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Method of Process Trend Matching for Identification of Process Variable

BACKGROUND OF THE INVENTION

(1) Field of the Invention

This invention relates to a method for matching process trend. In particular, a
method that involves matching the trend of process outcome with the trend of process

variables to identify the variables that have an impact on the process outcome.

(2)  Description of the Prior Art

In semiconductor manufacturing, the known method to identify a process variable that
has an impact on the process outcome involves a numerical correlation study using least
square method. This method is effective in identifying process variables that have a direct
relationship with process outcome. It involves finding the “best fit” line in which the square
of the distance between the points and this line is the minimum. Such means of finding
“hest fit” line takes into account all data points including the baseline shift which makes the

best fitted line inaccurate.

However, most of the time, a variable and an outcome do not have a direct
relationship. For such cases, the computed least square value will become insignificant

while there may be characteristic shape of changes in the variable and outcome. To



10

15

20

observe such characteristic shape of changes, process variables and outcome charts are
plotted and reviewed manually to determine the probable process variables that have an
impact on the process outcome. This manual mean of visual analysis involves observation
of baseline shift and changes of process trend pattern are tedious, subjective and prone to
human error. In view of this, there is a need for an automated methed for process trend

matching to identify probable process variables that have impact on process outcome.

Prior art patent documents, US6591182 by Cece et al., US7031878 by Cuddihy et
al., US5951611 by La Pierre, US6577323 by Jamieson et al., US5339257 by Layden et al.,
and US 2003/0198388 by Wenzel et al. comprise features that relate to identify probable
process variables that have impact on process outcome. US7031878 by Cuddihy et al.
relates to an automatic method for trend analysis wherein outliers are removed using
standard statistical technique, performance data is split by time to allow finear or non-linear
regressions to be run through each data segment, followed by evaluating the split points to

determine the most likely to represent a given problem.

Furthermore there are patents in the field of identifying variables that have an impact

on a process outcome:

U. S. Patent Publication (US 2006/0095237 to Wang et al.) proposes a system and
method for yield management wherein a data set containing one or more prediction variable
values and one or more response variable values is input into the system. The system can

process the input data set to remove prediction variables with missing values and data sets
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with missing values based on a tiered splitting method to maximize usage of all valid data
points. The processed data can then be used to generate a model that may be a decision
tree. The system can accept user input to modify the generated model. Once the model is
complete, one or more statistical analysis tools can be used to analyze the data and

generate a list of the key yield factors for the particular data set.

U. S. Patent Publication (US 2005/0130329 to Liao et al.) discloses a method for
predicting a source of semiconductor part deviation. The method includes the steps of
selecting at least one chart including part parameters and associating with each of the part
parameters at least one fabrication process, which are stored in recipes, scanning the
selected charts for deviations in the part parameters, wherein the deviations are determined
by monitoring a trend of recent values of the part parameters, indicating the charts
containing the part parameters wherein the part parameter values are determined as being
outside of at least one trend tolerance value associated with the parameter, identifying, in
each of the indicated charts at least one process associated with each of the part
parameter deviations outside the at least one tread tolerance value, and determining a
source of the parameter deviation by correlating each of the identified at least one
processes. In one aspect of the invention, the selecied chart includes the relationship

between part parameters and processes.

U. S. Patent Publication (US 2004/0088100 to Volponi) discloses a method of
performing diagnostics on a system comprising receiving a plurality of measurement

parameters, each corresponding to one of a plurality of parameters at a time k, forming a



deviation vector from the plurality of measurement parameters, calculating an initial
deviation vector from an initial fault vector, calculating a muitiple fault isolation deviation
vector using the initial deviation vector and the deviation vector, determining if an event is in
progress using the multiple fault isolation deviation vector, performing statistical data
validity to set a present inhibit flag and a past inhibit flag, and performing module

performance analysis according to the present inhibit flag and the past inhibit flag.
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SUMMARY OF THE INVENTION

A principal object of the present invention is to optimize the performance of a

manufacturing line.

A further object of the present invention is to identify correcting actions for

manufacturing process variables endangering the process outcome of a manufacturing line.

Another object of the present invention is to identify manufacturing process variables

~ affecting mostly process outcome.

