A manufacturing 
wafer lot is acceptable if the  calculated CT and p of the lot 
are within specified limits. A modified methodology is 
required  for data  which  are  not normally distributed. 

Values  for  an  overlay design  rule are  obtained  by adding 
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Centerline  overlay  measurement  data 
Centerline  overlay  data  obtained  from  measurements  on 
three  wafers  were  used  to  determine  whether a wafer  lot 
conformed  to design  rule assumptions.  Fields on the 
wafers  were  exposed,  and x and y component  vectors 
of centerline  overlays  at twelve fields per wafer  were 
measured  on an x-y stepper  with  an  automated  optical 
measurement tool.  Measuring three times as  many fields 
within  a wafer  showed  only marginal changes in the 
centerline  overlay distribution.  Wafer-to-wafer overlay 
variations  were negligible compared  to  overlay  variations 
within  a  wafer. 

Typical centerline  overlay sampling data  from  one 
manufacturing  lot are  shown in Figure 2. The  vectors, 
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a Histogram of  a typical distribution of worst-case, bimodal y-com- 
1 ponent data and their fit to a normal distribution. A x2 goodness- 
! of-fit test yields x2 = 0. (Data are not well modeled by the normal 

distribution for x* < 0.05.) 

obtained from two measurements per site in the twelve 
fields  within each wafer, correspond to a three-wafer 

838 average of x-  and y-component offset data at each 

measurement site. Histograms of the x and y data are 
shown in Figure 2. The data fit to a normal distribution 
model  is indicated by the dashed curves. The quality of 
this wafer lot was obtained from comparisons of Ipl + 3u 
data with  design specifications. For they data, the 
lpl t 3u = 0.32 pm exceeded the 0.3-pm specification, and 
the lot was rejected. However, the maximum deviation 
from zero of data obtained from this lot was 0.21 pm. 
Differences 20.1 pm were observed between the lpl + 3u 
and the maximum measurement in x and y data on many 
manufacturing lots. Many lots were rejected on the basis 
of the large Ipl + 3u, even though the maximum deviations 
were within specifications. The high wafer rejection rate 
forced a reexamination of the methodology used to 
determine the overlay quality. 

Often overlay data distributions, such as they 
component data in Figure 2, are bimodal. The cause for 
bimodality is illustrated in Figure 3. Bimodal data inflate u 
and produce an observed difference between Ipl + 3u and 
the maximum raw data measurements, as illustrated in 
Figure 2. When a field is rotated from its nominal position, 
thex and y data obtained in the upper right  and lower left 
field corners shift in opposite directions. The bimodal 
nature of the raw measured data depends on the rotational 
component of overlay (which varies from  field to field) at 
the measured locations within a field. 

a field corner differs  from a measurement made near the 
field center (Figure 3). Overlay errors vary across a chip 
and  from chip to chip across a field. Data measurement 
and overlay error analysis from each wafer lot must 
account for measurement locations within a chip and  from 
chip to chip. The analysis of data in Figure 2, which 
compares Ipl + 3uwith the design specifications, does not 
adequately consider measurement locations and incorrectly 
characterizes manufacturing lot quality. 

With  field rotation, a centerline overlay measurement at 

Worst-case methodology 
The centerline overlay expected at any point  within a field 
was calculated from a limited number of measurements 
and a normal distribution model that estimated within-chip 
and chip-to-chip errors. The centerline overlay at every 
point in the field was calculated using a linear model [6 ] .  
Since four measurements are taken per field (two in x, two 
in y), the linear model can be reduced to four parameters: 
x translation, y translation, rotation, and isotropic 
magnification.  The x and y overlay at each point are then 
given by 

d~ = T, - @ + Mx, 
dy = T, + 8\: t My, 

where 

dx = x centerline overlay measurement, 
dy = y centerline overlay measurement, 
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T, = x translation, 
T, = y translation, 
0 = rotation, 
M = isotropic magnification, 
x = x coordinate of measurement site, 
y = y coordinate of measurement site. 

Values of Tx, T,, 0, and M are calculated for each field, 
and dx and dy are calculated for any (x, y)  location within 
a field. 

