Met hod of Process Trend Matching for Identification of Process Variable
BACKGROUND OF THE INVENTION 5 (1) Field of the Invention This invention
relates to a nethod for matching process trend. In particular, a nethod
that involves matching the trend of process outconme with the trend of
process 10 variables to identify the variables that have an inpact on the
process outcone. (2) Description of the Prior Art In sem conductor

manuf acturi ng, the known nethod to identify a process variable that is has
an i npacfethddef Prrocess Prarididaiohingfes identifieationlofdrdcd sy Veiailgdy
using least square nethod. This nethod is effective in identifying process
vari ables that have a direct relationship with process outcone. It

involves finding the "best fit" line in which the square of the distance
between the points and this I[ine is the m ninum Such means of finding
"best fit" line takes into account all data points including the baseline

shift which makes the 20 best fitted |line inaccurate. However, nost of the
time, a variable and an OBAEHERAYNROMEVE IVENEEON rel ationship. For

such cases, the conputed | east square value will becone insignificant
whil e there may be characteristic shape of changes in the variable and

outcomsy T2idid 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

10 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
15 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. 1t invoives 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
“best fit” line takes into account all data points including the baseline shift which makes the

20 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 ieast square value will become insignificant

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



observe such characteristic shape of changes, process variables and outcone
charts are plotted and reviewed nmanually to determ ne the probabl e process
vari abl es that have an inpact on the process outconme. This manual nean of
vi sual anal ysis involves observation of baseline shift and changes of
process trend pattern are tedious, subjective and prone to 5 human error.
In view of this, there is a need for an automated nethod for process trend
mat ching to identify probable process variables that have inpact on process
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identifying variables that have an | npact on a process outcone: 20 U S.
Pat entma@aking daidestify msbab@a;rgg@@wnabdﬁwﬁg haye a!npé;ct Fropecess eutey®eem and
met hod for yield managenent wherein a data set containing one or nore
prediction variable values and one or nore response variable values is
input into the system The system can

Prior art patent documents, US6531182 by Cece et al., US7031878 by Cuddihy et
al., US5951611 by La Pierre, US6577323 by Jamieson et al., US5339257 by Layden et al.,
10 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 frend analysis wherein outliers are removed using
standard statistical technique, performance data is split by time to allow linear or non-linear
regressions to be run through each data segment, followed by evaluating the split points to

15  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:

20 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



process the input data set to renove prediction variables with m ssing

val ues and data sets 2 with m ssing values based on a tiered splitting

met hod to maxi m ze usage of all valid data points. The processed data can
then be used to generate a nodel that may be a decision tree. The system
can accept user input to nodify the generated nodel. Once the nodel is
conplete, one or nore statistical analysis tools can be used to analyze the
data and 5 generate a list of the key yield factors for the particul ar data

set. WitiSmiddmiendiuédibhsebon artidréibsgRing HBRERH naxiniae uehgabf dll dhiRcdsaes a
met hod for predicting a source of sem conductor part deviation. The nethod
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the indicated charts at | east one process associated with each of the part
par anmet er devi ati ons outside the at | east one tread tol erance val ue, and

determining a source of the parameter deviation by correlating each of the
identified at | east one processes. In one aspect of the invention, the

sel ected Cr@fré. F.bélgﬁt”fglﬁﬁicgﬁgn Eﬁé%b%sl%@zg 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
10 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 {rend 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
15 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 selected chart includes the relationship

between part parameters and processes.

20
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



bet ween part paranmeters and processes. 20 U S. Patent Publication (US
2004/ 0088100 to Vol poni) discloses a nethod of perform ng diagnostics on a
system conprising receiving a plurality of neasurenent paraneters, each
corresponding to one of a plurality of paraneters at a tinme k, formng a 3
deviation vector fromthe plurality of neasurenent paraneters, calculating
an initial deviation vector froman initial fault vector, calculating a
multiple fault isolation deviation vector using the initial deviation

vect odeuiation hectdefroat themplweatitymf melsstueemient paranfetens, eslevlating anmnitighr ogr ess
using the multiple fault isolation deviation vector, performng statistical
dat a Yeviatibnlivestor frofesn it esenvedtahichictiatihga moldipke faak isdlatiinbddvidtiomng, and
perform ng nodul e perfornmance anal ysis according to the present inhibit
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performance analysis according to the present inhibit flag and the past inhibit flag.