Another object of the present invention is to activate corrective actions for process

variables exceeding defined upper or lower limits.

In accordance with the objects of this invention a method to identify process
variables of a manufacturing line having impact on process outcome in order to trigger
immediate changes of process variables in case of endangering deviations to avoid
degradation of process outcome has been achieved. The method invented comprises, first,
identifying by statistical methods process variables affecting mostly process outcome using
process variable raw data. The following steps comprise performing real-time monitoring of
process variables identified as affecting process outcome, and activating corrective actions
for process variables exceeding their defined upper or lower limit. After the trouble shooting
the real-time monitoring of the process variables identified as affecting the process outcome

is started again.



10

15

20

in accordance with the objects of this invention a method to identify process variables
of a semiconductor manufacturing line having impact on process outcome in order to trigger
immediate changes of process variables in case of endangering deviations to avoid
degradation of process outcome has been achieved. The method invented comprises, first,
steps to identify process variables affecting mostly a process outcome. This identification
comprises the steps of (1) filtering outliers in raw data of said process outcome and of said
process variables followed by smoothing the filtered data, (2) dividing filtered and smoothed
data of said process outcome and of the process variables into same time intervals and
compute gradients between successive time intervals, (3) translating said gradients of the
process outcome data and of the process variables data into scales based on magnitude of
the gradients, (4) comparing the scaled gradients of said prbcess outcome data with the
scaled gradients of each of said process variables data independently for said time intervals
and assign scores depending upon the result of the comparison, (5) determining quality of
correlation between said process outcome and each of the process variables by adding the
scores of previous step followed by dividing the sums of scores by respective number of
data points, and (B) sorting the process variables according to their impact on process
outcome. Furthermore the method invented comprises the steps of (7) performing real-time
monitoring of said process variables identified as affecting process outcome, (8) activating
corrective actions for said process variables if they are exceeding their defined upper or

lower limit, and (9) going back to step (7).
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BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings forming a material part of this description, there is

shown:

Fig. 1 shows the a flowchart of the basic steps of the method invented

Fig. 2 illustrates a flowchart detailing the steps to identify process variables affecting

mostly process outcome.

Fig. 3 shows a table comprising examples of data of process variables having

impact to process ouicome.

Fig. 4 illustrates a flowchart of the steps to perform real-time monitoring of process

variables.



10

15

20

DESCRIPTION OF THE PREFERRED EMBODIMENTS

The preferred embodiments disclose methods to identify manufacturing process
variables that have an impact on manufacturing process outcome regardless of the
presence of a strong statistical (numerical) relationship and to trigger immediate actions in
case of endangering deviations to correct changes in process variables instead of having to

wait for downstream data.

The identification of the process variables having impact on the process outcome

comprises matching the trend of process outcome with the trend of process variables.

Fig. 1 shows basic steps of a preferred embodiment of the method invented. The
preferred embodiment has been designed as a non-limiting example for a semiconductor
manufacturing line, it should be understood that the method invented could be used for
other kinds of manufacturing lines also. Step 10 illustrates the identification by statistical
methods of process variables affecting mostly the outcome of the manufacturing process.
The following step 11 shows a real-time monitoring of process variables identified as
affecting process outcome. The last step 12 demonstrates troubleshooting or corrective
actions for process variables their defined exceeding upper or lower limits. The process

flow continues then with real-time monitoring of step 11.



Fig. 2 illustrates in more details step 10 of Fig. 1 showing the identification of process

variables affecting mostly the process outcome.

The first step 20 of Fig. 2 demonstrates the filtering of outliers in raw data of process

s outcome and of process variables followed by a smoothing operation of these filtered data.

In a preferred embodiment of the present invention the method used to filter the outliers
within a given data set is the Median Absolute Difference (MAD) method. The MAD method
is performed as follows:

10
First the median (M1) of the data set is first obfained and is used as the estimate of the
mean. In probability theory and statistics, a median is a number dividing the higher half of a
sample, a population, or a probability distribution from the lower half. Then the following
steps are performed:
15 a) The absolute differences between each and every data point of the given data set
and median {M1) are computed to arrive at a data set prime.
b) The median (M2) of data set prime is then obtained.
¢) The standard deviation sigma (o) of the original data set is estimated as 1.5 times
of M2.
20 d) Outliers of the original data set are then filtered using in a preferred embodiment

M1t 120.
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it should be understood that the identification of outliers by setting the limits to M1 +
120 is a non-limiting example. Other deviations in the order of magnitude of + 12¢ are

possible as well.

