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Age-Based Double EWMA Controller and Its
Application to CMP Processes

Argon Chen and Ruey-Shan Gudember, IEEE

Abstract—in the originally proposed run-by-run control  engineering literature an important subject is to identify the
scheme, the EWMA statistic is used as an estimate of the processsystem dynamics [3], [4], whereas the focus of run-by-run
deviation from its target. However, the controller based on the control schemes is mostly on the systematic disturbance since

EWMA statistic is not sufficient for controlling a wearing out th t t ¢ ther ind
process. The PCC controller has been thus proposed to enhance'N'€ Fun-to-run post-process measurements are ratner indepen-

the run-by-run controller capability. In this paper, we first reex- ~ dent. The EWMA statistic, here, is used to estimate the size
amine the fundamentals of the PCC formulations and propose an of the process interceptyf plus its systematic deviation at the
adjustment that is advantageous in controlling processes subject (i + Dth run (6;41)
to both random shifts and drifts. The adjusted PCC controller

is then further refined to take into account the process age. This _

age-based double EWMA scheme is then applied to the CMP a; =w(Y; — 4X;) + (1 —w)ai—,
process, which is known in the semiconductor industry to be ¢
rather unstable.

> [l — w)™I(Y; - pX)) (2)

i=1

[

Index Terms—CMP process, EWMA, run-by-run control.

where the weightv is usually set between 0 and 1; amds an
|. INTRODUCTION exponentially weighted average of the historic deviatiors);
from the first run to théth run. Thus, the process output at the

HE USE of the exponentially weighted moving averag % + 1)th run is estimated to be

(EWMA) statistic for estimating process deviations ha
been widely studied and adopted in practice. Bo?< a_lngl Jenl_<|ns YA;+1 = ai + fXis1. 3)
[1] show that a controller based on the EWMA statistic is a min-

imum mean square error (MMSE) controller when the undeiy order to keep the process output at a predetermined target
lying process disturbance follows the IMA(L, 1) (first-order intgyg| ("), we obtain the process recipe for tfie+ 1)th run
tegrated moving average) process. An EWMA control scheme

can be also shown equivalent to an optimal PID controller for X T —a;
a second-order dynamic process under the IMA(1, 1) distur- e 3
bance [2]. In practice, the EWMA statistic has been shown to

be quite effective even for processes subject to disturbancegych a controller is insufficient for processes subject to sys-
other then the IMA process. In particular, applications in th@matic wear-out. Several authors [6], [7] have addressed this

semiconductor process industry, known as run-by-run procefsblem and propose using two EWMA formulas
control, have shown that the EWMA statistic is also capable of

(4)

bringing processes with linear drift under control [5], [8]—[10]. a; =w(Y; — BX;) + (1 —wy)a;_y
Suppose at théth run of the process the outplit can be con-
trolled linearly by an input variablé(; and is subject to a nat- pi =w2(Yi = BX; — ai1) + (1 — wa)pi ()

ural process disturbaneg(~N (0, %)) and a systematic dis-

turbances;. The process model can be written as wherew; andw- are the weights for the firstand second EWMA

equations, respectively, ang is used to compensate for the
Yi=a+pXi+e+6 =(a+8)+8X;+e (1) errorincurred bys;. a; 4 p; is then used to estimate+ 6,1,
and the process recipedat 1 becomes
where« is the linear process model’s intercept term ahis
the system gain that translates the input variable size to the Xiy1 = T —(ai +pi)_ (6)
size of process response. In this studyis assumed known B

or closely estimated. It should be noted that in the contrgluch a control scheme is referred to as predictor corrector con-

