PROCESS CONTROL USI NG PROCESS DATA AND YI ELD DATA FI ELD OF THE | NVENTI ON
100011The invention generally relates to nmethods for nonitoring a

manuf acturi ng process. Mire particularly, the invention relates to using
metrol ogy data and process data to nonitor a manufacturing process.
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[00018]FIG 1 is a schematic drawi ng depicting a nodel for nonitoring a

manuf acturing process, according to an illustrative enbodi nent of the
i nvention. 1000191FIG 2 is a schematic drawi ng depicting inplenmenting a
nodel for nonitoring a manufacturing process, according to an illustrative
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di mensi ons (K variables) of the original data (original matrix X) down to a
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[ 00026] I n one enbodi nent, the nodel devel oping step then involves

determ ning the principal conponents and | oadi ngs of the nodel using an
non-linear iterative non-linear partial |east squares (N PALS) nethod, as
gi ven by the follow ng equation: X =IP -FEEQN 2 where T is the scores

matri x, is the loading matrix, P is the transpose of the P matrix, and E
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module for creating a second mathematical model of the first process step based on the
metrology data and the acquired data for the plurality of process variables for the first process
step (“Element d”). The system also includes a model generation module for creating an n®
mathematical model based on the metrology data and the data for the plurality of process
variables for each of the n process steps (“Element €”). The system also includes a model
generation module for creating a top level mathematical model based on the metrology data and
the models created by elements c, d and e (“Element £”). The top level mathematical model is

based on those process variables that have a substantial effect on the metrology data.

[00014] In some embodiments, the system for creating a mathematical model according to
a multivariate analysis includes a processor for comparing data for each process step for
manufacturing a semiconductor wafer to the top level model generated by element f. to

determine whether a fault occurred during any of the n process steps.

[00015] In some embodiments, the system includes a processor output connected to at
least one tool used to perform at least one process step. The processor can modify an operating
property of at least one process step based on whether the top level model determines that a fault
has occurred during at least one process step. The processor can identify which of the process

variables causes manufacturing yield to be below a predetermined limit.

[00016] In some embodiments, the system includes a processor for comparing data for the
first process step for manufacturing a semiconductor wafer to the top level model generated by
element f to determine whether manufacturing yield will be above a predetermined limit. In

some embodiments, the process variables that have a substantial effect on the metrology data are
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[ 00029] The cal cul ati ons of EQNS. 5-7 are then repeated until the

cal cul ati ons converge. By way of exanple, a user may specify (based on user
experience) that the cal cul ati ons have converged when [i" tllsd(le 6EQN. 8
where tlold is the value of ti fromthe prior iteration of performng the
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DETAILED DESCRIPTION OF THE INVENTION

0

[00021] FIG. 1 is a schematic drawing depicting a method 100 for creating a model for
monitoring a manufacturing process for manufacturing a lot of semiconductor wafers 104,
according to an illustrative embodiment of the invention. The method 100 involves combining
process data and yield data (e.g., metrology data) to create a model for process control of a
manufacturing process and yield prediction for a manufacturing process. The manufacturing
process includes a plurality of process steps 108A, 108B, 108C or 108D for processing the lot of
semiconductor wafers 104. In this embodiment, the manufacturing process includes “n” number
of process steps 108A, 108B, 108C or 108D. The method 100 involves acquiring metrology data
112 taken from the final output 134 of the plurality of process steps 108A, 108B, 108C or 108D.

In some embodiments, the step 112 involves acquiring data for a plurality of process variables
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= FV(PW-1EQN. 15 The M features may, for exanple, be a specific

nmetrol ogy netric value associated with each observation (e.g., each wafer)
or aclass identifier. [00034]T is the score matrix of X, .and Uis the
score matrix of Y. Wis the X-weight matrix and Cis the Y-weight matrix. F
is the residual matrix associated with Y. The Wmatrix is n by: WIJ[1411

vewl] EE the gutawiol 3th & he datsrachyiredsfog packypLishe PIQ?;GEEGQ‘?PS 1084, d@@gs}@uqﬁn 198Dy as
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is then _scaled to unit Iength by: frill =1.0EQN. 19 [00036] The next step in
the NI PAPS nethod invol ves: XW EQN. 20 yrt rEQN. 21 Ye,

[00022] The method 100 creates models based on the plurality of process steps 1084,
108B, 108C and 108D. The method 100 involves creating a first mathematical model 116A
(generally 116) from data acquired from process step 108A and the metrology data 112 acquired
from the final semiconductor wafers 130. This model generation (step 116) is repeated for at
least a second process step (108B). In this embodiment, generation step 116 is repeated for each
process step 108, thereby generating “n” mathematical models. In this embodiment, the step 116
of creating mathematical models (116A, 1 163, 116C or 116D) includes using data acquired from
the plurality of process steps 108A, 108B, 108C or 108D and the metrology data 112 to generate
batch level Partial Least Squares (PLS) models for each process step. The method 100 also
includes the step 120 of exporting batch level scores from each model 116A, 116B, 116C or
116D and merging the batch level scores with the metrology data 112. The method 100 also
includes generating a top level mathematical model 124 that is based on those process vanables

that have a substantial effect on the rnetrology data 112.

[00023] In some embodiments, creating the mathematical models based on the data
acquired involves using multivariate analysis techniques or neural network modeling techniques.
By way of example, multivariate analysis techniques may be implemented by using the SIMCA-
P+ multivariate analysis software package (Umetrics, offices in Kinnelon, NJ). In one
embodiment, the model creation step (e.g., step 116A) involves formatting in a matrix X (see
EQN. 1) the metrology data acquired, step 112 for each process step, where the matrix X has N
rows and K columns. K is the number of manufacturing related variables and N is the number of
outputs (e.g., observations, number of wafers) of the specific manufacturing process (e.g.,

process step 108A).