Alternatively, in another embodiment of the present invention a mean value has been
used as basis for the identification of outliers, wherein the limits were set to Mean value +/-
N x Standard Deviation o, wherein N is a user input value in the order of magnitude of 3 —
6.

As shown in step 20, the filtered data of process outcome and of process variables
are smoothed after the filtering using smoothing algorithms, an example being Kernel.
The folfowing Kernel algorithms have been successfully used for smoothing:

1. Kernel Smoother—fits a smooth curve (spline) to data.

2. Weighted Regression—fits a weighted regression curve to data.

3. Linear—fits a first-degree curve to data, i.e. Y = R0 + B1X

Alternatively, instead of applying algorithms to the filtered data of the process outcome
and of process variables, discrete methods can also be employed for smoothing as well.
Discrete methods are finding the difference between 2 successive points and are dividing

this difference by the actual time interval difference between them.
A typical example of a process outcome could be the resistance of a typical metal line

structure. Furthermore it should be understood that it is also possibie to control more than

one process outcome parameter at any given time, subject to the resources available. A

10
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same or different set of matching process variables may be needed depending on what the

process outcome parameter that will be controlled.

The following step 21 of Fig. 2 illustrates dividing filtered and smoothed data of process
outcome and of process variables into time intervals and compute gradients between

successive time intervals.

In a first embodiment of the present invention the filtered and smoothed data sets
are divided into fixed time intervals of 8 hours each, which was found to be the most optimal
after repeated simulations. Nevertheless 8 hours are a non-limiting example only. The
gradients of the points at both ends of the time intervals are computed for subsequent

steps.

In an alternative embodiment of the invention a variable time interval method has
been employed to replace fixed time intervals described above. The time interval for the
parameter of interest is still first divided into fixed time period of e.g. 8 hours between 2 data
points. The gradients are likewise computed. It differs from the earlier method henceforth
that new time intervals are determined only when there is a change in signs between 2
successive gradients. The process parameters will then use the time intervals determined

by this method used on the parameter of interest.

The duration of these time intervals is obtained through iterations aimed at getting

the best resolution with a reasonable amount of computing resources used. The time

11
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25

interval can be shortened further but that will result in more resources needed while

increasing it will lead fo lower accuracy of the results.

The following step 22 of Fig. 2 illustrates translating gradients of process outcome
and of process variables data into a scale based on magnitude of gradients computed in

the previous step 21.

As non-limiting example in a preferred embodiment the gradients obtained in step A
21 are converted into trigonometric degrees by taking inverse tangents. The degrees are
then converted to positive, neutral, or negative scale of e.g. 1, 0 and -1 by using the below
conversion table:

Degrees Scale

> 1 +1
-1 to1 0
<-1 -1

Step 23 of Fig. 2 illustrates comparing scaled gradients of process outcome with
scaled gradients of each process variables independently for same time frame and
assigning scores depending upon if both scaled gradients have both positive or negative

scale, opposite scales, or a neutral scale is involved.

With the scales obtained in steps 22 for each process variable and for process |
outcome, a simple comparison is done to obtain the “fitness” factor; this means the amount
of correlation between each process variable and the process outcome. All the

comparisons are between individual process variables and the process outcome. In a

12
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preferred embodiment a score of +1 is given if both the scales of the process outcome and
the process variable have the same sign and a score of -1 if both have opposite sign of one

another. A score of 0 is given if one of the scale(but not both) is neutral.

Alternatively the absolute values only of the gradients are taken into account. A
score of +1 is assigned if the magnitudes of process outcome and variable are the same;

otherwise the value of zero is assigned.

Each set of process variable will have its own string of scores after the comparison is
done. The sum of scores is then computed and the % fit, i.e. correlation, is also calculated

by dividing the absolute sum by the total number of data points.