trol (PCC) scheme, termed by Butler and Stefani [6].
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II. PCCAND DouBLE EWMA FORMULA !
Suppose that the process is subject to a linear drift. That is, 0
Yi=a+p8X;+e; +cioc =(a+cio)+ X+,  (7)
06
w
1
where the process output is systematically drifting away by a
size ofco per process run. To see how the estimateandp; 04
work, we can examine the process asymptotic behavior. As time
approaches infinity, we may write (see Appendix A) b2 1
Ela) =a—Z +coli+1) + o(4) 0 : :
wy 0 02 04 08 0.8 !
where wy
lim o(4) =0 (8)
and e Fig. 1. Control space of I-Il controller.
lim E(p;) = @ (9)
1—00 w1 1200
From (8) and (9), the asymptotic expected values;cdndp; 1000
do not have clearly readable meanings. However, after subst ~ 5%® /
tuting (8) and (9) into (6) and (7), we can obtain the steady-state 6% 7

process output 400
200 ////—

lim E(Y;)=T. (10) 0
=00 200 0 200 400 600 8001000

Equation (10) shows that, under a linear drift disturbance, ¢
process controlled by the PCC scheme is a stable system ar () Systematic deviation - random drifts
its expected output converges to the desired tdfget

The estimate fotx + 6,41 in the PCC formula can be further 5000

rewritten as (see Appendix B)

‘ o 4500

T T J
a; +pi = (w1 +wy —wiwy) > _ej Fwiwy »_ > ey > 4000

j=1 j=1k=1
+ ag + (wli + 1)p0 3500
T T J I '
:wIZCj+wHZZCk+CL0+(w1i+1)pO 30000 200 400 . 600 800 1000
j=1 j=1 k=1 un

(1 1) (b) Process output

wheree;, = Y3, —_T. Thisisin effectan Inte_gral—d_ouble—Integ_raIFig 2. Atypical random drift process.
(I-11) controller, in contrast to the proportional-integral-deriva-
tive (PID) controller. In this I-1l controller, the control action is
proportional to the summation of the output errors and to tis®ace and the asymptotic estimates have more straightforward
summation of summations of the output errors. The I-Il cormeanings. This proposed double EWMA (d-EWMA) formula
troller can be shown to be an MMSE controller for processésdistinct from the original PCC formula:
subject to IMA(2, 2) disturbances [1]. In (11), we can observe
that the controller’s integral constantig = w; + ws — wyw a; =w1(Y; — X;) + (1 —wi)(ai—1 +pi-1)
and the double-integral constantig; = wiw.. We define _ -
a control spaceof the I-1l controller as the space filled up by pi =w(Y; = X —ai1) + (1 —w2)pi-1. (12)
all possible settings of control constants; ( wrr), as shown in
Fig. 1. In Fig. 1, the controller allows both; andw; to be set
between 0 and 1. For the PCC controller, we usually:sednd
wo between 0 and 1 as well. This, however, leads to a limit
control region in the«r, wrr) control space, as the shaded are
shown in Fig. 1. i .

Now, we would like to propose an adjustment of the PCCq, 4 p, = w; Z ej + wa Z Z ex + (i 4+ Dpo + ao. (13)
formula such that the control region can be extended to the entire =1 G=1 k=1

As can be observed in (12), the only difference from the orig-

inal PCC formula is that in the first EWMA formula, we add
.1 into the formula. As a result, the I-1l controller becomes
ee Appendix C)
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Fig. 3. Contour plots for the I-II control efficiency over the control space.

That is,wr = w; andw = we and with0 < w; < 1 and To evaluate the control efficiency, we use a normalized mean
0 < wy < 1 we will have an I-Il controller that fills up the squared error (MSEP) as the performance measure. MSE is

entire control space. defined as
With this d-EWMA formula, we can also obtain a more "
straightforward asymptotic behavior of the controller Z(Yi —T)?
MSE=2 (17)
n
E(a;) =a+ cio + o(i) wheren is the total number of runs. MSE is then a measure
where normalized against the varianeg?} of the natural disturbance
lim oi) =0 (14) (£1)- Fig. 3 shows the contour plot for the control efficiency over
i—o0 the control space.
and As can be seen, the optimal I-Il control setting; (=2 0.115
lim E(p;) = co. (15) andwy = 0.005) falls outside the control region (shaded area)
im0 of the original PCC controller. That is, if we use the PCC con-