Anot her object of the present invention is to identify manufacturing
process variables 10 affecting nostly process outcone. Another object of
the present invention is to activate corrective actions for process

vari abl es exceedi ng defined upper or lower limts. is In accordance with
the objects of this invention a nethod to identify process variables of a
manuf acturing |ine having inpact on process outcone in order to trigger

i mredi at e changes of process variables in case of endangering deviations to
avoi d degradation of SUMcESRY @t TeeiNEENDEM achi eved. The net hod
invented conprises, first, identifying by statistical nethods process

vari abl es affecting nostly process outcone using 20 process variable raw
data. The follow ng steps conprise performng real-tine nonitoring of

P ocess  va Sl o8t bf hiBSeififAlidnds B B66RE-<OHE 6MBmaNdk 661 | vall ng
corrective actions ess vari a es exc |ng elr I'n upper or
lower |im.t. After the trouble shooting the real-tine nDnltorlng of the
proceé@wvg??ﬁﬂn%gn?dentlf|ed as affecting the process outcone is started
again. 5 In accordance with the objects of this invention a nethod to
identify process variables of a senlconductor manuf acturing |ine having

i npact on process outcone in order to trig i mredi at e changes of process
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process outconme has been achieved. The nethod invented conprises, first,
manufacturing process variables endangering the process outcome of a manufacturlng fine.

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

10 affecting mostly process outcome.

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

variables exceeding defined upper or lower iimits.

15 tn accordance with the objects of this invention a method to identify process
variables of a manufacturing line having impact on process cutcome 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

20 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.



steps to identify process variables affecting nostly a process outcone.
This identification conprises the steps of (1) filtering outliers in raw
data of said process outconme and of said process variables followed by
snoothing the filtered data, (2) dividing filtered and snoothed data of
sai d process outconme and of the process variables into sane tine intervals
and 10 conpute gradients between successive tine intervals, (3) translating
said gradients of the process outcone data and of the process vari abl es
data into scal es based on nmagnitude of the gradients, (4) conparing the
scal ed gradients of said process outcone data with the scaled gradients of
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and assign scores dependi ng upon the result of the conparison,
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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
10 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 result of the comparison, (5) determining quality of
15 correlation between said process outcome and each of the process variabies by adding the
scores of previous step followed by dividing the sums of scores by respective number of
data points, and (8) 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

20 corrective actions for said process variables if they are exceeding their defined upper or

lower limit, and (9) going back to step (7).



5 showmn: Fig. | shows the a flowhart of the basic steps of the nethod
invented Fig. 2 illustrates a flowhart detailing the steps to identify
process variables affecting io nostly process outcone. Fig. 3 shows a
tabl e conprising exanples of data of process variables having inpact to
process outcone. is Fig. 4 illustrates a flowhart of the steps to perform
real-tinme nonitoring of process variables. 7 DESCRI PTI ON OF THE PREFERRED
EMBODI MENTS 5 The preferred enbodi ments di scl ose nethods to identify

manuf acturi ng process variables that have an inpact on manufacturing
process outcone regardless of the presence of a strong statistical
(nunerical) rel ationship BRiER DESCRFIIONGEJIRE ORAWVINGS in  case of
endangering deviations to correct changes in process variables instead of
having to wait for downstreamdata. io The identification of the process
vari abl es having inpact on the process outcone conprises matching the

trend of prearRsacowigyhgavindiefotmrRta Afat@ifh pastof\aikidRBLEestion, hege id shows
basic steps of a preferred enbodi nent of the nethod invented. The

5 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

10 mostly process outcome.

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

impact to process outcome.

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

variables.



is preferred enbodi nent has been designed as a non-limting exanple for a
sem conductor rmanufacturing line, it should be understood that the nethod
invented could be used for other kinds of manufacturing lines also. Step
10 illustrates the identification by statistical nethods of process

vari ables affecting nostly the outcone of the manufacturing process. The
followng step 11 shows a real-tinme nonitoring of process vari abl es
identified as 20 affecting process outcone. The |ast step 12 denonstrates
troubl eshooting or corrective actions for process variables their defined
exceedi ng upper or lower linmts. The process flow continues then wth

real -time nonitori pggirRFEONIGF T@ﬁfP@%EI%RREBSEMBWIMEN‘I"@re details step
10 of Fig. 1 showing the identification of process variables affecting

nostly the process outcone. The first step 20 of Fig. 2 denonstrates the
filtering of outliers in raw data of process 5 outcone and of process

vari ables foll owed by a snoothing operation of these filtered data. 1In a
preferred enbodi nent of the present invention the nmethod used to filter the

outliers w h|n |ve data set. is the i an Absolute foerence MAD)
et hod  ThaNRIBEREBHSETbIGGas ssiier TEORS Bugentyy TRTLECHHES Rlwesh (M)
of the data set is first obtained and is used as the estimate of the nean.
I n pr yBEBPIER tRatthaveran immecs paMmafeduriag peeriesh ouicome (pasedless of tieng t he

hi gher half of a
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.
10
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
15 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 cutcome of the manufacturing process.
The following step 11 shows a real-time monitoring of process variables identified as
20 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.