The process variables with the largest % fit is deemed to be the most likely factor to
affect the process outcome followed by the next larger % fit and so on. In the event of a tie
between 2 variables, a tiebreaker is used. The ratio of the absolute degree of the process
variable and the absolute degree of the process outcome is calculated for the
corresponding time interval. This is repeated for all data points. The standard deviation is

then computed among these ratios, with smaller magnitude the better fit.

Step 24 of Fig. 2 illustrates determining the quality of correlation between process
outcome and each of process variables by adding scores of previous step 26, and in step
28 each process variables are sorted according their “fitness” or degree of correlation to

process outcome.

13
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Step 25 illustrates the sorting of the process variables according to their impact, i.e.

“oufit”, on process outcome.

Fig. 3 shows an example of a list of process variables being sorted according to
9% fitness/correlation to the process outcome. The highest value in the list is 40.322%; the
lowest value is 21.612%. Furthermore the list shows the sum of scores, standard deviation,

and number of points/intervals and dates of records.

As consequence the process variables having the highest impact/correlation will get

the highest allocation of monitoring and corrective actions.

Fig. 4 illustrates in more details step 11 of Fig. 1 showing real-time monitoring of

process variables identified as affecting process outcome.

The first step 40 of Fig. 4 demonstrates the calculation of the moving average of raw
data of process variables based on a defined number of past data points to generate a
weighted average. In a preferred embodiment, as non-limiting example, the past 5 data
points were used for this calculation. The upper and lower limits are set-up with these data
points and correspond in a non-limiting example to the average value +/- 3x standard

deviation sigma.

in the next step 41 the moving average calculation is repeated for all subsequent

points using the same number of past data points as in step 40. In step 42 a drift is

14
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detected if the moving average exceeds either limit. These control limits are fixed fora

longer period of time to enable detection of a drift.

Referring to prior art again as disclosed in US 7,031,878 by Cuddihy et al. it
should be understood that the present invention can be distinguished from US 7,031,878
since there is no mention of matching the performance data and process parameters. None
of the prior art documents cited as e.g. US 6,591,182 by Cece et al. or US 595,1261,1 by
La Pierre has specifically mentioned about taking into consideration of the periodic or non-
periodic shift of the baseline of process variables during real-time monitbring. in this aspect,

the present invention can be easily distinguished from the prior art.

While the invention has been particularly shown and described with reference to the
preferred embodiments thereof, it will be understood by those skilled in the art that various
changes in form and details may be made without departing from the spirit and scope of the

invention.

i5



What is claimed is:

1. A method fo identify process variables of a manufacturing line having
impact on process outcome in order to trigger immediate changes of process
variables in case of endangering deviations to avoid degradation of process
outcome, comprising the steps of:

(1) identifying by statistical methods said process variables of a
manufacturing line affecting mostly process outcome using process
variable raw data;

(2) performing real-time monitoring of said process variables identified as
affecting process outcome taking into consideration a periodic or non-
periodic shift of the baseline of process variables; and

(3) activating corrective actions for said process variables if they are
exceeding their defined upper or lower limit in order to move said process
variables between their defined upper and lower limits.

2. The method of claim 1 wherein said identification by statistical methods is
comprising the steps of:
filtering outliers in raw data of said process outcome and of said process
variables followed by smoothing the filtered data;
dividing filtered and smoothed data of said process outcome and of the
process variables into same time intervals and compute gradients
befween successive time intervals;
translating said gradients of the process outcome data and of the process
variables data into scales based on magnitude of the gradients;
comparing the scaled gradients of said process outcome data with the
scaled gradients of each of said process variables data independently for
said time intervals and assign scores depending upon the result of the
comparison;
determining quality of correlation between said process outcome and each
of the process variables by adding the scores of previous step followed
by dividing the sums of scores by respective number of data points; and

sorting the process variables according to their impact on process outcome.

16



3. The method of claim 2 wherein said filtering of outliers is performed using a
Median Absolute Difference method.

4. The method of claim 3 wherein a method of using said Median Absolute
Difference method is comprising the steps of:
computing absolute differences between each and every data point of the
relevant data set and its median value M1 to achieve a data set prime;
computing a median value M2 of said data set prime;
estimating a standard deviation sigma of said original relevant data set;
filtering all points as outliers from said original relevant data set, which are

exceeding a predefined deviation from said median value M1.

