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Semiconductor manufacturing industry has elevated cost in productions. Improvement of production
efficiency is always an important goal for manufacturers. Run-to-run control has been widely used in
batch manufacturing processes to reduce variations. Threaded exponentially weighted moving average
(threaded-EWMA) run-to-run control is an important and stable control scheme. In this paper, we study
the drifted process with mixed products are manufactured in cycles on the same tool, and find that the
process outputs will be off target greatly at the beginning runs of cycle 1, 2, ... if the product has a long
break length. In order to reduce a possible high rework rate, a threaded double EWMA (thread-dEWMA)
controller is used to handle the disturbance as well as the drift. By analysis of the system output, a drift-
compensatory approach is proposed to eliminate these large deviations. In order to enhance the system
performance, the well known “trade-off” solution is adopted to choose the optimal discount factors. Fur-
thermore, how to deal with process fault is also considered in this paper. Two kinds of fault - the step
fault and the ramp fault are discussed for fault tolerant approach which can reduce the large deviations
of process output from the specification. Simulation study showed that the proposed approaches are

effective.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

In the last years a great development in the field of semiconduc-
tor manufacturing has been achieved. Run-to-run control is one of
the most commonly used control approaches. It is a form of dis-
crete process and machine control in which the product recipe
with respect to a particular machine process is modified ex situ,
i.e., between machine “runs”, so as to minimize process drift, shift
and variability [1]. Exponentially weighted moving average
(EWMA) algorithm is often adopted in run-to-run control. Box
and Jenkins carried out pioneering work on the EWMA statistic
and showed that EWMA provides the minimum mean square error
forecast for an IMA(1, 1) process [2]. After Sachs and Hu introduced
EWMA into semiconductor manufacturing industry, a considerable
number of literatures discussed the choices of the optimal EWMA
weight [3]. Ingolfson and Sachs [4] and Smith [5] analyzed stability
and sensitivity of the process output for different closed-loop sys-
tems. Wang and He analyzed and compared the behaviors of
EWMA controller with gain and intercept updating [6].

Many researchers showed that the use of the single EWMA
(sEWMA) controller is very effective to reduce variability in the
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dynamics of the processes without drift. However, many applica-
tions had been shown that sometimes drift can occurs gradually
due to worn-out tools and disturbances. At this time SEWMA con-
troller will bring the process output off target. For this reason, But-
ler and Stefani proposed a double EWMA (dEWMA) controller for
the process with deterministic linear drift [7]. It is proved that
the dEWMA filter is a minimum mean square error controller for
an IMA(2, 2) process [8]. Del Castillo analyzed its stability condi-
tions, long-run behavior and transient effects, and proved that
the dEWMA controller is not a minimum variance controller for
processes with drift but it does provide unbiased control. In order
to balance long-run variance and transient effect, he proposed a
method called “trade-off” solution to find the optimal weights of
the dEWMA controller [9]. Tseng et al. derived an exact expression
for the process output of a dEWMA controller under the assump-
tion that the process disturbance follows a general ARIMA(p, d, q)
model, they also derived the optimal discount factors by minimiz-
ing the rework rate of the process output [10]. For the SISO system
with a linear drift, Tseng et al. proposed variable EWMA controller
to enhance the system performance [11]; For the first-order MIMO
process with a linear drift, they obtained the stability condition for
the process, and derived a formula for the adequate sample size
required to achieve stability for the closed-loop system with a
guaranteed probability. They also described how the offline
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DOE/RSM is conducted to obtain process parameter estimates [12];
For drifted MIMO systems, Lee et al. derived an analytical expres-
sion for the process output of a double multivariate EWMA con-
troller and discussed the problems of the stability conditions of
the system [13]. Chen et al. constructed the disturbance model
for the aluminum sputter deposition process and derived the
extending Kalman filter (EKF) controller by the time series model.
Also they have applied the dEWMA controller, time-varying dEW-
MA controller, age-based dEWMA controller, and EKF controller to
aluminum sputter deposition processes for predicting deposition
rates [14].

All the aforementioned models are based on the assumption
that there is only a single product in the manufacturing tool. Few
researchers emphasized on mixed-product process until Edgar
et al. reviewed the problems of mixed-product run-to-run control
in a high-mix fab [15] and proposed just-in-time adaptive distur-
bance estimation (JADE) algorithm to isolate typical types of pro-
cess disturbance [16]. Vanli et al. proposed a model selection
approach to identify the context variables that contribute most
to the process [17]. Ma et al. analyzed tool and product effects in
a mixed-product and parallel tool environment [18] and proposed
ANOVA approach to deal with run to run control of a high mixed
operation [19]. Zheng et al. studied a drifted process with two
products are manufactured on the single tool and proposed two
kinds of control method - “tool-based” and “product-based” ap-
proach [20]. They found that the “tool-based” approach is unstable
when the plant is non-stationary and the plant-model mismatch
parameters are different for different products, while the “prod-
uct-based” approach, i.e., threaded-EWMA approach is stable. Wu
et al. gave further experimental study to prove the above results
[21].

Giving the further study on the model proposed in [20], we
found that if the product has a long break length, then at the begin-
ning runs of each cycle the process output will be far deviated from
target (see the example in Section 2). It usually takes a moderately
large number of runs to bring the process output to its target and
causes tremendous waste, however, it is well known that modern
semiconductor manufacturing has always been an industry with
high capital investment, improvement in production efficiency will
potentially be very beneficial to manufacturers. In this paper,
based on a threaded-dEWMA controller, the problem of large devi-
ations at the beginning runs of each cycle is studied; a drift-com-
pensatory approach is proposed to reduce these large deviations.
In order to enhance the system performance, the “trade-off” solu-
tion is adopted to choose the optimal discount factors. Moreover,
we also consider the effect of fault, two kinds of faults - a step fault
and a ramp fault are discussed, and fault tolerant approach is
proposed.