sanpl e, a population, or a probability distribution fromthe |ower half.
Then the following steps are perforned: 15 a) The absol ute differences

bet ween each and every data point of the given data set and nedian (M)
are conputed to arrive at a data set prinme. b) The nmedian (M) of data set
prime is then obtained. c) The standard deviation sigma (a) of the original
data set is estimated as 1.5 tines of M2. 20 d) Qutliers of the original
data set are then filtered using in a preferred enbodinent M 12a. 9 It
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limts to is anon-limting exanple. her deviations in the order

of ”Wlatb'i& f?eg%mgjgﬁoﬁfg%e ?(?(ﬁisglo%t@oﬁnge” 5 AI ternatively, in another

enbodi ment o inventi on a nean val ue has been used as basis
for the |dent|f|cat|on of outliers, wherein the limts were set to Mean
val ue +/- N X Standard Deviation a, wherein Nis a user input value in t he

or der f 3.- 6., As shown [n_step 2 he filte
bt ocess. INEdReSIaREOA Fipoe deamapriEs tbs Meghapeoul @t’ﬂéﬂwé{a?%PP Phgess
filtering using snoothing algorithnms, an exanpl e being Kernel

5 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 obtained 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 foliowing
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.
c) The standard deviation sigma (o) of the original data set is estimated as 1.5 times
of M2.
20 d) Qutliers of the original data set are then filtered using in a preferred embodiment

M1 £ 120.



The follow ng Kernel algorithns have been successfully used for snoothing:
1. Kernel Snoother-fits a snoboth curve (spline) to data. 2. Wi ghted
Regression-fits a weighted regression curve to data. 3. Linear-fits a
first-degree curve to data, i.e. Y =90 + 131X is Alternatively, instead of
applying algorithnms to the filtered data of the process outcone and of
process variables, discrete nethods can al so be enpl oyed for snoothing as
well. Discrete nmethods are finding the difference between 2 successive

poi nts andjiaheuipe Qﬁd‘@stobﬂ'tﬁaﬂhéft@érﬂﬁ@ﬁti@yoﬁ@ﬂllé@tbﬁetﬁmg’%éIﬁhﬁtﬁi a1 +
di fference between them A typical exanple of a process outcone coul d be
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out cone garaneter at any given tinme, subject to the resources available. A
10 saR@syPlefASVetent set of matching process variabl es may be needed
dependi ng on what the process outcone paraneter that will be controll ed.
The following step 21 of Fig. 2 illustrates dividing filtered and snoot hed
data of process 5 outcone and of process variables into tine intervals and
conput e diitetiatively, beanatber ermbediswxit péthe present ipvention 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
10 are smoothed after the filtering using smoothing algorithms, an example being Kernel.
The following 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 = 30 + 31X
15
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,
20
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 atso possible to control more than

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

10



In a first enbodi nent of the present invention the filtered and snoot hed
data sets are divided into fixed tine intervals of 8 hours each, which was
found to be the nost optimal 0 after repeated sinulations. Neverthel ess 8
hours are a non-limting exanple only. The gradients of the points at both
ends of the tinme intervals are conputed for subsequent steps. In an
alternative enbodi nent of the invention a variable tinme interval nethod has
is been enployed to replace fixed tine intervals described above. The tine

i nt er wand @rdifié@nt Q@trcﬁrmétemngfprbéﬁs%r@ﬂab!e% hby bk ridetigH a@péh@#ﬁg dnniRatfthged
time period of e.g hours Det ween data points. The gradiénts are

I ! kevm €[ecerva gg&ge péFatrgétEF ﬁ’{agwfﬂf P@CB t?ol i er nethod henceforth that new

time i'n are erm ne ere is a change in signs between
2 successive gradients. The process pararret ers will then use the tine
intervals determned 20 by this method used on the pararret er of interest.
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resources used. The tinme ii interval can be shortened further but that wll
r ssul PUiGemipARd pEBMGEER yanaldas ntaimesintgniale andicegpute @radients Detween ower
accuracy of the results. The followng step 22 of Fig. 2 illustrates

t r ansisactargivgr tirde érevals. process outcone s and of process variabl es data
into a scal e based on magni tude of gradients conputed in

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
10 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
15 been employed to replace fixed time intervals described above. The time intervai 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

