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Abstract - In this paper, we present a cost@ective 
methodology for a run-by-run E M  controller. This 
controller is an integrated approach that combines the 
advantages of statistical process control and feedback 
control. It adjustr the equipment settings only when the 
control chart detects an abnormal Rend. Using simulations, 
we take into considerations the control sensitiviw, 
robusmess, and adjustment number required to determine 
an optimal weight for a minimum cost. As the simulcztion 
results demonstrate, the cost-effective run-by-run controller 
is able to keep a dn9ng process outputs close to the target 
with only f a v  runs of adjustment. 

INTRODUCTION 

The Run by Run (RbR) process controller, ongiaally 
developed by an MIT research group [1][2], combines 
statistical process control (SPC) and feedback control. 
Here, SPC is used to decide the control of the next run to be 
“gradual” or “rapid.” In the gradual mode of control, the 
constant terms of linear models, characterizing the 
underlying process, are updated based on exponentially 
weighted moving average (EWMA) algorithm. The 
gradual mode of the RbR controller is, in essence, a 
continuous EWMA controller. 

The EWMA controller is an effective controller for 
controlling processes when there an process drifts and 
small shifts and when the adjustment of equipment settings 
is reasonably easy and inexpensive [3]. However, when 
the cost of adjusting the equipment settings is sigruficant or 
the underlying abnormal pattems are not c m  a more 
rigorous detection rule should be exercised as to when to 
control and when not to control. Our goal in phis paper is 
then to present a “detection and control” methodology for 
the EWMA controller so that it can be more cost-effective. 

Figure 1 illustrates the proposed detection and control 
system architecture. As can be seen, there are two main 
modules in this system: SPC module and feedback control 
module. In the SPC module, the goal is to distinguish 

between common causes of deviations and special causes of 
deviations. Only when there is an evidence indicating that 
the abnormal deviation is statistically signrfcant, will the 
control actions be taken. In the feedback control module, 
the goal is to compensate for the deviation by adjusting the 
equipment settings of the next run. This detection and 
control process is then repeated on a RbR basis. Detailed 
algorithm about each module and the simulation results are 
descri%ed in the following sections. 
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Figure I Detection and control system architecture, 

STATISTICAL PROCESS CONTROL 

To enhance the detection sensitivity, the characteristics of 
Merent types of control charts are studied. In general, 
then are four types of control charts and their difference 
can be characterized by the weighting scheme on the 
historical data (Figure 2). 

Shewhart control chart: Each control point uses only 
the C w a t  measurements so a 100% weight is 
assigned to the current data. 
CUSUM control chart Each control point uses all the 
historical data by assigning equal weights to all 
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historical data. 
Moving average control chart: Each control point uses 
the latest m (m is a constant) data points by assigning 
equal weights to the latest m points. 
EWMA control chart. Each control point uses all  the 
historical data but the more recent the data, the higher 
the weight. As shown in (l), the weight is 
exponentially decreased as the data point ages. 
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Figure 2 Weighting schemes of different control charts. 

In the traditional SPC, the process is assumed to be static 
and the process inputs are usually kept unchanged In ow 
detection and control scheme, inputs (equipment settings) 
might change from run to run, and the direct plotting of 
output values makes no sense. The correct way is to plot 
the residuals between the predicted output values and 
measured output values. This is shown in (2) and (3). 

Yt = ak-1 + bX, (2) 

f" : predicted output value ( t  is the current run no) 
ak-1 : model constant term (k is the model tuning no) 
b : model slope term (assumed fixed) 
X, ; equipment settings 
Y, : wafer output measurement 

et = Y, - Yt (3) 

Figure 3 illustrates the functional block diagram of our 
detection and con In the SPC module, 
once the residual for the t run is calculated, a 
Shewhart control chart is fmt used to detect if there is a 
large deviation. If there is a statistical evidence indxating 
that the process has a large shift ( letl > 20 ), then we might 

P-62 

stop the process for further diagnosis. If there is no large 
sh&, an EWMA control chart is then used to detect if there 
is a small deviation. If there is a statistical evidence 
showing that the process has a small deviation 
( IEt I > h , / m ) ,  then control actions will be taken. 

Otherwise, the current process is deemed stable and no 
control action is needed. 

Cost-Effective Run-by-Run Conrroller 
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Figure3 FUIIC~~OM~ block diagram of a detection and 
control Mework.  

To demonstrate the detection sensitivity, smulatlons are 
performed. As shown in Figures 4 and 5 ,  a process has a 
large shift in nm 16 and has a small drift fromrun 11. The 
Shewhart control chart is able to detect the shift but not the 
drift. This is due to the fact that the Shewhart control 
chart uses only the last measurement data. On the other 
hand, the EWMA control chart with a weighting factor W = 
0.2 is able to detect the drift but not the sluft. This result 
indicates that the EWMX control chart is more sensrtive to 
small deviations; however, the weighting factor must be 
carefully chosen. 
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Figure 5 EWMA control chart. 