Equations (14) and (15) are inductively derived in Appendi‘i[oner and restrict the values af; andws, in the mterval of (0,_
D. This result is more straightforward than the original PC ), the PCC controller would never be as effective as an optimal
formula. Moreover, the two estimatesandp; here have clearly I-I controller (or d-EWMA controlier).
defined meaningsz; in this d-EWMA formula represents an
estimate forv+6; andp; is an estimate for the size of the process Ill. A GE-BASED DOUBLE EWMA CONTROLLER
drift from the ith run to the( + 1)th run. Togetherq; 4 p; is In many applications, the data sampling time is not equally
the estimate forv + ¢,41. Substituting (14) and (15) into (6) spaced. This leads to an invalid result in the d-EWMA formula.
and (7), the process output can be found also converging to théwever, the data collected often comes with an indication of
desired targef’. the process age at the time of sampling. In practice, the process
Though both controllers (PCC and d-EWMA) are “unbiaseige is usually defined as the actual usage time of the process
controllers, the advantages of d-EWMA controller over the PCéince its most recent preventive maintenance (PM). In this sec-
controller are twofold. tion, we will develop an age-based d-EWMA formula where the
1) d-EWMA controller is a direct form of I-Il controller.  unequally spaced data can be accommodated along with the age
2) The asymptotic behavior of;, andp; in the d-EWMA data.
formula reveals more straightforward meanings. First, lett; denote the process age at ttierun. In (12), the
To illustrate these two advantages, we simulate a random df#to EWMA equations need to be modified to take age into con-
process wher& = 3500, ag = a = 3000, 3 = 10, andpo = 0. sideration. The first EWMA equation in (12) should be modified

The process drift speeds a random number over process rund®
ie.,
a; = wi(Y; = BX,)+(1—wr)[ai—1 + (t; — ti—1)pi—1] (18)

wherep; 1 is an estimate for the drift size per unit time at the
Ci1, with probability of 0.99 (¢ — 1)th run. From runi — 1 to runi, the process has grown
G = {NN(0.02, 0.05), with probability of 0.01. (16) (¢; — t;—1) older. Since the process continues to drift away at a
rate ofp;,_; between the two runs, by thth run the process has
A typical process with such random drift disturbances is shoviarther deviated for an amount of, (— ¢;_1 )p;—1. This explains
in Fig. 2. the second term of the EWMA formula in (18). We also need to
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Fig. 5. Trend of removal rate over a disc lifetime.

Disc life —

modify the second EWMA formula for estimating the drifting':ig 6

. R | i li ion.
speed at théth run (pz) emoval rate estimated by linear regression

Y; — BX; — a1 .
Pi = wa <#> + (1 - UJQ)pi,1 (19) - -
tic1— 4 ° =
g -
whereY; — 5X; — a;,_; represents the amount the process drifts E ’\\‘//,l -
between rurt — 1 and runi. The recipe at thé: + 1)th run % /'/'
should be thus set at o .7’ —+— trend of removal rate
Yo = T —[a; + (tig1 — t:)pi] (20) E / —® - estimated trend of removal rate
Z+1 /3 L 1 1 | i

to keep the process output on target. Disc life —

It should be noted that such a modification to accommoda';e s . . .
. . . 10. 7. Estimating decreasing rate of removal rate by linear regression.
the process age is only possible with the d-EWMA formula. For
the original PCC formula, the modification would require mor

- N h f lishing. Th i I
care because of its different definitionsafandsp;. Smoothes down from repeated polishing. The carrier and platen