= EQN. 22 ci where the calculations of EQNS. 18-22 are repeated until the
cal cul ati ons converge. By way of exanple, a user may specify (based on user
experience) that the cal cul ati ons have converged when -tladll (le 6 lit "I

I i EQN. 23 where lid," is the value of ti fromthe prior iteration of
perform ng the cal cul ations using EQNS. 18-22. [00037] Once the cal cul ati ons
have converged, the |X | oadi.ngs &k determined from Xr pi= T tl ti The
residual matrix E ig then determned fromthe followi ng relationship: E = X
-ttpit The residugl |matrix Fis then deternmined fromthe follgwn

rel ati onship: F =ZX=HON. ~24-EGN. -2p EQN. 26 [00038] The resi dubfNwdtrices E
and F are then usediin place of npatrices X and Y in

N

[00024] The model creation step involves calculating the average and standard deviation

for each column K of the matrix X. The model creation step then involves centering and scaling
each column K of the matrix X. The average of each column is subtracted from each entry in the
corresponding column of the matrix X (centering). Each entry in the matrix X is then divided by

the standard deviation of the corresponding column of the matrix X (scaling).
PCA Method

[00025] The Principal Component Analysis (PCA) method is then employed in developing
amodel, The PCA method reduces the number of dimensions (K variables) of the original data
(original matrix X) down to a few independent variables that are a linear combination of the

original data (K variables of original matrix X).

[00026] In one embodiment, the model developing step then involves determining the
principal components and loadings of the model using an non-linear iterative non-linear partial

least squares (NIPALS) method, as given by the following equation:
X=TP' +E EQN 2

where T is the scores matrix, P is the loading matrix, P’ is the transpose of the P matrix, and E

is the residual matrix. The scores matrix T is given by:
T=[ 1, o . t,] EQN. 3
and the loading matrix P is given by:

P=[p, p, . . pil | EQN. 4

where, for example, t; is the 1* principal component and p; is the 1¥ load vector. The 1*
principal component (t;) is also referred to as the 1% score vector of the X matrix and is a linear
combination of the manufacturing related variables. The 2™ principal component () is also

referred to as the 2™ score vector of the X matrix and is a linear combination of the




EQNS. 18-26 to cal cul ate the second principal conponent (t2), second |oad
vector (p2), second score vector of Y (u2), second X-weight vector (w2),
and second Y-weight vector (c2). The steps associated with EQNS. 18-26 are
then simlarly perfornmed for each additional principal conponent (tA). The
met hods described herein are applicable to applications involving nultiple
nunber snasiifashiringirglated yeripdese nthe. supgoipB ) iT ths totekaumbes el prineipalePMPARHES whi ch
of the K(gpnuf ctﬁéing ﬁelated vari abl es have a substantial effect on the
nodel J&YECH AT Y eqlﬁﬁt condition of the manufacturing process invol ves

plotti W trd d the matrix..lf .there are t f.eat.ures (.M ..

t hen t @o@gﬁat ri MIFA?(S\}%“?%&@%WQ vegjtergiye &fmipg?yl t‘@ﬁ f?@é’f‘ﬁ% Sq%?ﬁ%%% are
plotted as coordinates in a plane. The W natrix contains two val ues for
each manufacturing r&la)gt ed variable which also are plotted as éggr di nat es
in the sane planéx T 40] I'n this manner, the coordi nate val uESNP W and C
are superinposed on ddch other. Those manufacturing related variabl e
coordinates (NV) that are located in the plane in proximty to a feature
have a viichsitatihg alithemfiaitial amditiva fopthelt; Yreton gnidilleedual pribdcdimmioétheeX a

gi ven waf erﬁé‘&[& }r}%té{_&?éti cular feature. Only those colums (K)

cor r es peAidk o HIR¥Ing e MIXIRYR VAR#SFact uri ng rel ated variabl es are then
used to update the nodel using EQONS. 1-9. The, updated nodel is then capable
of di stmwﬁmsm nd e NIRAES methedthen drvolves nammlizng Rids A lP¥ocess to identify
whi ch outputs are faulty. [00041] EQNS. 1-26 can be used at an individual
process | evel (e.”g,",:li.mcl udi ng one or nore process steps) andEQN.&t a

conbi ned process |evel (e.g., including one or nore processes, each of

whi ch ¢ i ncl ude .on ' ss steps). For exanple, EQNS. 1-26 as
descri t?ggﬂ%ef}c?\%)%é %g%g%ﬂgﬁa\éﬁﬁgt hod for creating a mathemati cal nodel
for each process step, according to an illustrative enbodinent. In one
embodi ment, EQNS.; 1-26 as described above are used in a nethogQhnr7 creating
a mathematic nodel f®p an individual process. Generating A Top Level

Mat hemat i cal Model : [pb0042] In some enbodi ments, an unfol ding process is

used t rate.the top..lev i used
o gend?BETL T o g e Eols el B RIS AT BB oS und 3R BELIRR R E: 12
dat a i tByeWhy ¢Fexdmple] atugerataftispeei Eede@Cied Expichienqd) dee g cicapsionBAe 108B,
108C or 108yD of FIpG 1) anﬂ’uil{)ed}tlgbg ot her rretlﬁgd ?ges the scores froma

| ower |cepedrgesoulen  For exanpl e, EQNS. 27-29 are exanples of matrix
representations of the unfol ded data. For exanple, a 3 step process can
last 30 seconds Wty 10 wafers. In this exanple, the matrices f t he data
collection (Il ower lew$ul d have the fol | owi ng form Step EQ 'kg,l km
1(2,2 1/4,1c1,10 k k2,3 km kz5 k2,6 k2,2

where 1014 is the value of t; from the prior iteration of performing the calculations using EQNS.

5-7.

[00030] The residual matrix E is then determined from the following relationship:
E=X-tp, EQN. 9

The residual matrix E is then used in place of matrix X in EQNS. 5 and 7 to calculate the second
principal component (t;) and the second load vector (pz). The steps associated with EQNS. 5-9
are then similarly performed for each additional principal component (ta). The methods
described herein are applicable to applications involving multiple numbers of principal

components.




kz, kz2 k2,t0 k3,1 16.3,2 k3,3 kmkm km k3,2 kzs kz9 k3, 10 k4,2 km km km
k4,2 141,10 EQN. 27 0j | k14 11/41 k2,2 k2,3 k24 1.