20 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



the previous step 21. As non-limting exanple in a preferred enbodi nent the
gradients obtained in step 21 are converted into trigononetric degrees by
taki ng i nverse tangents. The degrees are 10 then converted to positive,
neutral, or negative scale of e.g. 1, 0 and -1 by using the bel ow
conversion table: Degrees Scale > 1 +1 -1to 10 is <-1-1 Step 23 of
Fig. 2 illustrates conparing scal ed gradients of process outcone wwth 20
scal ed gradients of each process variables independently for same tine

fr ame ifigfia| 8% beRhDAAEPTRHHBRLHE Wali HRORA in Fno@@frésow@ésa%area%w s have
both positive or negative scale, opposite scales, or a neutral scale is

i nvol Yrﬁ:‘#eaémgﬁv% a?ictﬂlig\ﬁepgé&lré‘%?ftﬂe%gtﬁﬁ 22 for each process vari abl e

and for proc out cone e conparison is done to obtain the
"fitness" factor; this neans the anount of correlation between each
process variable and the process outcone. Al the corrpari sons are between

i ndi vi dual rQcess vari es._and .r h rocess outcone. .In_a 12 preferred

onbodi maat Thed8ERng Blep2 8 e kil foslatid GRlns Of fothrondesn: come
d

ans 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
21 are converted into trigonometric degrees by taking inverse tangents. The degrees are
10 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
-1t0 1 0

15 < -1 -1

Step 23 of Fig. 2 illustrates comparing scaled gradients of process outcome with
20 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
25 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 cutcome. In a

12



the process vari able have the sane sign and a score of -1 if both have
opposite sign of one another. A score of O is given if one of the

scal e(but not both) is neutral. s Alternatively the absol ute val ues only of
the gradients are taken into account. A score of +1 is assigned if the
magni t udes of process outcone and variable are the sane; otherw se the

val ue of zero is assigned. Each set of process variable will have its own
string of scores after the conparison is 10 done. The sum of scores is

t hen gpemRIbE@nstitBat Jstbre of +€is ¢hdr iEbath P8 schfesalfife pRIceYS aLliRSmdNnd
dividing the absolute sumby the total number of data points. The process

vari a%@ﬁrd@e%@ vhAgHib M98 3ke g%me V\%ﬁa @%t rd Bf bﬁ bb& ﬁm,%toddo'éﬁéﬁgfna&ftdﬂe to

af f ect e process outcone e next arger % Tl SO on

e CYaln b d & FSRERe B YA LERLED) oy LOEPLSER, S USed. The ratio

of the absol ute degre € process dbsol ute degree of
the process outcone is calculated for the corresponding tinme interval. This
is repeated for all data points. The standard deviation is then conputed
anong these ratios, with smaller nitude the better fit. 20 Step 24 of
Fig. 2 ill PF“&“&%'YJB?@PW'HF%&‘P%OSWQHW%96’?"'%?raéﬁ’ ﬁ@ad“tsétc\ﬁ@%ﬂt frocess
outcome and each of process variabl es by adding scores of previous step 26,
and i §cefeeqf + g asgigmegriblhegnagnitudgs| o pregasssuiiearae aod yatpblg aradie sampt ness”
or degree of correlation to process outcone. 13

otherwise the value of zero is assigned.

Each set of process variable will have its own string of scores after the comparison is
10  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
15 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.

20 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 “fithess” or degree of correlation to

process outcome.

13



Step 25 illustrates the sorting of the process variables according to their
inpact, i.e. "Wt", on process outcone. Fig. 3 shows an exanple of a |ist
of process variables being sorted according to 5 %itness/correlation to

t he process outcone. The highest value in the list is 40.322% the |owest
value is 21.612% Furthernore the |ist shows the sum of scores, standard
devi ation, and nunber of points/intervals and dates of records. As
consequence the process variabl es having the highest inpact/correlation

Wil get &g ﬁ‘@tllﬂbﬁ@@%&h@%bﬂ%tmﬁe Pfodé%'vbﬁébiﬁg a@ﬂ&dﬁ@ t'bQﬁéﬂrWﬁFé’&ti@”S
Fig. 4 illustrates in nore detail ep 11 of Fig. | show ng rea

noni t egi=pg 8&'% ri abl es |dent| fied as affecting process outcone.
is The/lfﬁlpf gf{?pgc%cfeégg% fr%la:l g. 4 denonstrates the cal culation of the noving

average of raw data of process variables based on a defined nunber of past
data points to gener ate a weighted average. In a preferred enbodi nent, as

-limt th t. 5. dat t d this
Cal cul at| ohe- st en CZmaPIanEs 19tater °%&a§@$f%a§>q‘ﬁ§ﬁo%%@@ohipawpoi nts

and correspond in a non-limting exanple to the average value +/- 3x
stSanda/pfdnew@wwiawrbw Seqracessoiipempekbe Siabgshvaliad fgiishls Wd2agethe
calculation is repeated for all subsequent points using the sane nunber of
past dewestpalustis 24612% stwphetonore theskisishawsdhel sl ofissones, standard deviation,

and number of points/intervals and dates of records.