rotate at variable speeds, typically on the order of 30 rpm. Tools
differ in the number of wafers that may be simultaneously pol-
ished; single-wafer, dual-wafer, and five-headed tools exist.
The control of CMP processes, however, is known to be diffi-
Chemical-mechanical polishing (CMP), as a newly devetult because of poor understanding of the process, degradation
oped planarization technique, is demonstrated to be the mfgear-out) of polishing pads, inconsistency of the conditioner,
effective global planarization technique and therefore is coand the lack ofin situ sensors. Because the process includes
sidered to be a strategically important technology for multinechanical abrasion of the surface, the polishing pad wears
level device. A typical CMP process consists of a wafer carrieggpidly. Concurrent or sequential “conditioning” is sometimes
a rotating platen with a replaceable abrasive pad mounted @mployed to restore the abrasive surface of the pad, but the life-
the surface, and a pad conditioner (Fig. 4). The wafer is heithes of the pad and the conditioning disc remain quite limited.
face down by the carrier, which presses the wafer against ffe tackle some of these problems, a widely used approach is
polishing pad. The pad conditioner (or conditioning disc) rde use a number of send-ahead or dummy wafers to recalibrate
tates and sweeps across the pad to roughen the pad surfacethe tbol before or after each lot of wafers. Currently, most CMP

IV. APPLICATION TO CMP PROCESS WITHAGING PAD AND
Disc
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Fig. 8. Estimated removal rate model versus actual removal rate.

process control is based on postprocess measurements on tdstpractice, the age of the abrasive pad and the brushing disc
wafers. It is the goal of this research to employ a process caran be acquired along with the removal rate data. Fig. 5 shows
trol strategy to improve the performance of CMP processes. the trend of the removal rate over an entire lifetime of one disc.
A simple strategy for controlling the CMP process is to prdauring the lifetime of a disc, PM was performed seven times.
dict the run-to-run process removal rate and then adjust the plgkch time the abrasive pad was replaced with a new one.
ishing time based on the prediction [8], [11]. EWMA and PCC It is observed that the removal rate has the tendency to de-
(or double EWMA) technigues are the two most often used prerease as the pad becomes older and wears out over time. How-
diction techniques. Based on the age-based d-EWMA controlirer, the removal rate’s decreasing trends seem to be different
presented earlier, we will design an age-based run-to-run pfer pads operated at different points of the disc lifetime. For ex-
diction technique that takes into account the ages of the abample, the first pad in the beginning of the disc life has the re-
sive pad and conditioning disc. We will show how this proposedoval rate decreasing drastically but this decreasing trend be-
technigue could improve the prediction capability and, thus, tikemes almost indiscernible for the pads near the end of the disc
control efficiency through actual CMP production data. life. This observation helps us understand how the ages of pad
In a CMP process, both the abrasive pad and the conditioniagd disc affect the removal rate. The removal rate is basically de-
disc are wearing out quickly. Because of the combinatiareasing as the pad gets older. But the removal rate’s decreasing
of chemical and mechanical processes during polishing, thiend for each pad is again affected by the disc age. The older the
wear-out process becomes quite irregular. Simple EWMdisc, the less the removal rate’s decreasing trend. Based on this
prediction of the removal rate is not sufficient. The morebservation, we can design an age-based d-EWMA prediction
sophisticated d-EWMA may be needed to capture the changefeme, similar to (18)—(20), which takes into consideration the
of the removal rate. The d-EWMA prediction of removal ratage of the pad and the age of the disc.
at (¢ + 1)th observation can be expressed as First, the removal rate for each abrasive pad is estimated by
simple linear regression as shown in Fig. 6.
. It can be observed from Fig. 6 that the decreasing trend of
a; =uw R + (1 —w)R; (21) removal rate indeed becomes less significant as the disc grows
older. This characteristic of removal rate trend is modeled in a

pi =we( By — ai1) + (1 —w2)pioy 22) jinear regression model as shown in Fig. 7.
fziﬂ =a; +p; (23) The model for the changing rate of removal raigjs ex-
pressed as
whereR; is the actual removal rate observed at ttiesample
andR; is the predicted removal rate of tith sample. These are p(r) =d+br (24)

d-EWMA prediction equations corresponding to (12) without

considering the process age. Similar to the d-EWMA controllexhere

the first EWMA equation (21) is to estimate the level of the re- 7 is the age of disc,

moval rate §;) and the second EWMA equation (22) is to cap- ¢ is the removal rate trend for a pad operated under a
ture its changing speeg,). In (23), the removal rate at observa- brand-new disc#{ = 0), and

tion<+ 1 is then predicted by adding together the level estimateb represents how the removal rate trend changes as the disc
a; and the anticipated change ) from observatiori toi + 1. ages.