For case of presentation, the remainder of the paper is orga-
nized as follows: in Section 2, the problem formulation is pre-
sented and an example is provided to illustrate the main
problems of threaded-dEWMA approach. In Section 3, performance
analysis of the system is provided, a drift-compensatory approach
is proposed and the “trade-off” solution is adopted. The step as
well as the ramp faults are considered, corresponding fault tolerant
approach is introduced in Section 4. In Section 5, simulation stud-
ies are provided. Conclusions are presented in Section 6. Details of
mathematical derivations are given in Appendices.

2. Problem formulation

In semiconductor manufacturing batch processes, mixed prod-
ucts are usually manufactured on the same tool. In this paper,
we consider a case that p products are manufactured on a single
tool (as shown in Fig. 1). The production schedule consists of i runs,
in which j; runs are used to manufacture product 1; j, runs are
used to produce product 2, and so on, then j, is defined as the cam-
paign length for product 1, i — j; is called break length of product 1.

Each step in semiconductor manufacturing will be a compli-
cated physiochemical batch process; the input-output relationship
is of course a nonlinear model. However, the complexity of the pro-
cess and nonlinear model will make the system too complicated to
analysis. Up to now, very few papers have discussed the nonlinear
model, instead they choose linear model to approximate the prac-
tical system and this will help to simplify system analysis. In this
paper, we also choose linear model for simplicity, and assume that
the input-output relationship for the products on the given tool is

linear with different intercepts oy, o,..., %, and slopes
B1, B2, ..., Bp, all the products share the same tool disturbance
Hitnr 1.2,

o1 + Prllicsn + My 1 < 1< o,

02 + Bollicsn + Migyn, J1+1 < N < Jo,

Yieon = 9 . (1)

(xp + ﬂpuiHn + ”it+n$ jp + 1 <N < l

where uj., is the manipulated variable at the beginning of the
(it + n)g, run, t is the number of cycle, Yin(n=1, 2, ..., j;) is the out-
put of product 1, Yin(n =j; + 1,1 + 2, ..., j2) is the output of product
2, and so on. An IMA (1, 1) disturbance with deterministic linear
drift ¢ is used to model the change in tool condition, i.e.,

Ny —Msq =& — 081 +6 2)

where ¢ is independent identically distributed random variable and
& ~ N(0, g?).

In threaded-EWMA run-to-run control, the EWMA filter action
is performed according to the last run on which the same product
is processed instead of the previous run in which a different prod-
uct may have been processed. Thus, the output of product 1 is irrel-
evant with what is produced by the i — j; break runs, however, it is
relevant with what is produced by the j; campaign runs. Without
loss of generality, we will only discuss the performance of the
product 1 in this paper; the next cases are just a generalization
of the product 1's case.

Butler and Stefani proposed the double EWMA controller (pre-
dictor-corrector controller) to update recursively the estimation
of the unknown parameters a, D and the manipulated variable vz,
[7].

Let u; = % be the initial value, then

hfo-hho, n=1 and t=0,
T1—0i¢¢—1)+i, —Dit-1)+j
Uirsn = w n=1 and t > 1, (3)
T1—0it n1—Ditin_ .
1 xt+nb1] IHHI, n:2,37.”7]‘1

where T; is the desired target of the product 1 and
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Fig. 1. An example of a tool manufacturing p products.
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21(Y1 = byuy), n=1 and t=0,
Giern = 2 (Yieer — billie1) + (1 — ) @ig-1ysg,, n=1 and t > 1,
21 (Yieen — billien) + (1 = 1) @igen1,  n=2,3,...j;.
(4)
Ja(Yi —biuy), n=1 and t=0,
D 22 (Yies1 — billicyr — Gie—1)g,) + (1 = A2)Dige—nys
it+n —
n=1 and t > 1,
(

A2(Yiern — billiein — Gigyno1) + (1 — A2)Digina, n=2,3,...j;

)
For (4) and (5), we have that /4, 1, € [0, 1] are called discount factors

and that b is the estimate of 8, which can be obtained by design of
experiments (DOE) in a pre-control phase.

70 T T

Example. Set the true parameters of product 1 to be oy =2,
p1=15, 6=05, =1, 6=05, j; =100, and i=200 randomly.
Assume the least square estimation (LSE) for p; is b, = 1, the initial
value of (a, D) are (ag, Do) = (0, 0), and the target of product 1 is
T; = 0. Fig. 2 shows the outputs of product 1 by using threaded-
dEWMA controller with discount factors (14,42) = (0.1,0.1). From
the figure, it can be noticed that at the beginning runs of each cycle,
especially for t =1, 2, 3, the process outputs are deviated very far
from the target, however after several runs of oscillation, the
outputs are going to hit the target.

To better understand the performance of the threaded-dEWMA
controller, the output of product 1 in cycle 0 is amplified in Fig. 3.
From the Figure, it’s obvious that the output converges to the

Output of product? in cycle 0-3

QOutput of product? in cycle D

B0 70 80 %0 100

Fig. 3. Behavior of the product 1 for a specified interval of run taken from Fig. 2.
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desired target slowly. The mean square error (MSE) and variance of
product 1 in cycle 0 are 1.732 and 1.697 respectively, therefore for
this cycle, it is necessary to repeat the production and get small
MSE and variance which will bring about a high rework rate and
lots of waste wafers although the process is stable at last.