[00031] Principal component coefficients for each observation (e.g., output of the
manufacturing process) are then calculated using the equations (ta vectors) of the principal
components (EQN. 3). Users generally use the principal component coefficients to determine if
there is any clustering associated with the coefficients. Those principal component coefficients
that are close to each other when plotted in A-dimensional space may sometimes have similar
properties (where A is the total number of principal components used to produce the model).
However, in many cases it is not possible to identify similarities and dissimilarities based on the
principal component coefficients because all the original manufacturing related variables have
been used to develop the model and each of the variables has been given similar weight (the
principal component score is the linear combination of all the variables multiplied by its weight).
Accordingly, it is therefore necessary to identify those manufacturing related variables that have

a substantial effect on the model for detecting faulty outputs of the manufacturing process.

[00032] Identifying the manufacturing related variables that have a substantial effect can
involve performing a partial least squares discrimination analysis (PLSDA) in which those
manufacturing related variables are selected that have a substantial effect on the model for

detecting faulty outputs of the manufacturing process.

PLS and PLSDA Method

[00033] The PLS and PLSDA method is employed as given by the following equations:
X=TP'+E EQN. 10
Y=UC'+F EQN. 11
T=XW" EQN. 12
Y=BX+E EQN. 13
B=w(EPWwWy'C EQN. 14

where Y is an (M x N) matrix that contains data associated with M features of the N

observations, B is the regression coefficient, and where

wr=w(Pw)' EQN. 15




k3,2 k3,3 k3,4 kAL k42 k43 kmk2,5 kmkm Step 2: k" k26 163,6 k4,6 EQN.
28 k" k), 3

The M features may, for example, be a specific metrology metric value associated with each

observation (e.g., each wafer) or a class identifier.

[00034] T is the score matrix of X, and U is the score matrix of Y. W is the X-weight
matrix and C is the Y-weight matrix. F is the residual matrix associated with Y. The W matrix

is given by:

W=lw, w, .. .. w,] EQN. 16
and the C matrix is given by:

C=le, ¢ o o ¢, EQN. 17

[00035] Similarly as previously described herein, the NIPALS method is used in

accordance with the following equations:

Xy,
=T
Uy Uy

w, EQN. 18

Where u is set to be equal to one column of the Y matrix as an initial condition. The vector wy

is then scaled to unit length by:
[wi]=1.0 | EQN. 19

[00036] The next step in the NIPALS method involves:

= X, EQN. 20

) T

¢ =Lh EQN. 21
t] tl

uy =25 EQN. 22
¢ &

where the calculations of EQNS. 18-22 are repeated until the calculations converge. By way of
example, a user may specify (based on user experience) that the calculations have converged

when

I =t (le—6 | EQN. 23

]
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k2, k2,3 k37 k3,3 k4, k43 k,,, ,1/4k210 ( k2,9 k2,30 k,,, k3,10 k3,1
k4,9 40 k4, 1\ kl 2 km km k4, 2

where t)o1q is the value of t; from the prior iteration of performing the calculations using EQNS.

18-22.
[00037] Once the calculations have converged, the X loadings are determined from:
P = ff: EQN. 24
The residual matrix E is then determined from the following relationship:
E=X-tp/ EQN. 25
The residual matrix F is then determined from the following relationship:
F=Y-tc/ EQN. 26
[00038] The residual matrices E and F are then used in place of matrices X and Y in

EQNS. 18-26 to calculate the second principal component (t;), second load vector (p2), second
score vector of Y (uy), second X-weight vector (w,), and second Y-weight vector (cz). The steps
associated with EQNS. 18-26 are then similarly performed for each additional principal
component (ta). The methods described herein are appli-cabie to applications involving multiple

numbers of principal components.

[00039] The next step in determining which of the K manufacturing related variables have
a substantial effect on the model detecting the fault condition of the manufacturing process
involves plotting the W’ matrix and the C matrix. If there are two features (M), then the C
matrix will have two values C; and C, for each feature which are plotted as coordinates in a
plane. The W’ matrix contains two values for each manufacturing related variable which also

are plotted as coordinates in the same plane.

[00040] In this manner, the coordinate values of W~ and C are superimposed on each
other. Those manufacturing related variable coordinates (W) that are located in the plane in
proximity to a feature have a substantial effect on the model being able to predict whether a
given wafer has that particular feature. Only those columns (K) corresponding to the substantial
manufacturing related variables are then used to update the model using EQNS. 1-9. The
updated model is then capable of distinguishing between outputs of the manufacturing process to

identify which outputs are faulty.

-11-




kh3 km k2,4 km km k4,3 km Step 3: k" ki.6 km1(2,6 kmk3,6 km k4,6 EQN. 29
17 km

[00041] EQNS. 1-26 can be used at an individual process level (e.g., including one or
more process steps) and/or at a combined process level (e.g., including one or more processes,
each of which can include one or more process steps). For example, EQNS. 1-26 as described
above can be used in a method for creating a mathematical model for each process step,
according to an illustrative embodiment. In one embodiment, EQNS. 1-26 as described above

are used in a method for creating a mathematic model for an individual process.