5. The method of claim 2 wherein said standard deviation sigma is estimated
by 1.5 times of said median value M2.

6. The method of claim 2 wherein all points are defined as outliers having a
deviation from the median point M1 in the order of magnitude of 12 times the
standard deviation of said relevant data set.

7. The method of claim 2 wherein all points are defined as outliers having a
deviation from the mean value of N x o, wherein o is the standard deviation and N

is a predefined number.

8. The method of claim 2 wherein said smoothing is performed using a Kernel
method.
9. The method of claim 8 wherein said Kernel Method is a Kernel Smoother.

10. The method of claim 8 wherein said Kernel Method is a Weighted
Regression Method.

11.  The method of claim 2 wherein said smoothing is performed using discrete

methods.

17



12. The method of claim 2 wherein said time intervals are fixed time intervals.

13. The method of claim 2 wherein said fixed time intervals have duration of 8

hours each.
14. The method of claim 2 wherein said time intervals are variable time intervals.

15. The method of claim 14 wherein said variable time intervals are only

introduced if gradients of two successive fixed time intervals have different signs.

16. The method of claim 14 wherein the duration of said variable time intervals
is obtained through iterations aimed at getting the best resolution with a

reasonable amount of computing resources used.

17. The method of claim 2 wherein said translation of gradients is comprising
the steps of:
converting said gradients into trigonometric degrees by taking inverse
tangents; and
converting said trigonometric degrees into a scale wherein a positive scale
is selected if said inverse tangent is larger than 1, a neutral scale is
selected if said inverse tangent is from -1 to +1, and a negative scale is

selected if said inverse tangent is lower than -1.

18. The method of claim 2 wherein said scores depending upon the results of
said comparison are assigned +1 if both the scales of process outcome and
process variable have a same sign, -1 is assigned if the scales of process
outcome and process variable have opposite signs, and zero is assigned if one of

the scales is zero.
19. The method of claim 2 wherein said scores depending upon the results of

said comparison are assigned +1 if the magnitudes of process outcome and

process variables are the same, otherwise zero is assigned.

18



20. The method of claim 2 wherein said quality of correlation is determined by
adding for each of said process variable the scores of said comparison followed by
a division of the sum of said addition by a number of the data points of each

process variable.

21. The method of claim 1 wherein said manufacturing line is a semiconductor

manufacturing line.

22. The method of claim 21 wherein said process outcome is a resistance of a
typical metal line structure of a semiconductor manufactured in said semiconductor

manufacturing line.

23. The method of claim 1 wherein more than one of said process outcome
parameters is monitored.

24. The method of claim 23 wherein each of said process outcome parameters

has a different set of matching process variables.

25. The method of claim 23 wherein each of said process outcome parameters
has a common set of matching process variables.

26. The method of claim 1 wherein said real-time monitoring of said process
variables comprises steps of:
calculating moving average of raw data based on a defined number of past
data points in order to generate a weighted average and set-up upper
and lower limits using these data points; then
repeating calculation of moving average for all subsequent data points
using the same number of past data points as in previous step; and
detecting a drift if said moving average exceeds one of said upper/lower
limits.

27. The method of claim 26 wherein said limits are set by said moving average

+/- 3 x 0, wherein o is the standard deviation of these data points.

19



28. The method of claim 26 wherein said defined number of past data points is

five.

29. A method to identify process variables of a manufacturing line having
impact on process outcome in order to trigger immediate changes of process
variables in case of endangering deviations to avoid degradation of process
outcome, comprising the steps of:

(1) filtering outliers in raw data of said process outcome and of said process
variables of a manufacturing line followed by smoothing the filtered data;

(2) dividing filtered and smoothed data of said process outcome and of the
process variables into same time intervals and compute gradients
between successive time intervals;

(3) translating said gradients of the process outcome data and of the
process variables data into scales based on magnitude of the gradients;

(4) comparing the scaled gradients of said process outcome data with the
scaled gradients of each of said process variables data independently for
said time intervals and assign scores depending upon the resuit of the
comparison;

(5) determining quality of correlation between said process outcome and
each of the process variables by adding the scores of previous step
followed by dividing the sums of scores by respective number of data
points;

(6) sorting the process variables according to their impact on process
outcome;

(7) performing real-time monitoring of said process variables identified as
affecting process outcome; and

(8) activating corrective actions for said process variables if they are
exceeding their defined upper or lower limit in order to move said process

variables between their defined upper and lower limits.