In the following sections, we give answers to the related ques-
tions formulated according to our example:

(1) How to reduce large deviations at the beginning runs of
cycle 1,2,...?

(2) How to accelerate the convergence rate and reduce the MSE
and variance? i.e, how to choose the optimal discount
factors?

(3) How to deal with a sudden fault?

3. The optimal drift-compensatory approach

In this section, the condition for stability of the process based on
threaded-dEWMA run-to-run control will be discussed and also we
will introduce the new solution called “drift-compensatory ap-
proach” to avoid the cause of large deviations in the first few runs
of cycle 1, 2, ... via the analysis of the system-output.

Furthermore, in order to enhance the system performance, the
“trade-off” solution is used to obtain the optimal discount factors
of the controller.

3.1. Stability analysis

Stability is a fundamental requirement for any process. An
unstable control scheme should not be implemented. In this sub-
section, we shall examine the influence of model error and the dis-
count factors on the stability of the threaded-EWMA scheme. The
output of the product 1 is expressed as follows:

Result 1. Output of the product 1 at the ng,(n
can be expressed as:

Yo = o +&Ti+my) +

> 2)runincycle 0

]

n—

(P’ffl (A1 + 22)Tq

NTM
o

n—

n-2
=3 ADy g kéiin 2 </)‘ (Mo = 1) (6)
k=0

OM

where &, = {j—L @, =1—-¢& (4 + 42), and ¢ is defined as the model
error of the process gain.

Proof. See Appendix A for details.

Result 2. Outputs of the product 1 at the first and the ny(n > 2)
run in cycle t(t > 1) are given by:

Yierr = @17 o + ET1(@ + 40 + 22) — & (2 + 22) (00 +17y) +115)

) 13
+heD Z K[ (2 + 22)Th + (1,

pay
—Dj k28] + PN VE (G + )T

— @Dy &+ @f (g )

-l
" Z(pmh {Z OXE (I + 1)y + Mig—m—1)+j,+1-k

m=0 k

k= My k-1)

- 7’i(t—m—1)+j1 —k} + CVl (;‘1 + )'Z)Tl

J1-2
- Z O Dite—m-1)jy—k-1E171 — !

k=0

i(t-m— 2+]]f ;1

F Mice—my+1 — Mige—m—1)j, } (7)

Yit+n = (P1 Ylt+1 + Z q)l Ql ;1 + /LZ Tl + Z(pl n1t+n k

k=0
n-3
- nit+n—k—1) - (’yzq)?izDi(tfl)H’] + k 1t+n k— 51/11 (8)
k=0
0, n<2,
where y, = 1 n> 2"

Proof. See Appendix B for the procedure.
Proposition. If |¢,| > 1, then the process is unstable.

Proof. If ¢, > 1 or ¢, <-1, from (6) and (8), it can be
deduced that the outputs are unstable.

3.2. Drift-compensatory control

As illustrated in Fig. 2, at the beginning runs of cycle t(t > 1),
the process output presents a great deviation from the desired tar-
get. In this subsection, the cause of this problem is found and an
effective method is introduced to avoid the large deviation and
take the process output to the desired target.

Consider, for instance, that |¢| < 1, then substitute (2) into (6)-
(8), we have

W -0+ 1T, - Z(Pl h—2-k&1 1

k=l

Yo =@ o + [0

+1 (p]5+§0 (¢4 81+32]+Z§01 Enk — 08n k1)
®1 pard
9)
Yiri=T1 + (1 (P1(p +i—]j +1>5
J1=2 i
- Z (P’fDi(t—lHj] k114 +(1-0) Z Ei(t—1)+k
k=0 k=j,+1
J1=2
¢, —0) Z (P’fﬁi(rqwjlw + &ity1 (10)
k=0
1t+n (P1 zt+l + Tl - @?71’1‘1
n-3
7205 *Die-1y4j, + Y (PlfDiHnﬂ() ¢1
k=0
n-2
Y X (Eirink — 08icin—ie—1 +9) (11)

=~

=0

wheren > 2.
Taking the mathematical expectation for (9) and defining n =j,,
then

E(Y;,)~Ti= ¢} "o+ ¢ (& - DT - Zq)] ji-2-kér + “ﬂl o
13
= 5= @\Dja ki (12)
1- P k=0
Again, taking the mathematical expectation for (10) and (11),
we get
_ pn—1
e )

12‘/’1 e 1)kt T 72017

k=0

n-3
+ Z (pI{DiIJrn—Z—k]i] ;.] (13)

k=0

Di¢t-1)4j,

wheren > 1.
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Combining (12) and (13), we have the following result:
Result 3: The mainly biases of process outputs between the

(it+1)th and (i(t—1)+jy)th run, (it+2)th and (it+1)th run,
(it + n)th and (it + n — 1)th run are:
E(Yies1) = E(Yig-1yag,) = (i—j1)0 +A (14)
E(Yier2) — E(Yier1) = (@ — 1)(i—j;1)0 +B (15)
E(Yiern) = E(Yiern 1) = @1 (¢ = 1)(i = jy)d +C (16)
where

12
A=[1=)> " Dige1yjy-1-k — Dige-1yjy1)E1 1,

[

h1-2
B=](1 *(Pl)Z(PID(t 14y -1-k — Die-1y45,1é1 A,

k=0
C={1-9y[e 22@1 iie-1y4i 1k + @1 Diey,

k=
n-3

+74> @D
k=1

it+n—2—k] - Dit+n—2 }él )vl )

n<4,

0,
n>3t=>1 and y4:{1’ 0> 4

Proof. It can be derived from (12) and (13) directly.