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

10 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.

15 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

20 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



detected if the noving average exceeds either limt. These control limts
are fixed for a longer period of tinme to enable detection of a drift.
Referring to prior art again as disclosed in US 7,031,878 by Cuddi hy et al.
it 5 should be understood that the present invention can be distinguished
fromUS 7,031,878 since there is no nention of matching the performance
data and process paraneters. None of the prior art docunents cited as e.qg.
US 6,591, 182 by Cece et al. or US 595,1261,1 by La Pierre has specifically
Ment i Qagsk-18dfthe Wiﬁ!}ga\'/é?’ége CRESEACEHdr FMICThEEE cBRIFHIAMIE S @A foP#T | 0di C
shift of the baseline of process variables during real-tine nonitoring. In
this LSRN . r j I an be easily distinguished fromthe
pri or qg,ﬁ)qeé} Wlloidgjfinﬂ—ge tﬁn‘%@%ﬁ g%{é\éggﬁ Eggrﬁﬁgarti cularly shown and descri bed
with reference to the preferred enbodinents thereof, it will be understood
by those skilled in the art that various changes in formand details may
be made wi thqut departing fromthe spirit a f the, .15 jnvention.
15 CLAIMS 1. %erﬁ@gﬁ%@rlpgaqt@gﬁm ?%/dEPts?éégén U%?é%ﬁ’égg@fy QU%%WL& ring
| i ne having inpact on process outcone in order to trigger immediate changes
of 5 pr sheskl Repndgystood tﬁabtﬁgdor@w@ iayrRMivg ey detinguistatksiren WS diQp1.878
degradati on of process outcone, conprising the steps of:

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 monitoring. in this aspect,

10 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

15 invention.
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(1) identifying by statistical nethods said process variables affecting
nostly process outcone using process variable raw data; (2) perform ng
real -tinme nonitoring of said process variables identified as 10 affecting
process outcome; (3) activating corrective actions for said process
variables if they are exceeding their defined upper or lower Ilimt; and
(4) going back to step (2). 2. The nethod of claiml wherein said
identification by statistical nmethods is conprising 1s the steps of:
filtering outliers in raw data of said process outcone and of said process
vari ables followed by snobothing the filtered data; dividing filtered and
snoot gqdaifiet a of said process outconme and of the process variables into
sanme tinme intervals and conpute gradients between successive tine 20
intervals; translating said gradients of the process outcone data and of
the process variables data into scal es based on magni tude of the

R i AT R TR I ST
| ndepend&%(l) efir? ror&ee}‘itg téégrg'sr irinmeedrie\(tglc?]anges of process variables in case of
5 endangering deviations to avoid degradation of process cutcome, comprising the steps
of:
(1) identifying by statistical methods said process variables affecting mostly
process outcome using process variable raw data;
(2) performing real-time monitoring of said process variables identified as
10 affecting process outcome;
(3) activating corrective actions for said process variables if they are exceeding

their defined upper or lower limit; and

{(4) going back to step (2).

2. The method of claim 1 wherein said identification by statistical methods is comprising
15 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 between successive time
20 intervals,
translating said gradients of the process outcome data and of the process

variables data into scales based on magnitude of the gradients;

16



and assign scores depending upon the result of the conparison; determ ning
quality of correlation between said process outcone and each of s the
process vari abl es by addi ng the scores of previous step followed by
dividing the suns of scores by respective nunber of data points; and
sorting the process variables according to their inpact on process outcone.
3. The nmethod of claim?2 wherein said filtering of outliers is perforned
using a Median Absolute Difference nethod. 10 4. The nethod of claim3

wherei n a met hgshmpérintinetscafddgifetineofBse prd e sbiduterea agta wieh fregsdaied
conprising the steps of: conputing absolute differences between each and

every dapa, ok8lr hcth BEsaill Procastvafiabrslka i pbhdeMRtorSaMalne ilrnhR

achieve a data set prinme; conputing a nedian val ue of said data set

Gt o sot 208 PRpBE el U oA T A B e i Pl rel ovant

Val e ML 5. THECHBIMERaGAI Plodhr A TREPEIRR R Blacks phRANT Al B Pa 1 o

Clsai m 2 INSobSF RSBy s PY o Bqbe SHaSEY RiatbveF Epialavey &Y BuEq Mo rom
sums of scores by respective number of data points; and

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

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

Absolute Difference method.