Since centerline overlay varies across a chip, a “good 
fields rule” proposed by Arnold [7] was adopted to 
characterize the overlay for each chip. The worst-point 
(farthest from zero) overlay data were selected within each 
chip. The chip overlay data were thereby given  an  upper 
bound. A worst-point methodology  is consistent with a 
design rule that implicitly assumes that the overlay is 
within specifications across an entire chip [8]. 

Figure 4. Each data point in the histogram is a calculated 
worst-case overlay deviation in the y-direction for one 
chip. The distribution is  bimodal, since all points within a 
chip need zero overlay offsets (“perfect” alignment) for 
the worst-case overlay data to be located at zero. A 
bimodal distribution is generated by rotation (0) and 
magnification ( M )  errors, which cause chips within the 
same field to shift in opposite directions (Figure 3). As 
indicated in Figure 4, a fitted  normal curve, a x’ goodness- 
of-fit test [9], and a comparison of the Ipl + 3gdata  to the 
minimum  and  maximum points indicate that the worst-case 
y-component data from Figure 2(c) are not  well  modeled 
by a normal distribution. 

distribution shown in Figure 4 are reproduced in separate 
histograms in Figure 5. Each histogram  is compared with 
normal and gamma [lo, 111 distribution curves of the 
absolute values of the data. A x’ goodness-of-fit test was 
performed to determine which  model provided the best fit 
to the worst-case data. In Figure 5, the normal and gamma 
distributions were not rejected for the positive overlay 
data. However, the normal  model was rejected for the 
negative overlay data. Worst-point data obtained from 
more than 100 manufacturing wafer lots were selected over 
a one-year period from  different process levels (including 
device and metallization layers) and exposed on 5 X 

step-and-repeat lithography tools from two different 
manufacturers. More than 80% of the worst-case data 
distributions were fit by a gamma distribution to a 
significance  level of at least 0.05. No other distribution 
(including normal, log  normal, beta, and  Weibull) provided 
a comparable fit to these data. 

The worst-case data from  nine manufacturing wafer lots 
are plotted in histogram  form  in Figure 6 with  gamma  and 
normal curves superimposed. These data illustrate the 
tendency of many lots of worst-point data to be well 

Typical worst-case y-component offset data are shown in 

The positive and  negative worst-case data of the bimodal 
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modeled by a gamma distribution. On the basis of statistics 
of extreme values chosen from a normal distribution, this 
result is  not unexpected*. The  empirical evidence 
generated by examining worst-case data from  many 
manufacturing lots is  sufficient to justify the use of the 
gamma  model to determine the quality of overlay data. 

Once a centerline overlay distribution of worst-case 
points is generated, a method  must be identified for 
determining wafer lot quality from this distribution. Since 
design rules are specifically concerned with overlay and 
image size variations, an edge-to-edge distribution is 
calculated to evaluate lot quality. An edge-to-edge 

*C.  Abraham, IBM Research Division, Yorktown Heights, New York, private 
communication. 
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distribution component is a  linear sum of the  centerline 
and image components (Figure 1). In  the example 
illustrated in Figure 7, the  centerline [Figure 7(a)] and 
image size probability densities [Figure 7(b)] are 
convoluted [12] to  generate an  edge-to-edge  distribution 
[Figure  7(c)]. The image size  data  are  assumed  to  be 
normally distributed  across a wafer lot  (approximately true 
for optical imaging systems).  The probability  fraction of 
points in the edge-to-edge  distribution that  exceed  the 
specification limit [Figure 7(c), darkened regions] is 
obtained  by numerical  integration. The  convolution  and 
integration are performed  using  a  Gaussian quadrature 

840 method [ 131. 

Tests  were  made  to  demonstrate  that  the failure rates 
determined  from a  numerical  integration/convolution 
program to  obtain an  edge-to-edge  distribution are 
accurate. A Monte  Carlo program generated 10 000 points 
of worst-case  overlay  data  from  random  values  for field 
offsets, rotations,  and magnifications obtained from  wafer 
data  analyses.  Components  were simulated  for each field, 
and  worst-case  points in the fields were calculated. The 
simulated centerline  overlay  worst-case  data  are plotted in 
the histogram shown in Figure 8(a). 