Remark 1. If the product has a long break length, it is obvious
from (14) that the bias of the process output at the first run of cycle
t(t = 1) will be very large.

Remark 2. Eq. (15) shows that the bias of process output at the
second run is smaller than that at the first run in cycle t(t > 1).

Remark 3.1t can be concluded from (16) that @72(¢p,—
1)(i—j;)0 <0 and C> 0. However, for a long break length, when
n has small values, we have that |p12(¢, — 1)(i—j;)| > C, so
the influence of C in the process can be ignored. In fact, this is
the main reason why the output of the system presents large devi-
ation from the desired target On the other hand, after considerable
runs, we have that |p72(¢p, — 1)(i—j;)d| < C, so the factor C
starts to affect the bias and the oscillation of the output of the sys-
tem starts.

According to our analysis, we found that the general threaded-
dEWMA controller spends a lot of runs of trying to eliminate the
large deviations. But generally the campaign length j; is not long
enough for general threaded-dEWMA controller to do that work.
Even if the campaign length is long enough, it will bring high re-
work rate and poor efficiency. In order to solve these problems,
in what follows, we will propose the drift-compensatory approach,
which will compensate the outputs at each run, i.e.,

3.2.1. Drift-compensatory approach
The output of product 1 at the nth runin cycle t(t > 1) is com-
pensated as follows:

-2

]ZQ)] itk + 7201

k=0

n—3
+ Z O*Ditin 2 1]¢1/

k=0

ot (P

(Yieen)nr = Yieen +

Dit—1)+,

. 1- ¢!
1—]1+1> +%}5 17)

1

where (Y,»H”)nf is the compensated output.Eq. (17) can be concluded
from (13) directly.As shown in Fig. 2, the output will reach the tar-
get after several runs, therefore we only need to compensate the
beginning runs of cycle t(t > 1) to get a desired output response.

3.3. Optimal discount factors selection

To further enhance the performance of the process, it is always
preferable to find the optimal discount factors of the threaded-
dEWMA controller. Hence, in this subsection, the “trade-off” solu-
tion proposed by Del Castillo is adopted [9] to choose such dis-
count factors. These optimal discount factors should not only
balance the transient and long-run behavior, but also minimize
the total mean square error and the variance of system output.

The optimal problem proposed by Del Castillo in [9] is listed as
follows:

min {limsﬂmVar(Ys) + S—m} (18)
1. m
Constraint condition: 0 < 44 < 1,0 < 4; < 1.
where
m
Sm=>_[E(Y)) = T]? (19)

1=1

The value of m in (19) is the run number until the transient ef-
fect is measured. By using the drift-compensatory approach, the
transient response will only take effect at the beginning runs of cy-
cle 0, therefore m will be smaller than j;. To determinate a good va-
lue for m, we need to select this parameter according to the
transient effect of the output.

In order to find the optimal discount factors, the explicit form of
(18) and (19) should be derived.

The expectation and variance of Y, can be got from (9):

E(Yy) = @ on + [0 (&, — 1)+ 1]T; — ’;q)l n2k51;1+1 215
(20)
Var(Yy) = {[(% =02 +1]7"? — 2097

L0 - @)~ 209,(1 - ¢f
1-¢f

(“*3))
}02 (1)

Substituting (20) into (19), we have the following equation:

m 2
Z{ Yo+ @ (&~ Ty~ Zqo]Dzzkg]m] 215}

1=2 k=0

(22)

From (9), we know that E(Y7) is not a functions of i, 4, so it is omit-
ted here.

Result 4. The asymptotic variance (AV) of product 1 is

_ 2
lim Var(Yi,,) = (1202120 (23)
- 1=

Proof. See Appendix C for details.

From (23) it is obvious that the AV of product 1 is not a function
of 4. Substituting (22) and (23) into (18), we have the following
optimal problem:
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Objective function:

min 1
A1/ m— 1 l

- l i
1-¢ 1-20p, +0
p (p]leszfﬂll +1 - ¢, 5] ( 1- (P% )O- }

(@ oy + @i (& - DTy

w
agE

=~
Il

(24)
subject to: 0 < 4, < 1,0 < 4 < 1and |gq|< 1.
Solutions of this optimization problem can be achieved by the
grid search method that evaluates function (24) over a grid of val-
ues in the (41, 42) plane.

4. Fault-tolerant approach

Faults are common in semiconductor manufacturing industry.
Generally when faults happen is unknown, however, the faults will
bring destruction to the process. In this section, two kinds of fault -
the step fault and the ramp fault are considered and fault tolerant
(FT) approach is investigated.

4.1. The step fault

If a step fault f; happens at the hy, run, we have

.f7 s = hth7
= 25
J: {0, s < hg. (23)
where f is the magnitude of the fault.
Let s be defined as the total of the process disturbance and
step fault at the sy, run, i.e.,

'//s =¥ +f$ (26)

Then, we have following approach.
4.1.1. Drift-compensatory approach in present of step fault

After a step fault happens, the compensated output of product 1
at the ng, run in cycle t(t > 1) should be compensated as follows:

N J1-2
(Yit+n)5f =Yien + <§D'111 Z q)l](Di(t—l)Jrjl—k—l + 72(:0’1172Di(f71)+f1

k=0

n-3
+ Z (p’]{DiHnZk) & — I:(P'rl <1 P +i—j;+ ])

k=0 — ¢

1-— n-1 . -
+%} 0= @17 (fisr = fiey43)

n-2
- Z 90,1( (ﬁH—n—k _fit+n—k—l)

k=0

Jji-1
(27)

— O O (fiemryegy o1k — i1+, 1)
=

Proof. See Appendix D for details.