10 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;
15 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

20 of said median value M2.
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t he medi an point ML in the order of nmagnitude of 12 tinmes the standard
deviation of said relevant data set. s 7. The nethod of claim2 wherein
all points are defined as outliers having a deviation from the nmean val ue
of Nx a, wherein a is the standard deviation and N is a predefined

nunber. 8. The method of claim2 wherein said snmobothing is perforned using
a Kernel nmethod. 9. The nethod of claim8 wherein said Kernel Method is a
Kernel Snoother. 10 10. The nethod of claim 8 wherein said Kernel Method is
a Vi ghtakk RRHRESH danMe Whetein alibolits aﬂ@HBﬁ@bd)és 6Ly %Wé@eﬂiaﬁéh@mm

snoothing is performed using discrete rret ods. 12. The nethod of claim?2

wher ei n faintbdibfBolrl |Y:ath§ o dfin 1@ttﬁﬁg¥sa{h% sté-f?d%ra é‘lemé?ioﬂ%tf QQ@ of

cIa|n12 ereln sald fixed tine Inte vals ave dur ati on hours eac

14. The h f claim2 wherein said time intervals are variable tine
intervaﬂgﬁk gpm%ﬁee&ethod of claim 14 wherein said variable tine intervals
are only introduced if 20 gradients of tw successive fixed tinme intervals
have different signs. 18 16. The nethod of claim 14 wherein the duration of
sai d varlable time intervals is obtained ¢through iterations ainmed at

get ti Ag theemsthad efdaim 2 mtereinal Roints 250 Agtined aﬁﬁumer%'ﬂaw%ﬁ&ﬁvm@n from

resources used. 17. The nethod of claim2 wherein said transl ati on of
gr adi enttbeirsearovagué oF higx s hehsteips infhe 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 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.
12. The method of claim 2 wherein said time intervals are fixed time intervals.

15 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

20 gradients of two successive fixed time intervals have different signs.
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5 converting said gradients into trigononetric degrees by taking inverse
tangents; and. converting said trigononetric 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-1to +1, and a
negative scale is selected if said inverse tangent 10 is lower than -1

18. The nmethod of claim2 wherein said scores dependi ng upon the results of
said conparison are assigned +1 if both the scales of process outconme and

process, VA& nath€d ohedin a4Saigedl 88 durdtidrSofasid gaesblé tinidiatepest @solsthingdocess
out cone and process variable is have opposite signs, and zero is assigned

i f one qfdy ﬁi%?%‘o?l% élﬁl@é%%@ﬁ tg@%sf‘?&s@ﬁﬂtoﬂfwﬁ é"réﬁs%n‘é/ﬁl%ré‘rh!?urﬁ%fd scores

dependi ng upon the results conpari son are assigned +1 if

magni tu%%?nz;ﬁftmﬁrr%&?rﬁegﬂts%@m and process variables are the sane,

ot herw se Zero~i s assrgne 20 20. The method of claim2 wherein said
quality of correlation is determ ned by adding for each of said process
vari abl e the scores of said conparison followed by a division of the sum

of sald addi tion by a nunber of the data pojn each proce ari abl e.
Q0 511771 MEURSEAIaE AMeTel bisaler AGaier ShaaR SRS R i e sighs of

semn conduct or . ) _ o
5 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

10 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

15 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.

20

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.
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manuf acturing line. 22. The nethod of claim 21 wherein said process outcone
is a resistance of a typical netal |Iline structure of a sem conduct or

manuf actured in said sem conductor nmanufacturing s line. 23. The method of
claiml wherein nore than one of said process outconme paraneters is
nonitored. 24. The method of claim23 wherein each of said process outcone
paraneters has a different set of matching process variables. 10 25. The
met hod of cl aim 23 wherein each of said process outcone paraneters has a
commoR1s&he ohicthad ohtlagm Arwhesih yaidinadridsctudiog linde asemicbndliclorai m 1 wherein
said real-tinme nonitoring of said process variables conprises steps of:

cal cul atfhpguiaBNGrng liaser age of raw data based on a defined nunber of past

is data points inorder to generate a wei ghted average and set-up upper and
lower Iimts wusing these data points; then repeating cal culation of noving
average for all subsequent data points using the sane nunber of past data

ggicgégg?’@?jéé%gﬁ{ogjg}fgéf%igﬁgfﬁhg%ﬂ S%Pd ;S]t%tcggé bﬂgzo%edirsiaf rtesisftan%%i cﬁ e{@wcﬁgm%\’aefr age
line structure of a semiconductor manufactured in said semiconductor manufacturing

5 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.