One way to decide the optimal weighting factor for the 
EWMA control chart is to balance between the sensitivity 
and robustness. By deriving the run length distriiution 
using Markov-chain formulation, we are able to 
characterize the sensitivity and robustness under different 
weighting factors and an optimal weighting factor can be 
chosen accordingly [4]. However, in our detection and 
control scheme, the EWMA control scheme serves not only 
as a detection device but also a deviation compensator. 
An optimal weighting factor must be chosen based on the 
overall control efficiency. In the next section, a cost- 
effective methodology is proposed. 

FEEDBACK CONTROL 

In the feedback control module, we use the EWMA values 
( E ,  ) to fine tune the constant terms of the control models. 
Then the equipment settings of the next run can be obtained 

by using the updated control models. Equations (4) and ( 5 )  
show the calculations. 

(4) ak 1 Ok-I + E t  

( T i s  target value) ( T - a k : )  
b 

xt+, =-- 

As mentioned earlier, to emsure the detection and control to 
be cost-effective, the: weighting factor (W) in the EWMA 
formulation must be chosen carefully. If we can assume 
the underlying small deviations are due to process drifts, 
then it is possible to characterize the detection and control 
performance against different values of weighting factor 
and drift speed. 

Our approach is to we Monte Carlo simulations to evaluate 
the required adjust" number, the control sensitivity, and 
the robustness against different values of weighting factor 
and drift speed. Here, the control sensitivity is 
characterized by MSE (mean square error) divided by 
natural variance; ancl the robustness is evaluated by MSEO 
(mean square error when there is no drift) divided by 
natural variance. Since both MSE and MSEO, as shown in 
(6), is proportional to the quality loss as defined by Taguchi, 
their values should be as small as possible. Figure 6 
illustrates the result of one case study in which the drift 
speed is 0.02 (i.e., :! G after 100 runs) and 1000 runs are 
simulated. 
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Figure 6 Correlatiain between weighting factor, MSE, 
MSEO, anid adjustment number. 

Finally, a total co:st criterion is proposed to select the 
optimal weighting factor for the cost-effective EWMA 
controller. If the cost coefficients for MSE, MSEO and 
adjustment number ;are given, as shown in (7), the total cost 
can be obtained, ancl the optimal weighting factor is the one 
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that minimizes the total cost. 

Cost =C, (MsElo3~(MsEolo’)cC,(Adjus~ent no) (7) 

In order to demonstrate the effectiveness of the proposed 
detection and control methodology, a simulation is 
performed and results are shown in Figures 7 and 8. In 
Figure 7, we see that a drifting process is able to be brought 
back to the target v A e  using the cost-effective EWMA 
controller. In Figure 8, we see that there are only four out- 
of-control signals (and thus four feedback control 
adjustments) in 200 rum. 

-with control 
3900 
3800 I 

I 1 .  

3300 ivvlliw 4 

1 21 41 61 81 101 121 141 161 181 
Run Number 

Figure 7 Simulated d d t  process with and without control. 

adjustment, reduce the MSE and the result is comparable to 
that of using a continuous EWMA controller. Based on 
the results in Table 1, we can also conclude that a 
continuous EWMA controller, in general, is suitable for 
situations where the drift speed is high and the adjustment 
of equipment settings is relatively easy and inexpensive. 
However, if the drift speed is smal l  or uncertain while 
adjustment cost is signficant, then a detection and control 
scheme wil l  be more cost-effective than a continuous 
control scheme. 

CONCLUSIONS 

In this paper, we present a detection and control scheme for 
the RbR EWMA controller. The controller combines the 
advantages of SPC and feedback control. In specific, its 
optimal weighting factor is chosen based on the overall 
control efficiency by considering the control sensitivity, the 
robustness, and the adjustment number. As the simulation 
results demonstrate, the cost-effective E m  controller is 
able to keep a dnfting process outputs close to the target 
with only few runs of adjustment. Future plans include 
the application to fab process control and a control scheme 
for large process devlations. 
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Figure 8 EWMA chart for the simulated drifting process 
with cost-effective EWMA control. 

To M e r  demonstrate the controller’s characteristics, more 
simulations are performed and results are shown in Table 1. 
Here, for a given dritl speed, the optimal weighting factor is 
chosen for each controller (cost-effective and continuous 
EWMA controllers) and IO00 runs are simulated. As can 
be seen. under different drift conditions, the cost-effective 
EWMA controller is able to, with much less frequent 
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Table 1 Performance comparison between the cost-effective EWMA controller and continuous EWMA controller. 
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