Remark. Assume that a step fault happens at the hth run in cycle
t(t = 1), if we still use the drift-compensatory approach which
does not consider the fault (as presented in Section 3.2), it can be
concluded from (27) that the process output at the (h + k)th run

j j1+2-h
in cycle t will be @kf away from target, and ¢3! %
from target at the nth run in cycle t + 1, however, the output will
hit the target after the (t+ 1)th cycle. If the value of f in (25) is
unknown, we have the following theorem to estimate f .

Theorem 1. If a step fault happens at the hy, run in cycle t(t > 1),
then the estimated magnitude of the step fault is

F=iein) — T (28)

Proof. See Appendix E for details.

Remark. f includes the output N1, ,, which is caused by instant
noise ;. So the actual value of the fault is f —N1,,,,. Since the
value of N1, is usually small compared with the value of the
fault, the influence of N1, . can be neglected.

Cit+h

B | e B e R B B B B L e e L D e B o B B

4000

04

Qutputs of product? and product2 in cycle 0-5

! —#— product1
: —+— product2

.||H
i
I

[y || | TR :. ..................... i. ................
6000 |- '..
8000 ] i i i
0 200 400 600 800 1000 1200
Run

Fig. 4. Outputs of product 1 and product 2 with (1, 2;) = (0.1,0.1) and (w, w3) =(0.55, 0.9).
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4.2. The ramp fault

If a ramp fault f; occurs at the hth run, then its mathematical
expression can be written as

)‘s—{f(s_h+1)’ s = h (29)

1o, s<h.

where the slope of the ramp is f. The FT approach is discussed in fol-
lowing two cases:

Case A. fis known. We have the following FT approach, i.e.,

4.2.1. Drift-compensatory approach in present of ramp fault
If f is known, the output of product 1 at the nth run in cycle
t(t = 1) should be compensated as follows:

(Yiern)ys = Yiern + 7205 D1y, E1a + H =L+ @1 (G- E — F)
(30)

_ Nyl ok _ i _ N2 ok
where  E =30 Q814 —ks1) F = 2o, Bice—1)+ka1, G = 21sp P ¥
-3 -2
Die-1yj, k16171, H = S50 @5 Diyn2-k&141, L = S5 o 0% 8irint 85 =

S+fi—fi—1.

Proof. See Appendix F for details.

N
o o

Outputs of product! and product2 in cycle 0-5

|
600 800 1000 1200
Run

Fig. 5. Outputs of product 1 and product 2 by using the drift-compensatory approach with (4;,4;) = (0.1,0.1) and (w1, ;) = (0.5, 0.5).

2% : .

QOutputs of product! and product2 in cycle 0-5

Run

Fig. 6. Outputs of product 1 and product 2 by using the optimal drift-compensatory approach with (41, 4;) = (0.16,0.99) and (w1, ;) = (0.01, 0.52).
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Case B. fis unknown. We can estimate f according to the following
theorem.

Theorem 2. If a ramp fault happens in cycle ¢(t > 1), then the
estimated value of the slope is f and

f= (Yit+h)nf =T 31

Proof. See Appendix G for details.

Remark. f includes the output N2, , which is produced by instant
noise ;.. So the actual value of the fault is f —N2,,.,. It is clear
from (31) that we have overcompensated —[---+ ¢} (i~
Jj1)]N2,,., for the process outputs. The overcompensation will lead
the process outputs off target at the beginning runs of cycle t + 1,

“it+h

t+2,.... However, since N2, , is small compared with the value
of the fault and |¢¢| <1, the overcompensation can be neglected
with the increase of n.

5. Simulation study

In this section, several simulation examples are provided to
illustrate few arguments presented above. The MSE and variance
of the products outputs are used to evaluate the performance of
the simulations.

We consider a case that two products, i.e., product 1 and prod-
uct 2, are manufactured on the same tool with the true parameters:
(o, 02) =(1,0.8), (B1, f2)=(0.6,1),6=0.5,0=1, =1, j; =100, and
i=200. Assume that the least square estimate of (fi, ) are
(b1, b2)=(1,0.6), and the desired target of product 1 and product
2 are (T4, T,)=(0,10).

(a) 140 ! ; ) !

L1111 T et S T ST I E e

900 - e

800

] A SRS SO ST

IMA(1,1) with drift and step fault

300

] AU SUUUUNUUNS SOV SUUUUUUUU SV SRS SNSRI SUUUNUUUUU SERTUURRTUUNE U

(b)

Output of product! in cycle 0-4

Run

Fig. 7. Output of product 1 with a step fault happens at the 441st run.
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As mentioned before 44, 1, € [0, 1], so in this example, we select
(41,72) as (0.1,0.1), and (w1, w,)=(0.55,0.9), where (w1, w3)
are discount factors of product 2's threaded-dEWMA controller.
So the calculated ¢; =1 - & (4 +42) =088 <1, =1 — &(wq +
w,)= — 14167 < — 1. Fig. 4 shows simulated outputs of product
1 and product 2 in cycle 0-5. It is obvious that the output of prod-
uct 1 is convergent while the output of product 2 is divergent. The
simulation result fit with our interpretation of the Proposition.