Generating A Top Level Mathematical Model:

[00042] In some embodiments, an unfolding process is used to generate the top level
mathematical model. Two methods can be used to generate a top level mathematical model: i)
one method uses the actual data itself (e.g., data acquired for each of the process steps 108A,
108B, 108C or 108D of FIG. 1) and ii) the other method uses the scores from a lower level
model. For example, EQNS. 27-29 are examples of matrix representations of the unfolded data.
For example, a 3 step process can last 30 seconds with 10 wafers. In this example, the matrices

for the data collection (lower level) would have the following form:

ky ko kg kg
k, Kk, k, k,
ks ks ks ks
ke ky kg ky
kl,f kZ,S k3,5 k4,5
Step 1‘ k],6 k2,6 k3,6 k4,6 EQN. 27
kl,7 k2,7 k3,7 k4,7
kl,8 k2,8 k3,8 k4,3
kl,9 k2,9 k3,9 k4,9
Ko Ko Ko Kago

-12-




k2,7 kmk, km k47 k43 km km km kuo km 1000431l n sone enbodi nents, the
sane paraneters (kii,#) are not neasured in each process step. For exanple,
sonme, all or none of the paranmeters can be the sane for each process step.
In sone enbodi nents, each step does not have to have the sane nunber of
sanples (e.g., step one could |last 10 seconds, step 2 could last 20
seconds, and step three could last 2 seconds). In sone enbodi nents, the

steps do not have to W@ samp|ediat khje)sane sanpling rate. In this
enbodi ment, EQNS. 27- 2.%';ﬁar§(’sel ct eg‘[’t b denonstrate the unfol ding process,
where the formof the ri'ées répeat’s|itself for each of the wafers (10 in
this exanple) monitored,; Ngthol;1 &, ;Unfol ding OF Actual Data 100044]In
this embodi ment, the ngthod, invplveg transformng each matrix (e.g., matrix
of EQN. 27) into a vegtbr affl cortbint’ng the vectors to make a single rowto
be used in the ts{% Irzng\ &s nddel . %lsn €0i $ enmbodi nent, step 1 trﬁgﬁf ?kms into
the foll owi ng ve Br= (k{g pwc%kl,}gzl§,4k4160 EQN. 30 where the subscripts kx,vy,,
are ' ’ ’ |
k1,7 k2,7 k3,7 k4,7
kl,s k2,8 k’:),8 k4,8
k1,9 k2,9 k3,9 k4,9
\kl,w kz,lo ks,m k4,xo J
(kl,l kz,l k3,1 k4,1 )
kl,2 k2,2 k3,2 k4,2
k]3 k2,3 k3,3 k4,3
kl,4 k2,4 k3,4 k4,4
le kZS k35 k45
Step 3: | . ’ ' EQN. 29
kg ks ks kug
k!,7 k2,7 k3,7 k4,7
kl,s k2,8 k3,8 k4,8
kl,9 k2,9 k3,9 k4,9
\kl,lo k2,10 k3,10 k4,10)
[00043] In some embodiments, the same parameters (ks #) are not measured in each

process step. For example, some, all or none of the parameters can be the same for each process
step. In some embodiments, each step does not have to have the same number of samples (e.g.,
step one could last 10 seconds, step 2 could last 20 seconds, and step three could last 2 seconds).
In some embodiments, the steps do not have to be sampled at the same sampling rate. In this
embodiment, EQNS. 27-29 are selected to demonstrate the unfolding process, where the form of

the matrices repeats itself for each of the wafers (10 in this example) monitored.
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X = process step y = paraneter z = observation id where "observation id"
refers to a row of data fromthe individual process steps. Simlarly, the
other two steps would transforminto the followi ng two vectors k2,2, 1*'
k24,151c23,2' ''k2,4,2,,k2,1,3".k2,4,10)EQN. 31 and 'k3A 2 kul "
-k3.4,10) EQN. 32 [00045]1In this enbodi ment, these vectors (EQNS. 30, 31,
and 32) are then conbined to forma single row representing a single wafer
t hat woubitlod aveadfbidideadf AviaaidDdar m (k1,1,1, k12 ...k110 >4,1,1,

k2,2, 1k2410, k," k3,2,1*. 43,4,10 )EQN. 33 [00046]In this enbodi nent, the
top | evel nodel woul d have the for%bof a matrix_haying gs many rows as

there dPW4dhs er s In thisembodimept the methed inyelvesrspsfirmprg\cach matik f o8- g@arFaty i x
.g., { G i : |
ton 1 AP S0 p vBCOLAR rliinE B FRRR Bihnie S, S (FORWRE iRl 0 301 0°

sol ved letchmodelr Mekias embodiment step X teansforng auto the folbawidg (vectgr:, as described in
the PLS and PSLDA net hod section above) to generate the top |evel nodel.
Met hod 2- Unfol ding of Scores [00047] Gbservation | evel data is unfol ded
into the top lev del..» One ex I t hqd uses raw data 2an as
descri bed above) E(}é‘r‘rgye‘éﬁotlﬁé‘r’g’ﬁét ﬁlégg”g%’éé‘rrg‘c“b" es. In this enbogigrrl\gr?to, t he
MVA nodel is run on the |ower |evel data as defined above in EQNS. 27-29.
By way Vq{er@ﬁlg@msgﬁgt@h(yyl aleep 1 can have 2 principal conponents, step 2 can
have 3 principal conpdrients, and step 3 can have 2 principal conponents.
The scores natri &spoegsssi¢bse st eps woul d have the following forns, where
the score matri cys paasrectas many colums as there are principal conponents
for the step: (tzw diségvatiddid3

- where “observation id” refers to a row of data from the individual process steps. Similarly, the

other two steps would transform into the following two vectors
(kz,u 5 k2,2,l ° 'k2,4,1 s k2,1,2 ° ‘k2,4,2=:k2,1,3 . ’k2,4,!0) EQN. 31

and
(k3,1,1> k3,2,1 o k3,4,1 > k3,1,2 T ka,?z,z” k3,1,3 .- -ka,a,w) EQN. 32

[00045] In this embodiment, these vectors (EQNS. 30, 31, and 32) are then combined to

form a single row representing a single wafer that would have the following form:

(km,l > kl,z,l T k1,4,10 > kz,x,l > k2,2,1 - k2,4,1o s k3,l,i > ]"3,2,; e k3,4,10 ) EQN. 33