16 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 14, NO. 1, FEBRUARY 2001

JUNIE ~a

s
i
|

Removal rate

-~ . >
g

Life of disc 4

~

Life of disc 1 Life of disc 2 Life of disc 3

Fig. 9. Trend of removal rate over four discs.

“=*= Actual removal rate

~~O-Predicted removal rate

Removal Rate

Disc Life —

Fig. 10. Removal rate prediction for disc 2.

TABLE |

d andb are both estimated with statistical significance (can be
COMPARISON AMONG EWMA, PCCAND TIME-BASED PCC

also seen from Figs. 6 and 7. Based on (24), each new pad’s

initial trend of the removal ratey, is then estimated by
Improvement (%)
po(7;) = d + br; Prediction MSE _|over EWMA
wherer; is the disc age at which thih pad is first used. EWMA 191.683 -
Given the initial cha_ngmg trend pf the rempval rate for each LEWMA 178,484 6.858%
new pad, the formula in (21)—(23) is then revised to accommo-
date the age] of the pad. Let; denote the age of the pad at the Age-based d-EWMA 158.163 17.48%

1th observation. We propose the following age-based d-EWMA

prediction scheme ) ) o
The model estimated using data in Fig. 5 can be now used to

a; =wi R + (1 —w)R; (25) predict the removal rate for other discs. Fig. 9 shows the raw
removal rate data for four discs and the discontinuities within
R —a;1 .
D; =wo <7> + (1 — wa)p;_1 (26) each disc represent pad changes.
ti—tia Fig. 10 shows the prediction for disc 2 using the model esti-

Rivi =a; + (tip1 — t)pi. (27) mated from disc 1.
We summarize the performance of EWMA, d-EWMA and

The data shown in Fig. 5 is then used to estimate the paraage-based d-EWMA prediction schemes by comparing their
eters,w; andw-. Fig. 8 shows this estimated model. predicted mean squared error (MSE) in Table I.
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It is recommended that when the age data for the abrasiveen,
pad and the conditioning disc is available, the proposed age-
based d-EWMA scheme should be used to predict the remeval) = [O‘}
rate. The prediction improvement is about 17% better than the 0

EWMA scheme and 11% better than the d-EWMA scheme.
A =

V. CONCLUSION W — W1

In this paper, we have presented an adjustment of the origiif#¢ obtain

PCC controller. This adjustment has a cleaner form and is shown 1 0 ]
equivalent to the form of I-1l controller. The adjusted PCC con- 4i _ [ s ] [(1 —wy)' 0 Z}
troller enables us to accommodate the process age into the for- W — wy 1 0 (1 —w2)
mula. An age-based d-EWMA controller is then developed. The
performance of this age-based d-EWMA controller is also illus- . l 132 0]
trated through the example of CMP removal rate prediction. The — 1
results show that the proposed controller improves the control 2 — W ( .

1—wy) 0

efficiency significantly.

= w2 . . .
— (1= wy) — (1= wy)’) (1—wn)
APPENDIX A — (« 2)' = ( ') ( 2)
PCC controller: and, thus as shown at the bottom of the page. Finally,
a; =wi(Y; — BX;) + (1 —wi)a;—1 ai =a(1—w) +> (1= w) ™ (wia + wie; +wicjo)
:wl(a‘i‘CLO"i‘EZ)—i-(l —wl)ai,l j=1 ‘
pi =wp(¥i = PXi = aia) + (1= wa)pica pi=— (1 —wy) = (1 —wy)) + 3
=wola+cioc+g; —a;j—1) + (1 — wa)p;—1. wy — Wy pot

W2 — w1

) {L (1 = wa)i=9 — (1 — wy )i~9)
Using a matrix expression, we obtain
(wra +wigj +wicjo)

