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A variation of the control chart for conforming and non-conforming is the defect chart. It is also
known as the small c-chart, or a control chart for the total number defects. For this type of chart, we
assume that the presence of defects can be modeled by the Poisson distribution. We show the equation
here,
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where x is the number of defects, and c, the population mean number of defects, is a number greater than
zero.
One can define limits for a C-chart, or a chart showing the fraction of non-conforming. The upper
control limit is shown here,
UCL = c + 3¢
along with the lower control limit.
LCL = c—3vc
This assumes that we know c, or the centerline. If we don t know c, then we can estimate if from the
sample in the control chart by using the centerline in the control chart (¢). If that is the case, then the UCL
and LCL are calculated as shown here.
UCL =c+3V¢
LCL=c¢—-3V¢
Let s show an example so we can see how this works. Suppose we inspect 25 silicon wafers and
identify 37 defects. We then want to set up a control chart to look at the results. First, we estimate the
centerline ¢ by generating ¢ which would be 37 defects divided by 25 wafers.
c = 37 =1.48
25
This becomes our centerline. The ULC and LCL values can then be calculated from the deviation away
from the control line using the equations here.
UCL = ¢+ 3Ve=5.13
LCL=c—-3Vc=-2.17
This yields a UCL value of 5.13, and an LCL value of -2.17. Since we can t have a negative number of
defects, we substitute zero in for the LCL.
Another variation of the control chart for attributes is the defect density chart. This chart is also
known as the u-chart, and is a control chart for the average number of defects over a sample size of n
products. So, if there are c total defects among n samples, the average number of defects per sample

would be u, shown in the equation here.

c
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n

The 3 limits for a u-chart are given by these two equations,
UCL =u+ 3u/n
where u is the center line.

LCL =1u—3,/u/n
We define u as the average number of defects over m groups of size n.
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Let s show an example of the u chart. Suppose we want to establish a defect density chart. We inspect
20 different groups of 5 wafers, and we find a total of 183 defects. We set up the u-chart as follows. First,

we estimate the value of u using:
u c 183

f=—=—= =
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There are 183 defects, our sample size is 5, and the number of groups is 20. Working through the math we
get 1.83 for u. This forms the centerline. We can then calculate the UCL and LCL from the following

equations,

UCL = + 3/u/n = 3.64
LCL = u — 3/a/n = 0.02

giving us 3.64 and 0.02 respectively.

Sometimes, quality characteristics might be expressed as specific numerical measurements, like the
thickness of a film. In this case, we can use the control chart to provide more information regarding the
manufacturing process performance.

For this type of work, we construct an x chart to control the mean and variance. x is equal to the sum

of the individual values divided by the number of data points.
xX1+x2+--xn 1
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Likewise, we can monitor variance by constructing an s-chart, where s is given by this equation:
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One can then set the control limits for an x chart as follows,
UCL =x+ 3yad?%/n
where the UCL is the grand average plus 3 times the square root of 2/n, and LCL is the grand average
plus 3 times the square root of 2/n.
LCL =x—-3\/0%/n
We define the grand average as the sum of the individual means divided by the number of groups m.
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Similarly, we can set control limits for the variance. Here we show the equations for UCL and LCL as a
function of the center and cg4,
UCL=5+3<J1-¢2
Cq
Center =35
LCL=5-32\/1—¢?
Cq

where the center is defined as one over m times the sum of the individual s values, and ¢4 is a constant.
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S = Li=1Si
C4 is a statistical parameter that is dependent on the sample size. A typical approximation for c4 is
4(n-1)/(4n-3).

One can also define modified control limits for the mean, shown by these two equations here:

= 3§
UCL=x+ v
= 38
LCL =Xx— v
Here is an example showing how to calculate limits for mean and variance charts. Suppose x and
s -charts are to be established to control linewidth in a lithography process, and 25 samples of size n =5
are measured. The grand average for the 125 linesis4.01 m. If s=0.09 m, what are the control limits

for the charts? We use the equations we just discussed, shown here,

UCL = X + —— = 4.14um

caVvn

- 35
LCL =x — W 3.88um

and plug in the values. x is the grand average. We can look up or calculate a value for ¢4 and plug it in. This
yields these results for the upper and lower control limits.

Here are the results for the control of the variances in the s-chart. Since the LCL is less than zero, that
doesn t make sense as an answer, so we instead substitute in the value of zero.

UCL =35+ 3ci 1—c2=0.19um
4

LCL=§—3C5 1—c2 =0.00um
4

To be continued next month
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Technical Tidbit

Pattern Fidelity

One of the challenges we face in lithography at the leading edge is pattern fidelity. Is the lithography
process printing the features as we want them to be printed? One method to analyzing pattern fidelity is
to extract the contour of the layer of interest from the SEM image, then use pattern matching to match the
intended features to the actual features, and then use edge placement error analysis to determine how far
off we are from what we intended. There are a variety of pattern fidelity errors that can occur, and we
show several of them in Figure 1. They include size differences in x and y, push out and pull back,
maximum and minimum critical dimension violations, protrusions or necking, and tip-to-tip or side-to-
side problems. This is good. What do these cause at the product level?

Extract contour Design Edge Placement
from SEM image matching Error Analysis
==t = -
L IU.IJJ.lLulul
a a
I I e
il u : ;
. )
il EI I| & -
[ullly - '1 : '
Size (X,Y) Push out/ Max CD/  Protrusion/ Tip-to-tip/
Pull back Min CD Necking Side-to-
side

Figure 1. M. Nozoe, Frontiers of Characterization and Metrology for Nanoelectronics, 2017.

Let s now see what the effects of pattern fidelity might be on a standard cell. We show the target
layout of the standard cell on the left in Figure 2, and the patterns on the silicon wafer after final etching
on the right. In this case we use double-patterning, and have a metal A and a metal B, denoted by MA in
green and MB in orange. On the left, we highlight a region of MB where there is a risk of a missing
connection due to a potential line-end pull-back. On the right, we highlight a region where there is a risk
of leakage current due to a line-end push-out.
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