[00046] In this embodiment, the top level model would have the form of a matrix having
as many rows as there are wafers. Each row would have the form of EQN. 33. Unfolded matrix
(e.g., which can include a row represented by EQN. 33) can be used to solve EQN. 10 (e.g., the
X portion of the PLS model). After X is solved, and Y is solved, the correlation between X and
Y can be found (e.g., as described in the PLS and PSLDA method section above) to generate the

top level model.
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12,1 12,2 123 11,4 /2,4 Step 1: 4,4 /2,3 EQN. 34 11,6 126 4,7 12,7
4,8

Method 2 — Unfolding of Scores

[00047] Observation level data is unfolded into the top level model. One exemplary
method uses raw data (e.g., as described above) and another method uses scores. In this
embodiment, the MVA model is run on the lower level data as defined above in EQNS. 27-29.
By way of example only, step 1 can have 2 principal components, step 2 can have 3 principal
components, and step 3 can have 2 principal components. The scores matrices for these steps
would have the following forms, where the score matrices have as many columns as there are

principal components for the step:

t],l t2,1 )
tl 2 t2,2
tl 3 t2,3
La By
Step1: | EQN. 34
tl 6 t2,5
tl 7 t2,7
tl 8 t2,8
t1,9 t2,9
\tl,lo tZ,]O
tl 1 tZ,l t3 i

Step2: | ~ . ’ EQN. 35

\tl,lo t2,10 t3,10/
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12,8 4,9 12,2 , 13,10 12,10 /6 \ 1,1 t2,13,1 11,2 12, 213, 2 4,3

(t1,1 Ly )
Lo by
s 3
e by
Step 3: fs o EQN. 36
e s
by L
hg 1l
Ly Iy
URTIZEY,

[00048] Alternatively, in another embodiment actual process data (e.g., see before) is
used. A similar process as used above with the raw data method would translate the three

matrices (e.g., EQNS 34-36) using scores, into the following vectors:

for step 1,

(tl,l’[2,l’tl,25tz,2" ":tx,lo»tz,xo) EQN. 37
for st;ap 2,

(tl,l9t2,l>t3,l9t1,2>t2,2”"’tz,m’tS,lO) EQN. 38
and for step 3

(tl,lﬂtz,lﬂtl,Z’tZ,Z""’tl,l()’tz,lo) EQN. 39
[00049] In this embodiment, the three steps would be combined into a single row of the

top level model representing a single wafer and would look like

(tl,l,l’tl,2,l’tl,l,2" "tx,l,loatl,z,loatz,l,l’tz,z,vtz,s,x " 'tz,uo>tz.2.1o>fz,3,wsta,1,1:ts.z.x e "t3,1,10’t3,2,10) EQN. 40

where the subscripts X,y,z represent:

X = step
y = principal component
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12, 313, 3 4,4 12,413,4 Step 2: 4,6 12,613,6 EQN. 35 tI16 t2,64,6 4,7
12,713,7 4,8 12,813,8

z = sample

Unfolded matrix (e.g., which can include a row represented by EQN. 40) can be used to solve
equation 10 (the X portion of the PLS model). After X is solved, and Y is solved, the correlation
between X and Y can be found (as described in the PLS section above) to generate a top level

model.

Unfolding multiple processes

[00050] In some embodiments, unfolding multiple processes can work in a substantially
similar fashion as unfolding multiple steps. In some embodiments, the method can include
properly identifying wafers so the process data process to process remains within the same

wafer.

[00051] In this embodiment, the processes can be defined as the steps are defined. In this
embodiment, the lower level to top level unfolding has already been performed. The process

matrices can look like:

tl,l,l,l tl,l,z,l tl,l,3,1 tl,s,v,n

t2,1,1,1 t2,1,2,1 12,1,3,1 '“fz,s,v,n EQN 41

tw,l,&,l tw,1,2,1 tw,l,3,l fw,s,v,n

where the subscripts w,s,v,n represent

w = wafer
S = process step
v = principal component (or alternatively, if modeling with raw data, variable)
n = observation number
[00052] In this embodiment, when multiple processes are combined, then the combined

matrix will be structured according to:
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t1,9 12,913,4 \j t2,10t3 tz, 11,2t2,2 11,3tz3 t1,4t2,4 t"12,5 11,6t2,6
43 1'm 11,812.8 t1,912,9 tuot2,10 [00048]Alternatively, in another

enbodi ment actual process data (e.g., see before) is used. A simlar
process as used above with the raw data nethod would translate the three
matrices (e.g., EQNS 34-36) using scores, into the follow ng vectors:

Baant fanzn o Basen Baan f2a200 Basen  lpann fpa2t T Apsan

t2,1,1,1,1 t2,1,1,2,1 t2,l,s,v,n t2,2,1,1,1 t2,2,1,2,1 t2,2,s,v,n t2,p,l,l,l tZ,p,[,Z,l tZ,p,s,v,ﬂ

EQN. 42

tw,l,l,l,l tw,l,l,Z,l e tw,l,s,v,n tw,z,l,l,l tw,Z,l,Z,l o tw,z,s,v,n T tw,p,l,i,l tw,p,l,Z,l et w,p,8. V0

where the subscripts now account for

w = wafer

p = process

s = process step

v = principal component (or, alternatively, if modeling with raw data, variable)

n = observation number
[00053] EQNS. 27-42 as described above, define exemplary methods for combining
multiple processes and steps. EQNS. 27-42 generate an “X Matrix” (e.g., an “nth” mathematical
model) that can be used to solve EQN. 10 as described above. EQN. 10 can be combined with
the “Y data” (e.g., metrology data) to complete a PLS top level model. In embodiments in which
the models are based on scores rather than raw data, a top level matrix is generated that combines

each of the multiple processes by using individual PLS models.

