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Abstruct - CMI' processes are known lo be erralic and 
unstable. A simple control slrutegp is to predict the rim-to- 
run process removal rale and then adjust /he processing 
time bared on /he predicfion. EWMA und PCC /echniquc.r 
ure fwo inus/ ojien used prediclion techniques. I n  /his 
work, we revise the PCC design lo take inlo ~ C C I I N ~ I  /he 
ages of fhe  ahrusive pad and condirioning disc. It i s  shoien 
thar the propused age-hosed technique cun si,qn(ficim/ly 
iniprove the prediction cupability und, thzu, lhc c o n l i d  
efjsfficiency over conven/ionul techniqiies. 

INTRODUCTION 

CMP Processes 

Chemical-mechanical polishing (CMP), as a newly 
developed planarization technique, i s  deinonslrated to be 
tlic only global planarization tecliniqoe available and 
thereforc i s  considered to be a strategically important 
technology for next-generation multi-level device. A 
typical CMP process consists of a wafer carrier, a rotating 
platen with a replaceable abrasive pad mounted on the 
surface, and a pad conditioner (Figure I ) .  The wafer is 
held face down by the carrier, which presses tlic wafer 
against the polishing pad. The pad conditioner (or 
conditioning disc) rotates and sweeps across tlie pad to 
roughen i l ie pad surface as it siiiootlies dowii froiii 
repeated polishing. The carrier and platen rotate at variable 
speeds, typically on the order of 30 rpni. Tools differ in a 
number of wafers that inay be simultaneously polished; 
single-wafcr, dual-wafer, and five-licadcd tool exist. 

? l i e  control of CMP processes, Iiowcvcr, is  knowii to be 
quite difficult because o f  poor understanding of tlic 
process, degradation (wear-out) of polishing pads, 
inconsistency of the conditioner, and the lack o f  in-situ 
sensors. Because the process includes inccliaiiical 
abrasion o f  the surface, the polishing pad wears rapidly. 
Concurrent or sequential "conditioning" is usually 
employed to restore tlie abrasive surface o f  tlie pad, but the 
lifetimes of the pad iind thc conditioning disc rcinaiii quite 
limited. 
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Fig. I CMI' I'roccss 

As a result of tlicsc problems, a widely used approach is lo 
iisc a number o f  send-ahead or dummy wafers to condition 
andlor calibrate t l ie  tool before or after cadi  lot of wafers. 
It is [lien the goal u f  i l l i s  research to employ a process 
control sirategy to improve tlic pcrCormaiice 01' CMI' 
~proccsscs. Currcntly, CMP process coiitrol i s  al i i iost 
exclusively based on post-process iiicastirciiiciits 011 test 
wafers. The availability of these post-proccss 
ineastiremenis and the typical proccss drifts diic to 
components' wear-out motivate tlic use o f  Run-lo-l<un 
(RtR) control strategy. 

Riin-to-run (I<//<) Contiolle,:s 

The use 01' Exponentially Wciglitcd Moving Avcnigc 
(EWMA) statistic for csriinatiiig Iiroccss deviations l ias  
been widely studicd and adopted iii practice. Thc E W M A  
stlitistic l ias hecn sliowii to he quitc cflcctive cvci i  for 
processes subject lo varioi~s lkinds of process dirtiirbanccs. 
I n  particular, applicaiions in tlic semiconductor process 
industry liave show11 lliat i l i e  E W M A  slatistic i s  also 
capable of bringing processes with linear drift tiiiclcr 
control 111. Suppose that t l ie  procccss o u t p u ~  Yt ciin be 
controlled linearly by an input variable ,U, and i s  suhject lo 
a natural process disturbance q ( -N(0,  2)) and a 
systcniatic disturbance 81. The process model can be 
written as: 

U, = n 4- ,ljx, -I- /I, + 6, 
=(a+n',)+pY, +/;, 

where n i s  the lincar process model's intercept term and p 
is  the system gain that translates tlic input variablc's size to 
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tlie process output's responded size. The E W M A  statistic 
is  then used to estimate the size o f  the process's intercept 
(a)  plus its systematic deviation at t ime /+I (St+,): 

U, =w(Y, -p,Yl)-k(l-w)U,~l 

, 
= C[w(l-w)"(Y, 

,=I 

wlicrc the weight w is usually set bctwccn 0 and I and ur i s  
ai i  exponentially weighted average o f  tlic historic 
deviations &+g's. Therefore, tlic process output at time 
r ~ l + l  is estimated to be: 

),,,I = a, + PX,,, . 

In order to kccp the process output at a prc-detemiined 
target level (71, we obtain t l ie process recipc at time t+ l :  

T - U, 

P 
x,, = ~. 