Fig. 5 shows simulated outputs of product 1 and product 2 in
cycle 0-5 by using the drift-compensatory approach without opti-
mal discount factors selection. The simulation result shows that
this approach can help eliminating the large deviation at the begin-
ning runs of cycle 1-5. However, the MSE and variance for both
products in each cycle are still very large. MSE of product 1 and
product 2 in each cycle are: [10.767 2.301 1.877 1.359 1.930
2.380] and [27.956 8.803 13.896 5.886 6.554 13.079]; variance
for each cycle are: [7.709 2.027 1.895 1.354 1.922 2.394] and
[28.238 8.892 14.036 5.946 6.620 13.211] respectively. Average
MSE (AMSE) of product 1 and product 2 are 3.435 and 12.696;
Average variances (AV) are 2.884 and 12.824 respectively.

If optimal discount factors selection is adopted, then we will
have the simulated outputs for each product in cycle 0-5 (as illus-
trated in Fig. 6). By solving Eq. (24), the optimal discount factors of
product 1 and product 2 are (44,42) = (0.16,0.99) and (w4, w3) =
(0.01, 0.52), respectively. The large deviation at the beginning runs
of each cycle is also reduced. Furthermore, the MSE of product 1
and product 2 in each cycle are: [1.482 1.308 1.222 1.102 1.036
1.254] and [2.815 1.431 1.312 1.285 1.210 1.532]; variance in each
cycle are: [1.490 1.317 1.234 1.113 1.043 1.262] and [2.841 1.443
1.325 1.297 1.221 1.548] respectively. AMSE for product 1 and
product 2 are 1.234 and 1.597; AV are 1.243 and 1.612 respec-
tively. MSE and variance for both products in each cycle are de-

A
=
g

IMA{1,1) with drift and ramp fault

—_
(1]
—

Output of product? in cycle 0-4
g

150 |-
100
501 ;
p —
50 L
0 100 200 3 400 500 600 700 800 %0
Run

creased greatly compared with that in Fig. 5. Each cycle, MSE is
reduced by: [86.2% 43.2% 34.9% 18.9% 46.3% 47.3%] for product 1
and [89.9% 83.7% 90.5% 78.2% 81.5% 88.3%] for product 2; The var-
iance is also reduced by: [80.7% 35.0% 34.9% 17.9% 45.7% 47.3%]
and [89.9% 83.8% 90.6% 78.2% 81.6% 88.3%] respectively. Finally
AMSE is reduced by 64.1% for product 1, and 87.4% for product 2;
AV is reduced by 56.9% and 87.4% respectively.

For the drifted process, if a step fault with the magnitude equals
to 400 occurs at the 441st run, the drift-compensatory approach in
present of step fault is used. The simulation result of product 1 is
given in Fig. 7. Fig. 7a shows the process disturbance and the step
fault. Fig. 7b shows the compensated output of product 1. It is obvi-
ous that the proposed FT method is very effective to reduce this
kind of fault.

If a ramp fault with the slope of 10 occurs at the 441st run for
the drifted process, we have simulation results as illustrated in
Fig. 8. In Fig. 8a, the ramp fault and the process disturbance
are shown. When the ramp fault occurs, if we only use the opti-
mal drift-compensatory approach which does not consider the
fault, then the fault will lead the process outputs off specification
for a considerable runs (as shown in Fig. 8b). If the slope of the
ramp is known (Case A in Section 4), the output of product 1 is
presented in Fig. 8c by using the drift-compensatory approach
in present of ramp fault. It is obvious that the proposed method
is very effective to reduce the ramp fault. On the other hand, if
the value of the fault is unknown (Case B in Section 4), the out-
put of product 1 is given in Fig. 8d by using the FT approach in
Theorem 2. As was described in the remark of Theorem 2, the
process outputs will be off target in the first few runs of cycle
3 and cycle 4. However, the number of this abnormal runs is only
3 in Fig. 8d. Therefore to reduce the loss, test wafers can be used
here.

—_
o
-
w

%

Qutput of product1 in cycle 0-4

—_
=}
=
~
]

Output of product in cycle 0-4

100 200 300 400 500 600 700 800 900

Fig. 8. Output of product 1 with a ramp fault happens at the 441st run.
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6. Conclusions

In this paper, we studied the mixed-product drifted process with
IMA(1, 1) disturbance as well as the step and the ramp fault in semi-
conductor manufacturing batch process. Based on a threaded-dEW-
MA controller, the process outputs of each run in each cycle are
derived. The drift-compensatory approach is proposed to deal with
the large deviations at the beginning runs of cycle 1,2, .. .. In order
to minimize the MSE and variance of the output, the “trade-off”
solution is adopted. Moreover, we also considered two kinds of
common fault - the step fault and the ramp fault, corresponding
fault tolerant approach is introduced to deal with the fault. Simula-
tion study shows that the approach is very effective.
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Appendix A
Combining (1), (3), (4), and (5), we have

o + & T+ 1y,
o1 + & T1(dr + 71+ A2) = & (A + A2) (0 +11q) + 1y,

Yiern = &1Yie-14g, + & (2 +22)T1 — &4 Die1y1g, -1 + Migyr — Hie-1)+j,»
G1Yier + & + 2)Tr = GaDieysg, + My = Mieas
¢1 Yit+n—l + 51 (’11 + ;"Z)Tl - él/ll Dit+n—2 + 17it+n - nit+n—17

