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Etching is one of the cdtical steps in the fabrication of microelectronics devices. A 
time-optimal control problem with a dual-term terminal cost including both bottom 
linewidth and side-wall curuature is formulated to implement an optimal open-width 
design principle. A singular-arc solution does not exist and the control action is bang- 
bang. The optimal switching time is analytically calculated. The feasibility and effective- 
ness of this technique are illustrated by simulation studies. This design and control 
philosophy can easily be applied to other microelectronics manufacturing processes. 

introduction 
Etching is one of the critical steps in the manufacturing of 

microelectronics devices, since images are irreversibly trans- 
ferred into a permanent film on the substrate (Moreau, 1988). 
Currently, most etching processes are operated on a trial- 
and-error basis, and automatic control of the process is not 
common. Important process variables directly related to the 
product quality and process productivity, such as, the bottom 
linewidth, the side-wall curvature, and the cycle time, are not 
normally directly controlled. 

An early application of advanced process control in lithog- 
raphy is that of Boehm (1982). Four nonlinear process vari- 
ables of a dry-etch process were adaptively controlled with a 
recursive least-squares estimation method combined with a 
deadbeat controller. Although neither the bottom linewidth 
nor the side-wall curvature were among those four controlled 
variables, the impact of this research is significant. 

Direct bottom linewidth control in lithography was made 
by Lauchlan et al. (1985) for photoresist development. Opti- 
cal interferometry was used to measure the film thickness in 
real time. By identifying the time to surface breakthrough, 
also called the controlpoint time (CPT), and relating this value 
to the required total development time needed to achieve the 
desired bottom linewidth, process control is achieved. A cali- 
bration run is performed for each masking level to determine 
the functional relationship between CPT and the total devel- 
opment time. The total development time completely relies 
on real-time measurements and trial-and-error experiments. 

On-line adaptive control of bottom linewidth in lithogra- 
phy was studied by Carroll and Ramirez (1990, 1993). They 
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used state and parameter identification and adaptive control 
to achieve optimal process control of positive photoresist de- 
velopment. Mathematical models were used in conjunction 
with on-line development penetration data based on optical 
interferometry. A model describing the postbreakthrough 
dissolution was used to determine the total development time, 
based on the knowledge of the development rate parameter. 
Experimental results were reported that the control policy 
and identification algorithm provided tight adaptive control 
on the desired bottom linewidth, despite continually chang- 
ing environmental conditions. The control of side-wall curva- 
ture was not addressed in their work. 

An adaptive run-to-run control strategy of photolithogra- 
phy was reported by Crisalle et al. (1992). A lumped-parame- 
ter model was used to describe the relationship between the 
critical dimension (the controlled variable) and the exposure 
energy (the manipulated variable). Model parameters were 
updated using least-square estimation based on direct meas- 
urement of the critical dimension by scanning electron mi- 
croscopy (SEM). The adaptive controller was a nonlinear 
model-inversion controller. The performance of this control 
scheme was studied by simulation. 
In this article, an optimal design principle that is capable 

of simultaneous bottom linewidth and side-wall curvature 
control (Zhou and Ramirez, 1996a) is described. An optimal 
control problem is then formulated and solved. The per- 
formance index of this problem represents the three major 
quality and economic concerns in the manufacturing process, 
namely: 

Minimize the deviation from a setpoint for bottom 
linewidth. 
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Minimize the deviation from a setpoint for side-wall cur- 

Minimize the cycle time. 
vature. 

The first two are the key quality parameters, while the cycle 
time is the major factor that affects the process throughput, 
and therefore affects the productivity and profitability of the 
process. The control action is bang-bang, and a singular-arc 
solution is shown not to exist. The optimal switching time 
from etching to rinsing, in the sense that an optimal trade-off 
among the three criteria considered is reached, can be calcu- 
lated analytically. 

Optimal Open-Width Design Principle 
Common practice in wet etching and lithography is to have 

the open width in the mask the same as the desired bottom 
linewidth after resist development. Although the open width 
in the mask is sometimes changed to cope with the diffrac- 
tion effect during the photoresist exposure process, the open- 
ing in the resist after development is still designed to 
be of the desired bottom linewidth in the film to be etched. 
Both strategies can be called the exact open width (EOW) 
problem. 

Based on an isotropic etch assumption (Kern and Deckert, 
1978; Lichtenberg et al., 1993), the etch profile can be simu- 
lated by Fermat’s principle of least time (Morgan, 1953; Oh 
et al., 198l), or Barouch’s least-action principle (Barouch and 
Bradie, 1988), both of which lead to the conclusion that the 
contour of the side wall is a quarter of a circle centered at 
the edge of photoresist layer (Carrier and Pearson, 1976; 
Carroll, 1990). 