Such a controller is insufticicnt for processes subject to 
systematic wear-out. Several authors [2][3] have addressed 
this problem and propose using two E W M A  Ibrtnulas: one 
for estimating "step-change" deviation and the other for 
cstiinating the process "drift" speed. 

ai -wl(Y,  -px,)+(l-lq)u~.l 
p ,  = 11'2(Yi -ox, ~ - u . . l ) + ( l - W * ) p t ~ l  

( 1 )  

where w ,  and w2 are the weights for tlic first and second 
E W M A  equations respectively and pr is to estimate the 
size of tlie process dri f t  from I to t i - I .  Thus, the process 
recipe at /+I should be: 

Such a control scheme is referred to as Predictor Corrector 
Control (PCC) scheme, termed by Butler and SteTani [2]. 

In this research, we first propose an adjustment to the I'CC 
control scheme. The revised PCC control forinula, referred 
to as Double-EWMA (D-EWMA) scheme, is t l ici i fiirtlier 
refined to take the process age into consideration. ' lhe 
methodology i s  finally applied to the CMI' process. 

AGE-BASED RtR CON'I'ROLLER 

RevBed PCC Cuntroller - I)-EWMA Conlroller 

We first propose an adjustment o f  the PCC formula such 
that the process age can be taken into consideration We 
refer to this adjusted PCC formula as Double E W M A  (D- 
E W M A )  formula as distinct from the original PCC 
formula. This D - E W M A  formula is: 

(2) 
UI  =wi(Y, -bx,)+(l-M'i)(U/.i + / J , - I )  

P, =w*(Yr -w! -U, - l )+ ( l -w2)P I - I  

As can be observed in (2 ) ,  the only difference from the 
original PCC formula is that in the first E W M A  formula 
for U,, we add PI-, into the formula. As a result, we can 
obtain a beltcl- asymptotic behavior o f  the controller 

l i inE(u , )=ai  C O ~  
l + 1  

The two cstitnatcs ut and p t  here have very clearly defined 
meanings. L I ~  in this D-EWMA formula represents an 
estimate for a+.V, and p t  i s  an estimate for t l ie size o f  the 
process dri f t  from f to [+I. Together q + p t  i s  the estimate 
fur a+S~,,. It can be shown that the process output with D- 
E W M A  control wi l l  converge to the dcsircd target 7: 

Age-Dosed D-CWMA Conrrollw 

111 niany applications, tlie data sampling time is iiot equally 
spaced. This leads to an invalid result in the 0 - E W M A  
formula. IHowcvcr, the data collected ortcn comes with the 
process's age at the time o f  sampling. In this section, we 
wi l l  develop an age-bascd D - E W M A  formula in that thc 
unequally spaced data can be accommodated along with 
the age data. 

First, Ict ti dctiote the process age at the ith sanipling. In  
Equation (2), the two E W M A  equations need to be 
modified to take the age into consideration. ui  now 
bccoincs tlie estimate for the intercept (a)  plus thc 
systematic deviation at the ith sample (Si). Thc first 
E W M A  equation in (2) should be modified to: 

= w l ( Y i - P x , ) + ( l - ~ v , ) l U , ~ ,  +o, -f,.,)/J-,I (3) 

where pi., is an estimate for t l ie drifting size per unit time 
at tlie ( i - l ) th sample. From sample i-l to sample i tlie 
process lias grown (ti - ti.,) older. Since the process 
continues to dri f t  away at a rate o f  pi., between the two 
samples, by the i th sample tlie process has further deviated 
Tor an amount o f  (/j-t,.,)pj.,, This explains the second term 
o f the  CWMA formula in (3). We also need to modify the 
second E W M A  formula Tor estimating the drifting speed at 
the i th sample h i ) :  

wlierc Yi-PXi-ai., represents the ainoiint the process drifts 
away between sample i-1 and sample i. The recipe at tlic 
( i+l)th run should be therefore set at: 
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to keep the process outpul on target. 

I t  should be noted that sticli a inodification to 
accommodate the process age i s  only possible for the U- 
EWMA formula. For the original PCC formula, the 
modification becomes almost impossible because o f  its 
unclear definitions o f  a1 and PI .  