= lme 2] )] e i)

i —wy l—wa| |pi1
4 | wiet wig +wcio | As i approaches infinity:
Wotx + Woe; + WaClo
Ela))=a - 9 co(i+ 1) + o(é) where lim o(é) =0
wl 00
Let
. 0 - E(g;) =0 and ast — oo,
. a; — w1

] Y, = =
vo=[n]. a0 0] |

. o i+l 1 ,
Bli) = wio + wig; + wicto z:j(l—wl)Z = — — + o(1)

(¢) = w ) i | = w wi
2Q¥ + WoE; + WoClT j=1

17

I [ F R L0
SR | 0 l—wn| | —2— 11"

U(i) = AU(i — 1) + B(i) = A[AU(i — 2) + B(i — 1)] + B(i) = A'U(0) + Z A B())

(1 —wy) 0 N
= w2 i i i
— (Q=w2) = (1 —w)) (1—wo) [0}
i 1— )9 .
+Z w ( wl) 0 wi + wig; + wiclo
——— (L= wy)' T = (L= wi)' ) (1 =)™ | [waor+wae; + wncjo

Jj=1 Wo — W1
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Similarly,
lim E(p;) = @
1L— 00 wl
APPENDIX B
a; —wl(ez + pi— 1) +a;—1
1—1
_wlz ey +wlzp1 + ao + wipo
j=1 j=1

P =wae; +pi1

T
=w2 Z € + Po
Jj=1

a; +p; = (wy +w2)z €j +wlzpj

+ (wy + 1)]70 + ao

= (w; + w2 ZCJ +w12 <w22 Ck +Po>
j=1

+a0+(w1+1)

J
(w1 + wo ZGJ +w1w22 Z Cr;

=1 k=1
+ (wii + 1)po + ag
i % J
= (w1 + wy — wyw2) Z e +1U11UQZ Z Ci
j=1 =1 k=1

+ (w1i + 1)po + ao.

APPENDIX C

a; =w¢; +p7 1 +CL7 1

—wlzej+2pj+ao+po

Di = w267, + Di—1

T
=w2 E ¢; + Po
i=1
i i—1

ai+pi=(wi+w) Y ej+ Y pj+2po+ao
j=1 j*l

= (w1 +ws ZCJ+Z <UJQZ ek +p0>

+ag + 2p0

j
= (w1 + wo) Zeﬂrwg > en

j=1 J=1 k=1
+ (i + 1)po + ao

Asi — oo, E(p;_1) — F(p;) and thusE(Z;
Let B(Z;)) = a+co(i + 1) +
Now, take the expected values of (D1)

—wlz cj—i—ngch

j=1 k=1
+(L+1) 0+ ao.

APPENDIX D

Double EWMA controller can be rewritten as

a; +pi =1 —wy —wa)(a;—1 +pi—1)

+pi—1 + (w1 +we)(a+ coi+ ;)
pi =wo(Y; — bX; —ai—1) + (1 —wa)piq
=(—w2)(ai—1 +pi—1) + pi—1 + wo(a + coi +&;).

Let Z; = a; + p; andw = wy + wo. Then,

Zi =(1—w)Zi—y +pic1 + wla +coi+e;)  (DI)
pi =(—w2)Zi—y + pi1 + wola+ coi + ;). (D2)

Take the expected values of (D2)

E(pi) = (~w2)E(Zi—1) + E(pi—1) + w2(a + coi).

1) — «+ coi.
o(i) Whet‘elllm_)C><> o(i) = 0.

E(ZZ) = (1 — w)E(Zifl) + E(pifl) + w(a + CO’i). (D3)

Asi — oo, substitutingy+co(i+1)+o(i) anda+co (i) +o()
into E(Z;) andE(Z;_,

1), we write

a+eco(i+ 1) + oi)
= (1 —w)a+coi+o(@)] + E(pi—1) + w(e + cot)

and thereforéim; .., E(p;—1) = co andE(a;) = o + coi +
o(i) wherelim;_, ., o(i) = 0.
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