10 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
15 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

20



limts. 27. The nethod of claim 26 wherein said [imts are set by said
novi ng average +/- 3 x a, 5 wherein a is the standard devi ation of these
data points. 28. The nethod of claim 26 wherein said defined nunber of past
data points is five. 29. A nethod to identify process variables of a

sem conductor manufacturing |line having inpact on process outcone in order
to trigger imredi ate changes of process variables in case of endangering
deviations to avoid degradati on of process outconme, conprising to the

steps of: (1) figkteRting@ QU F 68IESMOVInG AVeifetertiel8iotie R saRiSSppemMeesre and of
said process variables followed by snmoothing the filtered data; (2)

di vi di ng kst ered and snoot hed data of said process outcone and of the
process variables into sane tinme intervals and conpute gradi ents between
successive 1s tinme intervals; (3) translating said gradients of the
process outconme data and of the process variables data into scal es based

on magni t.ude of th radients; .(4), conparin he scal ed gradi en of said
r o0 old JheaBRboHEN ST A6 Vhaeit SAF GBS dr by S B inedveLadh A At e
vari abl es data independently for said tinme 20 intervals and assign scores
dependi ng w@neinheisribe gtandard dawatonphiieserdata points.

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 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, comprising

10 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
15 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

20 intervals and assign scores depending upon the result of the comparison;
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(5) determning quality of correlation between said process outcone and
each of the process variables by adding the scores of previous step
foll owed by dividing the suns of scores by respective nunber of data
points; (6) sorting the process variables according to their inpact on
process outcome; 5 (7) performng real-tinme nonitoring of said process
variables identified as affecting process outcone; (8) activating
corrective actions for said process variables if they are exceeding their
defined upper @) detaminihg ublityafdofrélatignibetvderc kait pretess quigome B0d3dchThe
met hod of claim29 wherein said filtering of outliers is perforned using a
Medi an  Hpgel ptbeedd VArRIRIRCEY SBAIAGthe 3dorhof PRIVIAE $Stbp SoIRIMBAIS) WhRIIR) thea
met hod of usﬁﬁg said Medi an Abso?ute D'ffergﬁie met hod isdggﬁprigg%g t he
steps of & e fF QLBLIRN sAvatRirsbhdf fTBRREBSinRet ween each and every data
poi nt ofS%he rgﬁgbaﬁgeggﬁgvgéﬁlaﬁ%%?ts nEdWaﬁ value ML to achieve a data
set prime; co i i | I L. ' .ng a
g@tsoHQQQh%%@é%s rl'éﬁlelxgac%ﬁ)rdj@ Po H\%irqg\g)t%gt (grlie Pf&e}s?ﬁdd&%é

standard devi on srgma tof “sai d origi na evan ering all
in ljers fr id.original. relev ich
po5 ts as out ( p%rforrﬁirrqgsr%algt:r%e n%r@fj&)rlngeofessafjl E)roggésa vésr‘leébies\'\%'e%{?ﬁeacf &s
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).

10
30. The method of claim 29 wherein said filtering of outliers is performed using a Median
Absolute Difference method.
31. The method of claim 30 wherein a method of using said Median Absolute Difference
method is comprising the steps of:
15 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
20 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.
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20 exceeding a predefined deviation fromsaid nmedian value ML. 32. The

nmet hod of claim 29 wherein said standard deviation signa is estimted by
1.5 times of said nedian value M2. 22 33. The nethod of claim 29 wherein
all points are defined as outliers having a deviation fromthe nedian
point ML in the order of magnitude of 12 tinmes the standard deviation of
said relevant data set. 5 34. The nethod of claim 29 wherein all points are
defined as outliers having a deviation fromthe nean value of N x a,
wherein a is the standard deviation and Nis a predefined nunber. 35. The
met hod of claim 29 wherein said snoothing is perfornmed using a Kernel

Ker EE? JrEomathod 1A 20418l afioBirio ald §%ﬁf‘ﬁ§e€€%ﬁ“'§§{ R RO % i s 2
Wi R ) 8

Vo ot S AT iy BB PR PRl A By
wher ei n ald tinme tervals are fixed tinme intervals. 15 40. The nmet hod of
claim2® \ﬁﬁ}éjrr&kﬁ’aé‘gaﬁafsfeied time intervals have duration of 8 hours each.