Set t =0 in (A.1), and use iterative method, then

Yo=@ Y1+ & (2 + 22)T1 = Dnaida + 1, — Ny

1
=QiYno+ Z k&1 +22)T1 =Y @kDnyiéiia
k=0 k=0
1
+ Z Oy =Mk )
k=0
:(pl Zy +Z(P151 j~l+) Tl Z(P1 h-2-k&1
k=0
n-3
> Oy Mase )
k=0
=oi'Ys +Z(P1C1 (41 +22)Th — 2401 h-2-kS141
k=0
n—2
) Oy Maie 1)
k=0
n—2
=@ o +aTi+1m)+ Y @k +22)Th
k=0
n-2 n-2
- Z(p’;Dn*Z*kélil + Z(P< Mot = Mn—k— ) (A2)
k=0 k=0

Appendix B

Settingn=1and t=1 in (A.1), by the iterative method, we have

Yiir = @Y, + &(h + )T = Dy 1&ida + 1 — 1,
hi-1 [061 + (@1 420+ 22)6 T = & (A + Z2) (o0 + 1) + 1]

+ Zco“‘cl A1+ da)Ty + & (a + 4a)Ty
_ Z‘/’
Z(pl '/’]]—k -

Set n=j; in (A.1), then

Dj, _k—2&171 = Dj,—1&1 44

My e1) + My = 1j,) (B.1)

Yierjy = @1Yiewj, -1 + &1 (210 + 22)T1 = Dieyjy 28144 + Mg, — Miesj, -1
) j1-3
=@ Wi + > @i[E (n + 22)Ty
k=0

= Dityjy k28121 + iy,

= (ﬂqﬁ] Yieer + Z (/)’1< [E1(M + 22)Tq + Nitsj,

k=l

—k — Miesjy —ke1]

—k — Mitsj, —k—1]

2901 it+j; —k—2 +§0’1 i—1)+; ) €121 (B.2)
fort > 1.
n=1 and t=0,
n=2 and t=0,
n=1 and t > 1, (A1)
n=2 and t > 1,
n=3,4,....j;
Combining (A.1) and (B.2), we have
Yieriv1 = @ Yiey, + 51(/11 +22)T1 = Diejy 16141 + Hier1yi1 — Mieys,
= q711 it+1 + Z (P 51 )1 +) )Tl + "zt+j, nit+j1—k—1}
13
= O Dityjy k2 & (G + 22)Th
k=0
— @0 " Dig-1ygy E1/1 = Diesgy 1 €00 + Mieaya — Miess,
X Ji-1
="+ Z ‘th {Z @5[&1 (0 + 22)Th + Mice—m)jy +1-k
k=1
J1-2
= Nige—mysjy ] + &1 +22)T1 — Z (p’;Di(t—mHj,—k—l S
k=0
- q)ll i(t=m—1)+j; &+ Hiex1-my+1 — Mie—m)+j; }
= 11MY11 + (P)1 &l +42)Ty — @D i-16141 + o i — 15,)
t— j1—1
Z {2(01[51 ’11+/“2)T1+’71t m)+i+1-k — Mige—m)+y k]
m=0 k=1
-2
+&H(+ )T = &4 Z @5 Dite-my+j, k-1
k=0

_(/)11]7 i(t—m— 1+J1£111 +’71 t+1-m)+1 — Nie— m+}1}
= @}V M o + (@) + 2+ 42)ETr — & (A + Z2) (01 + 1) + 1)

’H] Z(/) [&1(41 + 22)T1 + (1},
k=0

=M, —k-1) — Djyk2&124]
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(PI &A1+ 22)T — QDll

_ =
+Z<p§”"{2qo (€100 + A2)T1 4 Mg my e, 1k — Micemy gy i)
k=1

m=0
Z(Pl i(t—m)-+j;

), — 1€171+(Pl1 (i1 —Mj,)

+& (A +22)T — k16141

- 9011 ie-m—1)4i1 €141 + Miger1-my41 ’7i(rm)+j,}

From (B.1) and (B.3

Yi1 = (/7]1

+ (pl;l(t—l)ﬂ Z (/)l;[fl(ll +io)Th + (”jl

k=0

), we have

[0t + C1T1(<P1 + 4+ 22) = & (A + A2) (0 + 1) + 1y

k= Mj, k1)

= Djykalia] + @1V E (G + 22)T
- (/’Ift 'D 1'1715121 + 90'1 = My —13,)
t-2 . ji-1
+ Z o {Z K [E G+ 22)T1 A+ Mige )45, 41k
m=0 k=1
- 17i(t—m—1)+j1 —IJ + 51 (Al + )'Z)Tl
j1—2
- Z(P’{Di(t—m—l)ﬂ‘l—k—lélil @ " Die-m 24, 1
k=0
F Nicemyr1 = Mice-m-1)4, } (B.4)
fort > 1.
Combining (A.1) and (B.4), we have
Yit+n = (/)1 Yit+n 1+ ‘fl (ll + j-2)T1 - it+n—2‘f] )~] + 77it+n - nan,]
= @ Wi +Z(p1c1 (31 + 22)Ty
n—2
+ qDII{(’/IiHn—k - nit+n—k—l) - (V2¢¥72Di(f*1)+j1
k=0
n-3
+ §011<Dit+n—k—2)€y] A (B5)
k=0
0, n<2,
where & =, ¢ =1 - & (1 + &), /z:{t n> 2"
Appendix C
Taking the mathematical variance for (11), we have
n-2
Var(Yieon) = Var(@Yiea + Y @ (8itink — 08icni1)]
k=0
n—2
= Var((P,]F] Yie1) + Var(z (I)I{Siwn—k)
k=0
n-2 n-2
+Var(0) " @ein 1) +2C0v(@F Y, Y @leiin i)
k=0 k=0
- ZCO” 0(P1 1t+l ) Z Q)]Smn k—
n-2 n—2
—2C0v(0> " @eitinio Y Pheicini)
k=0 k=0
1 _ @2
= " WVar(Yie) + (1 + )~ 2Ly
-
1 _ @22
72(!’%”730720('0](1 (/:DIZ )]O.Z (C-l)
— ¢