Only the bottom linewdith is addressed in the EOW prob- 
lem. The side-wall curvature, q, defined here as 

d 
v = x >  

is unity when the desired linewidth is reached using EOW. 
Here d is the actual film thickness, and R is the undercut. In 
most cases, a smaller curvature is more desireable. It facili- 
tates the succeeding liftoff operations, helps increase device 
density by decreasing undesired undercut, and more impor- 
tantly, improves performance of numerous devices. As can be 
seen in Figure 1, the side-wall curvature decreases as the un- 
dercut increases after breakthrough. Zhou and Ramirez 
(1996a) suggested that by controlling the overetch time, the 

side-wall curvature can be controlled, and that following opti- 
mal open width (OOW) design principle was proposed: 

Given the design film thickness, d, ,  desired bottom line- 
width, L,, and desired side-wall curvature, q,, the optimal 
open width in the masking layer, L,, can be calculated by: 

Lm=L,-2\i(:) 2 -d,2 

Thus, by selecting the open width in the masking layer, both 
linewidth and curvature can reach ideal values. The total etch 
time, t f ,  can be solved numerically from 

- = d S + j t f r d t ,  d ,  

7 s  tn 
(3) 

where to is the breakthrough time, and r is the etch rate. 
The breakthrough time, to ,  is detected using optical interfer- 
ometry (Lauchlan et al., 1985; Carroll, 1990). 

An example is provided in Figure 2, where the ratio of the 
desired bottom linewidth, L,, to the film thickness, d, ,  is 10, 
and the setpoint for the side-wall curvature, qs, is 0.5. Ac- 
cording to Eq. 2, the actual opening in the masking layer is 

L,  = 6.536 d , .  (4) 

The side-wall contour thus obtained is illustrated in Figure 2 
by arc 1. Arc 2 represents the side-wall profile if the EOW is 
used. 

A desirable byproduct of the OOW design principle is that 
with a smaller opening in the masking layer, a larger contact 
area is provided between the masking layer and the film to 
be etched, thus helping solve, or at least alleviate, the lifting 
problem, which is a common concern in etching processes. 
For example, in Figure 2, the contact area before etch starts 
is OOW1, if the OOW design principle is used, and EOWl 
for EOW. The contact area for the OOW case is OOW2 when 
the desired bottom linewidth is reached, and EOW2 for the 
EOW case. Actually, during the whole process, OOW always 
provides larger contact area than EOW between the photore- 
sist and the alumina layer. 
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Figure 1. Side-wall profiles during isotropic etch. 
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Figure 2. Example of OOW design. 

The Optimal Control Problem 
The following optimal control problem is’ formulated to 

represent the three objectives discussed in the first section: 

with the equality constraint of the process model: 

where 

Here, L,  and vS are setpoints for the bottom linewidth and 
the side-wall curvature, respectively, and 

L ( t )  = L ,  + 2dR(  t ) ‘ -  d Z  (8) 

(9) 

R( t )  = d + /* r dt. (10) 
t o  

The etch rate, r, is the control variable, which is a function of 
etchant temperature and concentration, and rma the maxi- 
mum etching rate under the specified etching condition. The 
equality constraint, Eq. 6,  is an experimentally derived model 
(Zhou and Ramirez, 1996b) that describes the reaction kinet- 
ics of the etching process. The parameters w1 and wz are 
weighting coefficients that reflect the relative importance of 
the various terms in the performance functional. 

Notice that the actual film thickness, d ,  is used in Eqs. 8 to 
10. In a manufacturing environment, wafers may reach the 
etching step with film thickness different than the design 
value, d, .  The open width in the masking layer, L,, is always 
calculated from Eq. 2 using the design film thickness, d,. 

To make the weighting coefficients more meaningful and 
comparable, the problem is rewritten in dimensionless form: 

(11) 

with the state equation 

( 12) d * ( t * )  = pr* 

and 

O s r *  r l ,  

where 

L 
L* = - 

LS 

77 

77s 

v* = - 

t 
t* = - 

t0 

R 
R * = -  

RS 

(13) 

(14) 

(15) 

Here, p is a dimensional coefficient. 
The Hamiltonian (Ramirez, 1994) has the form: 

H = h p r * + l ,  (22) 
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where A is the costate variable. Since the Hamiltonian is lin- 
ear in the control variable, r*, either the control action is 
bang-bang or there exists a singular arc. 
The costate variable is defined by 

TOM)- 

6000 

(23) 

. . . . . . . . . . . . .  ................... : .................... : ................ 

............. ................... ................... j. ............... 

which indicates that A is a constant and does not change sign. 
The transversality condition gives 

(24) 

where 

Since 6R*(tf*)  and 6tf* are unknown and free, we have 

Also, h is not explicit in t* (Eq. 2 9 ,  therefore 

dh 

dt* 0, -= 

which leads to 

(26) 

(27) 

(28) 

With constraints on the control, Pontryagin's Maximum 
Principle (Pontryagin et al., 1962) is then applied to find the 
optimal solution, which is bang-bang control given by 

r* =1, if A < O  (30)  

r * = 0 ,  if A > O .  (31) 

Since A is a constant and retains the same sign, r* equals 
either unity or zero, and does not switch between these two 
limits within the time domain [l, t?]. 