[00054] FIG. 2 is a schematic drawing depicting a method for implementing a model 200
for monitoring a manufacturing process for manufacturing a lot of semiconductor wafers 104,
according to an illustrative embodiment of the invention. The method 200 involves performing
at least two process steps 108A and 108B and acquiring data 204A and 204B (generally 204) for
the output of the two process steps 108A and 108B, respectively. In this embodiment, the
method 200 includes up to “n” process steps 108A, 108B, 108C and 108D. The data acquired
(204A, 204B, 204C and 204D) for each of the “n” process steps is provided to a model (e.g., the
model 124 of FIG. 1). The model 124 is then used to generate an output 128 that is a prediction
of the occurrence of a fault and/or classification of the fault identified in one or more of the
wafers. The model can be used to identify a fault or classify a fault in one or more of the process
steps and/or in the final wafers output by performing each of the “n” process steps 108A, 108B,
108C and 108D.

[00055] FIG. 3 is a graph comparing a predicted yield 136 of a manufacturing process to

an observed yield 140 of a manufacturing process, according to an illustrative embodiment of the
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for step 1, for step 2, and for step 3 (th"t"ty ,tz2" 4,1 41,2
t22,t210113,10 (t1,1,t2,17 t1,2 42,24,10 4'2,10) EQN. 37 EQN. 38 EQN. 39
[00049]In this enbodi ment, the three steps would be conmbined into a single
row of the top | evel nodel representing a single waf er and woul d Iook i ke

&LIP t1], 2, 1,241,1,10.4,2,]0 t211 1112,3,1 0 10
1'2, 3, Wepeqr& T@mr?@ctfd Yisldves Qre?e@ BeiRg a&@ lm@rl%afhma Eaé@eﬂélpgbé %‘z
repr es%togﬁevél RhGPm n lﬁ{dd@ﬂﬁadfrfi@@?aﬁ‘d‘ﬁ Tﬁe %'rﬁ) &é‘é?!e&@s’h{ X

(e.g can 1 nc a row represented by can be used to sol ve
equat i aretdbgytdat ahdmmctesmatmfroml'aeﬁﬁt& nﬁﬁlemferse(ﬂﬁém KG.$)sthyoddelaves Y i s

| ved,, th d b d b h
PLS selied Bareio e JeRCiha e ot By otes Qereicd py OF IO OIes L
procesggg gEa&%ﬁ% PiG B &gmysemqﬁiemtﬁe pltéafcabﬁi sé%gmymt Bhe, INbISEERE S than wor K
in a substanti al l gp@mm ar fashion as unfolding nulti | e st eps. (n some

enmbodi peadicted yipld, sﬁgnlth@anocilqic Theleccond pg. llgbeleddd; fsyhaepty meaasuredyickle
proces ?ne%sa&rgd it cson%p et STRE devioat fagrslce%\fo;l bﬁ’ &etnhlgnu%&%uyﬂrggess that

produces the devices from the wafers (e.g., semiconductor devices). The similarity of the lines
136 and 140 demonstrates the efficacy of the model to predict process yield. The y-axis 148
represents yield of the process measured from 0, meaning no functional devices, to 1, meaning

100% functional devices on a given wafer.

[00056] The above-described techniques can be implemented in digital electronic

| circuitry, or in computer hardware, firmware, software, or in combinations of them. The
implementation can be as a computer program product, e.g., a computer program tangibly
embodied in an information carrier, e.g.,in a machine-readabie storage device or in a propagated
signal, for execution by, or to control the operation of, data processing apparatus, €.g., 2
programmable processor, a computer, or multiple computers. A computer program can be
written in any form of programming language, including compiled or interpreted languages, and
it can be deployed in any form, including as a stand-alone program or as a module, component,
subroutine, or other unit suitable for use in a computing environment. A computer program can
be deployed to be executed on one computer or on multiple computers at one site or distributed

across multiple sites and interconnected by a communication network.

[00057] Method steps can be performed by one or more programmable processors
executing a computer program to perform functions of the invention by operating on input data
and generating output. Method steps can also be performed by, and apparatus can be
implemented as, special purpose logic circuitry, e.g., an FPGA (field programmable gate array)
or an ASIC (application-specific integrated circuit). Modules can refer to portions of the

computer program and/or the processor/special circuitry that implements that functionality.
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[ 00051]In this enbodi nent, the processes can be defined as the steps are
defined. In this enbodinent, the lower level to top | evel unfolding has

al ready been perforned. The process nmatrices can ook |ike: EQ\ 41 where
the subscripts w,s,v,n represent w = wafer s = process step v = principal
conponea&g%or alternatlvel i f nDdellng\Mtr1ram1data variable) n

obser vd 1 nunb EFoesmosa et%@eéﬁﬁﬁﬁ&?&ﬁﬁ%comﬁgﬁmﬁ“dp@uﬁ? NI are

combi n

ol S PSS oS i g LR Meb ot |,

1, 2 1 1 ,apy kind df Ajgital cdmpnter?, Gcnizraﬂ,y;La proc&ssar ibediyds in@n@tidnant datat ﬁoxﬁ a read-

t2p1 11t2, ,P,Vv,v,n 1121 tw, 21,1,12121t

wher e 1ol BeBB el Areit o both Pheresberyjaelementspla parablefirghor o o

step V grodekdop ?drl%ﬁéctﬁi%gl?&ﬁ%ﬁoﬁs%d otk b%@?é ﬁx&%béh de'vfceé"ﬁﬁ‘%’cdriﬁ% iMdfbtiRwndat a,

vari ab eg = observarti on nunber 106 as described above,

define d@tae rﬁﬂnanailymmmmseﬁmn aismtbplnde;; @r be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, e.g., magnetic,
magneto-optical disks, or optical disks. Data transmission and instructions can also occur over a
comfnunications network. Information carriers suitable for embodying computer program
instructions and data include all forms of non-volatile memory, including by way of example
semiconductor memory devices, e.g., EPROM, EEPROM, and flash memory devices; magnetic
disks', e.g., internal hard disks or removable disks; magneto-optical disks; and CD-ROM and
DVD-ROM disks. The processor and the memory can be supplemented by, or incorporated in

special purpose logic circuitry.