The  mean  and  standard deviations  for the positive and 
negative overlay  data  were  computed  and used to  derive 
the a and p parameters of gamma distributions  for  each  set 
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of data [14]. A simulated set of  image size variation data 
was also generated using a normal distribution assumption 
[Figure 8(b)]. The two data sets were used to calculate the 
edge-to-edge overlay values plotted in histogram  form in 
Figure 8(c). The edge-to-edge values greater than specified 
by the design rules were compared to failure rates obtained 
using the numerical convolution/integration program. The 
simulated failure rate of 0.0307 compared favorably with 
the numerical program result of  0.0320. The simulation and 
numerical program results typically differ by less than 5%, 
which demonstrates that failure rates can be calculated 
from the numerical program. 
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To characterize manufacturing lot quality with this 
method, a desired lot-by-lot failure fraction is selected. 
The failure fraction is specified  on the basis of the product 
requirements at each level. A metal layer may require a 
very small failure fraction specification to avoid possible 
reliability failure modes. Larger failure fractions are used 
for other layers in  which chip reliability is less sensitive 
to the mask alignment. Examples of processing steps in 
which the rejection level was increased from 0.0027 to 
0.0124 are shown in Figures 9 and 10. Manufacturing lots 
with  failure fractions greater than this specification are 
reworked or scrapped, while lots with a smaller failure 
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fraction are passed. A typical failure fraction specification 
is 0.0027, which  is equivalent to the fraction of data 
points in the tails of a normal distribution that exceeds 
+3u. 

A large  number of wafer lot failure fractions indicates 
that there is  significant lot-to-lot variation. As indicated in 
Figure 9, lots with  large  failure fractions generally have 
excessive average x or y offset or field rotation. Calculated 
worst-case points are distributed further from zero, and the 
failure fraction is large. Some lots were repatterned and 
reexposed using computed offsets, and failure fractions 
were greatly reduced. Other lots were discarded after a 
second exposure showed insufficient improvement. 

To identify trends in edge-to-edge failure fractions, the 
lot failure fractions were regraphed as shown in Figure 10. 
Each point represents a "running" average of the lot 
failure fractions; the graph illustrates overlay trends. In 
practice, a specification limit  is  placed  on the average 
failure fraction. Should the average exceed the 
specification, an overlay degradation is indicated, and 
actions are initiated to correct this condition. The average 
is calculated from a maximum  number of previous lots, 
where the number is based on processing line  loading 

842 (number of lots through the lithography sector for a given 

period of time). A sensitivity to changing trends in edge-to- 
edge overlay data is enhanced by replacing the oldest data 
in a fixed  number of wafer lots with data from the newest 
wafer lots. 

Using lot-by-lot and running average specifications, 
an adequate level of statistical quality control of the 
lithographical overlay is achieved. The lot-by-lot failure 
fraction is analogous to specifying a standard deviation of 
a normal distribution. Monitoring variations in the average 
lot failure fraction allows rapid detection of degrading 
trends in overlay performance (analogous to Shewart 
or cusum control charts commonly used for normal 
distributions). Consequently, conformity to design  rule 
specifications is ensured, and improvements in overlay 
performance are monitored and  quantified. 

Summary 
Lithographic overlay data, which characterize the 
difference  in placement of designed and actual wafer 
images, were not normally distributed after exposure 
with 5x step-and-repeat lithography tools, and quality 
control could not  be achieved with traditional statistical 
procedures. A methodology to evaluate device patterning 
of IC chips for use in ES/9000 systems is described which 
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1 Running  averages  of  wafer  lot  failure  fractions; x- or  y-component  failure  fractions  greater  than 0.0124 were  rejected. 

accurately reflected the design assumptions and the 
nature of the lithography variations. Measured data were 
transformed into worst-case overlay points. More than 
80% of the worst-case data could be  fit by a gamma 
distribution to a x’ significance  level 20.05. Centerline 
overlay failure rates analyzed from  gamma distributions 
provided a basis for quality control. Improvements in 
pattern quality due to incremental lithography process 
enhancements were monitored, and deviations from 
specifications were readily observed and corrected. 
Although the transformation and analysis of the 
experimental overlay data to gamma distributions of worst- 
case data were computationally intensive, these procedures 
were necessary to ensure the IC chip quality required for 
the ES/9000 processors. 
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