41. The nethod of claim?29 wherein said tinme intervals are variable tine
i ¥t erval s.

34. The method of claim 29 wherein alt 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.
10 36.The method of claim 35 wherein said Kernel Method is a Kernel 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.
15

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.
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23 42. The nethod of claim4l wherein said variable tinme intervals are only
introduced if gradients of tw successive fixed tine intervals have
different signs. 43. The nethod of claim4l wherein the duration of said
variable time intervals is obtained through iterations ainmed at getting
the best resolution with a reasonabl e anobunt of 5 conputing resources used.
44. The nethod of claim 29 wherein said translation of gradients is
conprising the steps of: converting said gradients into trigononetric

degr eag. e malkiditof deT FEwhaRIe BERY varRBb tirhi@ MvedlNareSenI¢l irtfddaes@fet ri c
degrees into a scale wherein a positive scale is io0 selected if said

I nverse %@ﬁ%toﬂtﬁlo'S%Eeéési\wﬁ{bdl‘eimé it?}%l’vd@ha\%:@ilﬁérérﬁ s@‘ﬂs?c'[ ed if said
inverse tangent is from-1to +1, and a negative scale Is selected if said
inverse tangent is lower than -1. 45. The nethod of claim?29 wherein said

scores depending upon the results of said is conparison are assigned +1 if

bot h e-.scal f . process .outc nd. process variahl e . have a sane sign,
R s R3S T Rusifod of la"S 81 wibrbi R LB N BiE BBl SRR Jve
opposite signs, and zero is assigned if one of the scales js zero. 46. The
met hod 6Pf0&%Bi'W@t@ﬂﬁf?éW§p@t§§ﬁm§ESrb§§f ERspRRIgN YLD sPAsomablecapYRt off  sai d
20 conparison are assigned +1 if the magnitudes of process outcone and
priocess 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 {rigonometric degrees into a scale wherein a positive scale is
10 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 results of said
15 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

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

variables are the same, otherwise zero is assigned.
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vari ables are the sane, otherw se zero is assigned. 24 47. The net hod of
claim?29 wherein said quality of correlation is determ ned by addi ng for
each of said process variable the scores of said conparison followed by a
division of the sumof said addition by a nunber of the data points of
each process variable. 48. The nmethod of claim29 wherein said process
outcone is a resistance of a typical nmetal 5 line structure of a

sem conduct or manufactured in said sem conductor nmanufacturing |ine. 49.

The mayhadt @ktdEemidimh 20 @herdin FaleqlidianoDasraticaiisHasrat8es b wtaPkEor
paranmeters is nonitored. 50. The nethod of claim49 wherein each of said

process éﬁ&gdj%;iﬁfﬁgtﬂﬁ% géﬁ?tﬂé?hé‘sc&r@s o Eéi@fc%%pé%bn?&ld%oc% BYHIREIBR B the

vari abl es. claim49 wherein each of said process outcone

par anet %%B@gaié add @jﬁ% §ﬁbp1%{er gﬁ{r%hﬂizﬂg gr%frﬁg 8?%3(\,5/@?1&9%%@?&@%6. The net hod

of claim erein real -t ne nmoni Ing o rocess variables 15
conpri ses steps of: cal culating noving average of raw data based on a
defined nunber of past data points in order to generate a wei ghted average

and set-up u r.and lower limts, .using these data pqints; ihen,
48. The nﬁ)gtﬁod of ciaim% wherré]m said process ou?come 1as a re?s?stance 0 a?yptcal metal
5 line structure of a semiconductor manufactured in said semiconductor manufacturing

line.

49. The method of claim 29 wherein more than one of said process ouicome parameters is

monitored.

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

10 different set of matching process variables.

51. The method of claim 49 wherein each of said process outcome parameters has a

common set of maiching process variables.

52. The method of claim 29 wherein said real-time monitoring of said process variables
15 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 calcuiation of moving average for all subsequent data points using

20 the same number of past data points as in previous step; and
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repeating cal cul ati on of noving average for all subsequent data points
using 20 the sane nunber of past data points as in previous step; and 25
detecting a drift if said noving average exceeds one of said upper/| ower
limts. 53. The nethod of claimb52 wherein said [imts are set by said
novi ng average +/- 3 x 6, 5 wherein 6 is the standard devi ation of these
data points. 54. The nethod of claim52 wherein said defined nunber of past
data points is five. 26

detecting a drift if said moving average exceeds one of said upperf/lower

timits.

53. The method of claim 52 wherein said limits are set by said moving average +/- 3 X o,

5 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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