[00059] The terms "module” and "function," as used herein, mean, but are not limited fo, a
software or hardware component which performs certain tasks. A module may advantageously
be configured to reside on addressable storage medium and configured to execute on one or more
processors. A module may be fully or partially implemented with a general purpose integrated
circuit (“IC”), FPGA, or ASIC. Thus, a module may include, by way of example, components,
such as software components, object-oriented software components, class components and task
components, processes, functions, attributes, procedures, subroutines, segments of program code,
drivers, firmware, microcode, circuitry, data, databases, data structures, tables, arrays, and
variables. The functionality provided for in the components and modules may be combined into
fewer components and modules or further separated into additional components and modules.

To provide for interaction with a user, the above described techniques can be implemented on a
computer having a display device, e.g., a CRT (cathode ray tube) or LCD (liquid crystal display)
monitor, for displaying information to the user and a keyboard and a pointing device, e.g., a
mouse or a trackball, by which the user can provide input to the computer (e.g., interact with a
user interface element). Other kinds of devices can be used to provide for interaction with a user

as well; for example, feedback provided to the user can be any form of sensory feedback, e.g.,
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mul ti ple processes and steps. EQNS. 27-42 generate an "X Matrix" (e.g., an
"nth" mat hemati cal nodel) that can be used to solve EQN. 10 as descri bed
above. EQN. 10 can be conbined with the "Y data" (e.g., netrology data) to
conplete a PLS top | evel nodel. In enbodinents in which the nodels are
based on scores rather than raw data, a top level matrix is generated that
conbi nesueldetibatk, nhditary fieedpadk, pr tackls Sesiback; and ingut fionheiuser cL IS weriedds |
[00054]FIG_ 2 i.s ;a.schemat.ic _draw n epleting a nethod for inplenenting a
nodel %O@W@F’nﬂﬁﬂf‘@&giaﬁ(ﬂls c’ns&ﬁ?f?'aﬁ %F‘i?lﬁgnpb#'ocess for manufacturing a | ot of
sem conductor wafers 104, according to an illustrative enbodi nent of the

i nvent [gpv60jThe NEhHAbvRARsdribéatectsiquey daarbaiimgleaientedds b distibipedersputingeps

108A and 108B and acquiring data 204A and 204B (generally, i% for the
out put System Hat inglides » backsensh coRPOROYAC- g ds 2 RIBSCIV s BRAHPYT F BIGFICWHE  hj s

enbodi . [ Y Se St 8B,
108C aniipHpl e e ficeiidn sBivel 45gat Rebserl coBleBRER e 8 SRt Pautt

t he " n‘hapinga@smhivhbper inserfice uhdfera Webdrowstethrpeglgwhichheisemdel inte @4t with B G
1). The nodel 124 is then used 0 generate %% 0 tg@%p128 thg%)is

pr edi c €x¥APlsfmplsmeniation. 08 ARY conbination ofsugh hacsrend) MUAGIeWaTE T IIPIEF™ he faul t
| dent | fcbﬁgoﬁ 10 fl%%::@ﬁ%t%f thB Sy ehrSbe iHRScdiREGEd BRBNPRHSREnddum dent i Ty
a fault of classify a'fault in one or nore of the process steps and/or in
t he fi digitahddte conmunipationsye.gea commimnigatiensmepforkh Examplep obeemBuaicaiinns1 08A,

108B, 108C and, 108D. | 00055] Fl G. is.a graph.c L ' »yield
136 of M %%aplgg{%%r%tomsgg@guw(@t%gﬂs ?J%é%c%‘%er?% Cé_ll?f]ge ag&}e?ég%n(ﬁ% glc uring
pr ocessind aGAM Ak aetivarke(T WANUE elgatthy Buaitipglidmeludoboth vired andevitdles. The
predicted yield was created using a top |evel thenalicFI nodel , for

exanpl aetvdks. tlogome gximplas, iFeMEUNEGRIORHRFAWOTKS garp feattregrtug OBkS O filb-{ op

| evel nmpgdel i " ‘ first
ot of oy SRt FI5RH bEeLRAMBIANLANS BIRPUORRTRIRILE SIS | he
yi el d femnansadenchetwsrks tar@soiichids allloabebeitbnad thehmbbicheiwitdhed tedephonsds) .
The graph in FIG 3 displays two.lines for the_.prediction set. The first
line, msherkdPBIR").ifer oD, @RCEiPWHRediby 2 $5<ll 88 he nodel . The second
line, |abeled 140, is the actual neasured yield, neasured after the

conpl e bqﬂﬂsﬁgf thfWﬂFth%mg favkatitd Bl patichingy SRRE ARl dbskildplige fRSseidaab
produces t devices fromthe wafers (e.g., sem conductor devices). The

si m | aspeojfiofilustraiveiembedibhits itchould beamderstopd that varinuis ehanges ay fosm and defgddel

L B OBl o ol B PRSI R L, o i pr 0cess

functional devices on a given wafer. [00056] The above-descri bed techni ques
can be inplenented in digital electronic circuitry, or in conputer
hardware, firmwvare, software, or in conbinations of them The

i npl enentation can be as a conputer program product, e.g., a conputer
program tangi bly enbodied in an information carrier, e.g., in a

machi ne-readabl e storage device or in a propagated signal, for execution
by, or to control the operation of, data processing apparatus, e.g., a
progranmabl e processor, a conputer, or nultiple conputers. A conputer
program can be witten in any form of progranm ng | anguage, including
conpiled or interpreted | anguages, and it can be deployed in any form

i ncluding as a stand-al one programor as a nodul e, conponent, subrouti ne,
or other unit suitable for use in a conputing environnment. A conputer
program can be deployed to be executed on one conputer or on nultiple
conputers at one site or distributed across nultiple sites and