30. The method of claim 29 wherein said filtering of outliers is performed using
a Median Absolute Difference method.

20



31. The method of claim 30 wherein a method of using said Median Absolute
Difference method is comprising the steps of:
computing absolute differences between each and every data point of the
relevant data set and its median value M1 to achieve a data set prime;
computing a median value M2 of said data set prime;
estimating a standard deviation sigma of said original relevant data set;
filtering all points as outliers from said original relevant data set, which are

exceeding a predefined deviation from said median value M1.

32. The method of claim 29 wherein said standard deviation sigma is estimated

by 1.5 times of said median value M2.

33. The method of claim 29 wherein all points are defined as outliers having a
deviation from the median point M1 in the order of magnitude of 12 times the
standard deviation of said relevant data set.

34. The method of claim 29 wherein all points are defined as outliers having a
deviation from the mean value of N x o, wherein ¢ is the standard deviation and N

is a predefined number.

35. The method of claim 29 wherein said smoothing is performed using a
Kernel method.

36. The method of claim 35 wherein said Kernel Method is a Kerne! Smoother.

37. The method of claim 35 wherein said Kernel Method is a Weighted
Regression Method.

38. The method of claim 29 wherein said smoothing is performed using discrete

methods.

39. The method of claim 29 wherein said time intervals are fixed time intervals.
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40. The method of claim 29 wherein said fixed time intervals have duration of 8

hours each.

41. The method of claim 29 wherein said time intervals are variable time

intervals.

42. The method of claim 41 wherein said variable time intervals are only
introduced if gradients of two successive fixed time intervals have different signs.

43. The method of claim 41 wherein the duration of said variable time intervals
is obtained through iterations aimed at getting the best resolution with a

reasonable amount of computing resources used.

44. The method of claim 29 wherein said translation of gradients is comprising
the steps of:
converting said gradients into trigonometric degrees by taking inverse
tangents; and
converting said trigonometric degrees into a scale wherein a positive scale
is selected if said inverse tangent is larger than 1, a neutral scale is
selected if said inverse tangent is from -1 to +1, and a negative scale is

selected if said inverse tangent is lower than -1.

45. The method of claim 29 wherein said scores depending upon the resuifs of
said comparison are assigned +1 if both the scales of process outcome and
process variable have a same sign, -1 is assigned if the scales of process
outcome and process variable have opposite signs, and zero is assigned if one of

the scales is zero.

46. The method of claim 29 wherein said scores depending upon the results of
said comparison are assigned +1 if the magnitudes of process outcome and

process variables are the same, otherwise zero is assigned.

47. The method of claim 29 wherein said quality of correlation is determined by

22



adding for each of said process variable the scores of said comparison followed by
a division of the sum of said addition by a number of the data points of each

process variable.

48. The method of claim 29 wherein said process outcome is a resistance of a
typical metal line structure of a semiconductor manufactured in said semiconductor

manufacturing line.

49. The method of claim 29 wherein more than one of said process outcome

parameters is monitored.

50. The method of claim 49 wherein each of said process outcome parameters

has a different set of matching process variables.

51. The method of claim 49 wherein each of said process outcome parameters
has a common set of matching process variables.

52. The method of claim 29 wherein said real-time monitoring of said process
variables comprises steps of:
calculating moving average of raw data based on a defined number of past
data points in order to generate a weighted average and set-up upper
and lower limits using these data points; then
repeating calculation of moving average for all subsequent data points
using the same number of past data points as in previous step; and
detecting a drift if said moving average exceeds one of said upper/lower

limits.

53. The method of claim 52 wherein said limits are set by said moving average

+/- 3 x 0, wherein o is the standard deviation of these data points.

54. The method of claim 52 wherein said defined number of past data points is

five.
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