AGE-BASED CMP D-EWMA CONTROLLER 

A simple strategy for controlling the CMP process i s  to 
predict the ruii-to-run process removal rale and then adjitst 
the polishing time based on the prediclion [41[5]. In  a 
CMP process, both the abrasive pad and tlic conditioning 
disc arc wearing out quicldy. Because or tlie coinbination 
of clieniical and niccliatiical processes during polishiiig, 
tlie wear-out process becomes quik irregular. Simple 
IiWMA prediction of l l ie removal rate i s  not sufficient. D- 
EWMA is thercforc needed to capture tI1c clialiges o f  tlic 
removal rate. The D-EWMA prediclioii of tlie rctnovd late 

at itli observation ( ii can be expressed as: 

U; = wIRi.l +( l -wl)Xi- l  ( 5 )  

/ l i  t V , ( / ? _ l  - O ~ ] ) + ( ~ - M J ~ ) / 7 j ~ l  ( 6 )  

X i  = ni + pi (7) 

'These arc D-EWMA prcdictioit equations corresponding 
to Equation (2) witlioiit considcring tlie process age. 
Similar to the D-EWMA controller, tlic first EWMA 
equation (5) i s  to estimate the level o f the  removal ratc (U;) 

and the second EWMA equation (6) i s  to captiire i ts  
chaiiging speed (pi).  In cqtiatioii (7), tlie removal rate at 
obscrvation i+l i s  then predicted by adding together tlic 
level estimate a; and the anticipated cliangc (pi) Froin 
obscrvation i to + I .  

In practice, the age of the abrasive pad aiid tlic 
conditioning disc can bc ncqiiired along with tlic retnoviil 
rate data. Figure 2 shows tlie trend of the reiiioval rate over 
an entire lifetime of one disc. During tlie lifctiinc ora disc, 
preventive iiiainteiiatice (I'M) was pcrSorined seven limes. 
Each time tlie abrasive pad was replaced with a iiew one. 

I ~~~~ ~ ~~ 

Ilisk l i f e  4 

Fig. 2 l rend o f  removal rate over a disc's lifetime 

It can be observed that tlie removal rate has the tendency 
to decrease as the pad becomes older and wears out over 
time. I~Iowcvcr, the r e ~ i i o v ~ i l  rate's decreasing trends seem 
to be different for pads operated at different points in the 
disc's lii'ctitnc. For cxainplc, tlie 1 "  pad in the beginning o f  
the disc's lire lias the removal rate decreasing drastically 
but this decreasing trend becomes almost indiscernible Tor 
the pads i iear the end or the disc's life, This observation 
helps LIS d e r s t a n d  how the ages orpad and disc affect t l i e  
removal rate. Tlie removal rate is basically decreasing as 
the pad gels older. Hut the removal rate's decreasing trend 
for cadi pad is tigain affected by the disc's age upon wliicli 
(lie pad i s  operated 'I'Iic oldcr the disc. tlie less the rc~i ioval 
rate's &creasing treiid. Based oti this obscrvation, we can 
design an age-based D-EWMA prcdictioti scheme, similar 
to Equations (3)-(4), which takes into consideration tlie 
age o f  the pad and the age of the disc. 

First, tlie initial changing speed of tlie removal rate 010) 
Sor each ahrasive pad is estimated based on the age ( r )  O S  
tlie disc: 

/7"(T) = c -+ h r , (8) 

wlicrc c is the changing speed of the removal rate for a 
brand-new disc (r=o) and b represents how tlic changing 
speed changes tis tlic disc ages. 

Sccoiid, given h e  initial clianging speed of' tlic reinoval 
rate for cacli new pad, the D-I'WMA forinula in equation 
(5)-(7) is  t l ici i revised to accominodalc the age ( I )  of the 
pad. Let I; dciiote the age of tlic pad at tlie i t l i  observation. 
We proposc tlie following age-based D-EWMA prediction 
scheme: 

ai = wlKi_1 + ( I  - I . V ~ ) X ~ . . ~  (9) 
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We can then model the data shown in Figure 2 to estimate 
the values of all the parameters (c, b, wI. and wJ in 
equations @)-(I  I ) .  Figure 3 shows this estimated model. 

Prediction MSE 

Fig. 3 Estimated removal rate vs. actual removal rate 

The model estimated using data in Figure 2 can be now 
used to predict the removal rate for other discs. 

Iigure 4 shows the prediction for another disc using the 
model estimated above. 

-*na:,, 11.1,11'1111 lilll --1 

Improvement(%) 
over EWMA 

EWMA 
D-EWMA 
Age-based 

191.683 
178.484 6.88% 
158. I63 17.48% 

__ 

D-EWMA I I 

bascd D-EWMA sclietnc should be used to predict the 
removal rate. ' lhc prediction improvement is about 17% 
better than the EWMA sclienie and I I% better than the D- 
EWMA scheme. 
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It is recommended that when the age data Tor tlic abrasive 
pad and the brushing disc is available, the proposed age- 
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