i nterconnected by a comuni cation network. [00057] Met hod steps can be
performed by one or nore progranmabl e processors executing a conputer
programto performfunctions of the invention by operating on input data
and generating output. Method steps can al so be perfornmed by, and apparat us
can be inplenented as, special purpose logic circuitry, e.g., an FPGA
(field progranunable gate array) or an ASIC (application-specific
integrated circuit). Mdules can refer to portions of the conputer program
and/or the processor/special circuitpy that inplenments that functionality.
[ 00058] Processors suitable for the execution of a conmputer programincl ude,
by way of exanple, both general and special purpose m croprocessors, and
any one or nore processors of any kind of digital conputer. Generally, a
processor receives instructions and data froma read-only nenory or a
random access nenory or both. The essential elenents of a conputer are a
processor for executing instructions and one or nore nenory devices for
storing instructions and data. Generally, a conputer will also include, or




specific illustrative enbodinents, it should be understood that various
changes in formand detail may be nade w thout departing fromthe spirit
and scope of the invention. CLAIMS What is clainmed is: 1. A systemfor
creating a mathematical nodel according to a nultivariate analysis, the
system conprising: a. neans for acquiring netrology data for sem conductor
wafers at the conclusion of a final cpadsgess step for a manufacturing
process; b. means for acquiring data for a plurality of process variabl es
for a fis@f1 Fr(gce}qs%.step for manufacturing sem conductor wafers; c. a
model gen&tdtS S84 e for creating a first mathematical nodel of the
first process step based on the netrol ogy data and the acquired data for

t he pluralityAoddysenofoessatigy a2 alathematical niduel ddcostingtoaoeslsivadapanalybis, means
for acquiring data for a plurality of process variables for at |east a
second pfllfééfgtgmsctogl?r‘fsﬁ’lg' manuf acturing the seni conductor wafers and a nodel
generation mogul e HREnCHREduitthPmeBaeRH JAR NIRRT dondhctdDHRrsQt tHehe first
process step based on the netrol ogy data and the acquired data for the
plurality of pomstessm ofafimprsefsoteptthea rangfaciyriogpysesst ep; e. a nodel

generation nodule for creating an nth nmathemat.ical nodel, based. gn the

net r ol ogy dat - and A% %’5?%9“? g@%%%0[5Iatni;?‘grf;?ttyftfSfocﬁ?sovcaggéle@%f iag‘r ‘es for each
of the n proceggseststpSor Maflufacturing Senfisialuc@eRRfati on module for creating a
top | evel mathematical nodel based on the netrol ogy data and the nodels

created by el &ment 8 neodel genegatign snodulerfer erspfinge/Brst mathematieal exadehefdBe bei ng
based on t hosﬁrsg 5%%2&?%@3%&%&%@@?%%%&% Faithe E&@h‘e&‘hatﬁff&etﬁé on the

nmet rol ogy data y aim rtrprl sl ng processor for
conpari ng dat glurdity eapiocgs vasisdessfoe theffakt pracuss step;ur i ng a sem conduct or

wafer to the top | evel del . generafed el eqent f. to determn ne whether a
fault occurr e dur W@“Sd%awnﬂﬁe‘?%a Bd’g'ééhté’t"ggﬁ‘?ce%“. VARBLIEy K dhictt &l ai m 1,
conprising a E’éc%ﬁ@ﬁﬁﬁ@ss% ! nGRAGEHR tHeQeRlicdn8@Rbr Wierslaf@la isRE t O
perform at | east ohe process step. 47 The systemof claim 3, wherein the

processor nodgéneegioammepide firicregtipg @ paong notheaaticalaseded nbthp fiosfesscest ep based

on whether the t |.ev nodel determ nes that fault has..occurred during
at | east one SFBBESS‘J’Q °§ﬁé$metr§19g3fﬁ%ta§9gf AP ‘%&f‘fofé ,th%ﬂlé‘}agg'n&?%%ceﬁsr ocessor
identifies wWhivgilatdds thh@eBir@pesesy@éd;abl es.causes manufacturing yield to be
bel ow a predetermined limt. 6. The systemof claim21, conprising a

processor for econpamiadg! greeeatipomadyke fo greptingr aoe smatemptieabmogahased t uri ng a
sem conduct or %\'@{eerﬁet%(ﬁ?%?g ath 01 6§ %lg':a Jg&(ﬂ? :phgglﬂg %gb%%&%ﬁ%@?%f& eheh ¢°

det er mi ne whePher® Ra urirng yie a pre rmned limt.
7. The syst emiefn plbadsesieps;whérei n the process variabl es that have a
substantial effect on the netrol ogy data are wei gfhted nore in creating the
top |evel matkemat A&¥dehgsaeration gipdgledeopesaing 3 wpiles! ipleygcHdrodshve a

substantial efieqhnthe ﬁm@@ol@?& B2h 0 1fd3hels created by elements c., d. and e., the

top level mathematical model being based on those process variables that have a

substantial effect on the metrology data.
2. The system of claim 1, comprising a processor for comparing data for each process
step for manufacturing a semiconductor wafer to the top level model generated by element

f. to determine whether a fault occurred during any of the n process steps.

3. The system of claim 1, comprising a processor output connected to at least one tool

used to perform at least one process step.
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8. The systemof claim1, wherein the top |evel mathematical nodel is a
yi el d prediction nodel based on the process vari abl es sel ected by the
nodel s created by elenments c., d. and e.

4. The system of claim 3, wherein the processor modifies an operating property of at
least one process step based on whether the top level model determines that a fault has

occurred during at least one process step.

5. The system of claim 3, wherein the processor identifies which of the process

variables causes manufacturing yield to be below a predetermined limit.

6. The system of claim 1, comprising a processor for comparing data for the first
process step for manufacturing a semiconductor wafer to the top level model generated by

element f. to determine whether manufacturing yield will be above a predetermined limit.

7. The system of claim 1, wherein the process variables that have a substantial effect
on the metrology data are weighted more in creating the top level mathematical model

than process variables that do not have a substantial effect on the metrology data.
3. The system of claim 1, wherein the top level mathematical model is a yield

prediction model based on the process variables selected by the models created by

elements c., d. and e.
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