Calculating limit for (C.1), we get

. 1-2 2
lim Var(Yie.,) = ( 01 +0 ) 2 (C.2)
t—o0 1 -3
n—oo
Appendix D
Combining (1)-(5), (25), and (26) we have
E(YVi) = T1 + (2 it j, — 1)6
1-¢,
j1-2 ji-1
- Z @5Die1y4j, k1&170 + Z Q5 ey, o1k
k=0 k=1
f(t 1)+j1— )+flt+l —ft 1)+ (D-l)
E(Yiern) = @1 'E(Yier) + (1= f DT,
n-2
+ (P’f ((S +ﬁ’t+n—k *fit+n—k— ) (Vz (/)1 i(t=1)+jp
k=0
n-3
+ (P 1t+n—2—k)51/11
k=0
(‘/"11 12901 it 14 k1 + 7208 *Dig1y4,
n-3
+y (P’{Dit+n2k> i
k=0
. 11—,
4 n—l( P4 tio +1>+ 1 }b
|:(p1 1— (Pl ]1 1-— ]
Ji-1
= @1 (fiesr = fieenygy) + @7 Z @1 (fite-1)45, 41k
k=1
n—2
— fievy )+ Y O fiesn k= fiern k1) (D.2)
k=0

Appendix E

Combine (25) and (27), and set n = h, then

Ty = E((Yiern)s)
= E(Yiesn) — [eo’f” <1 ipl(/,l

. 1— 1.
+1711+1>+ 17([)1 }o

?q

h-2
- QJ?*l(fim — fie-1)45,) Z(P (fiesn—k — fitsh-k-1)
k=0

i1
h— k
- Z @1 =141k — i)

k=

+ (¢} 12@1 eyt k-1 + V2P1 *Die-1)44, +Z€01 it-+h-2-k) €141

k=0 k=

=E(Yityn) — [(Pl < qu) +l*]1+1> 17(/:; } ~-f
+ ( 1ZZ(/H i(t-1)+j; k- 14 7,002 i(t-1)+, +Z(/’1 it +h—2— k>51m
. . (E.1)
Subtract (E.1) from (17), and define n = h, then
(Vieet)y =T = Yieon = EVieen) +f = N1y, +f = f (E2)
where N1, is the process output which is produced by instant
NOise &j+p.
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Appendix F

Combining (2), (26), and (29), we have
Yg =1 =& — 061 +0+fi —fi1 =& — 061 + & (F1)

Combining (1)-(5), and (F.1) we get the following equation after
considerable algebraic manipulation:

E(Yis) =Ty —E+F—G (F.2
E(Yity2) = T1 = @1(E+F = G) = Die—1)4j, &1 1 +git+2 (F3)
EYin)—T1 = (p']k] (E+F-G)+L—-(H+ ([)1 it-1)4,)¢141  (F.4)

wheren > 3.
The following equation can be derived directly from equation

(F.2)-(F.4):

E(Yieen) = Tt = @1 (E+F = G) L= 7,0 *Dig 145,610 — H

(E.5)

vi—1 ok i 12 ok
where  E =377 018 1)1, —kr1: F = 2y, Bie-1y4k41, G = 20 P X
, -3 . -2 :
Dyt-1ysjy—k-1&141, H = 33 0 @5 Diena &1, L = 33 5 0 Zip oy Drift-

compensatory approach in present of ramp fault can be concluded
from (F.5).

Appendix G

If the value of the fault is known, we conclude from drift-com-
pensatory approach in present of ramp fault that the output at the
he, runin cycle tis (Y,Hh),f It considers both the drift and the ramp
fault, and (Yi.n),; can be got by (30):

i(t—1)+i; +Z(P1 it+h—2— l<]£1/t1
k=

h-2 -2
- Z P\ &iein i+ O {Z @ Die-1)1j, k-1E1 A

k=0 k=0

Ji-l
—Zgu Dtkt1 ~ Z@]gu 1) - k+1} (G.1)

k=j1

(Y1t+h)rf =Yin + [Vz@]

If we ignore the instant noise at hth run in cycle t, then the output
should be Ty, i.e.,

T1 = E((Yiern)y)

= E(Yiern) + (7201 *Dic14, +Z<P1 it-+h-2-k) €141
h—2 -2
- Z g+ o1 (Z (pI;Di(t—l)Jrjl—kf] &ia
k=0 k=0
i -1
- Zgi(t—l)+k+l - Z (p’{gi(r—l)+j1 Zke1) (G2)
k=, k=1

Substituting (29) and (26) into (G.2), we get

Ti = E(Yiern) + 12401 1)kt + V2P

i(t—1)+j;
k=0
h-3 o
+Z(P’1(Dir+h2k>§1/l1 - {(pl ( LI +1>}5
k=0 — ¢
h-2
(/)](177;?)5 = &itin (G.3)

Subtract (G.3) from (17) and set n = h, then

(Y1t+h) =T1=Yieh — E(Yiern) + &ieon — 90
=Yien —EYien) +f+6 -0 (G4)
= Nzﬂmh +f
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