Combining Eqs. 22 and 29 yields 

H ( t f * ) =  A ( t , * ) p r * ( t f * ) + l = O .  (32) 

The minimum control action, r* = 0, is impossible since it 
violates Eq. 32. It is also physically impossible over the entire 
time domain, since it is the condition of no etching. There- 
fore, the feasible bang-bang control is the maximum control 

r* =1, (33) 

and the final costate becomes 

1 
A ( t f * ) =  - - (34) 

P '  

Substituting A(t f*)  into the transversality condition (Eq. 26), 
gives 

dh 1 
---(tf*) = - -, 
dR* P 

which is equivalent to 

L ,  + 2 R , d ( R * ) 2 - ( d / R , ) 2  

LS 

Rs R* 

+ 2 w ; ( - - 1 ) $ ( - 3 ) = - -  d d/R: 1 

R*Rsqs P '  

(35) 

(36) 

This nonlinear equation can be solved for R*(tf*)  using a 
general root-finding algorithm. The shape of the nonlinear 
function of Eq. 36 is depicted in Figure 3 for typical values of 
qs = 0.5, Ls = 10 pm, and d = d ,  = 1 pm, with the ratio of 
wT/wz changing from 0.5 to 10. It can be seen that within the 
range of interest, this nonlinear function is monotone and 
has a single root. Simulations with other parameter values 
show a similar pattern. A reasonable initial guess for R: is 1. 

The dimensional value for R ( t f )  can be easily obtained by 
multiplying R*(t f*)  by R,,  then using Eq. 10 to calculate the 
optimal stopping time tr. Since r = rmax in the dimensional 
form, Eq. 10 becomes 

and 

................ .~ .......................................................... /A , .................. 

I / ' ! ! !  2000 .................. :. . . . . . . . . . . . . .  .: ..................................................... 

f u]m ................................ ..: ................................... ~ . . ............. 

3000 .................. r ................... ; .............................................. 

jlmt .......... 

0 ................... ................. ............... 
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J 
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Figure 3. General shape of the nonlinear function re- 
sulting from the optimal control problem. 
Line 1: wTf i :  = 0.5; line 2: wTf i f  = 1.0; line 3: wT/wf = 2.0; 
line 4 w;"/wT = 5.0; line 5: w T f i 8  = 10.0. 
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The existance of a singular solution ( A  = 0) is not possible 
since this solution contradicts the final Hamiltonian relation- 
ship of Eq. 32. 

Simulation Studies 
To illustrate the effectiveness of the proposed design and 

control technique, an example coming from the manufactur- 
ing of read head in the tape drive is simulated in this section. 
As shown in the previous discussion, in order to calculate the 
optimal stopping time, besides all the design parameters (L , ,  
vs, and d,), two more variables, r,,, and d ,  need to be speci- 
fied. Here, we assume that these variables are known. When 
the optimal control system is implemented, both variables can 
be estimated by an augmented Kalman filter using data from 
an end-point detector (Zhou and Ramirez, 1996a). 

As is common in industrial operations, the total etch time 
by EOW is composed of two parts, an estimated break- 
through time using the actual film thickness, d,  and the maxi- 
mum etch rate, r,,, plus a 15% overetch time to ensure 
breakthrough and a clean breakthrough surface. The main 
reason to use the 15% overetch time is that residual “islands,” 
which could be fatal, may occur at the breakthrough time. 
Since the OOW design principle results in excessive 
overetching, no further overetching is needed. 

This case simulates the scenario where the actual 
film thickness is of the design value and the cycle time is not 
important. Therefore, 

Case I. 

d = d ,  (39) 

Table 1 summarizes the simulation parameters. Table 2 shows 
the OOW simulation results along with the results of the 
EOW reference case. It is obvious that OOW is capable of 
controlling the bottom linewidth and side-wall curvature si- 
multaneously. Both reach their setpoints. However, the cycle 
time is 1.7 times that of EOW. 

If the cycle time is a factor to be considered, the 
weighting coefficients, wT and w;, can be adjusted to obtain 
the optimal trade-off among the linewidth, wall curvature, and 

Case ZZ. 

Table 1. Parameters for Case I* 

Table 2. Results for Case I* 
oow EOW 

Table 3. Parameters for Case 11* 

L , ( p m )  qs d,(pm) d ( p m )  r,,, &mid  wf wt 
10 0.5 1 1 250 1,000 40 

*Cycle time is considered. 

Table 4. Results for Case 11” 

oow EOW 

L ( i f )  ( pm)  17 0,) t, (mid  L 0,) ( pm)  7) 0,) t f  ( m i d  
0.58 69.14 11.14 0.87 46 9.36 

“Cycle time is considered. 

cycle time. Table 3 lists the parameters used when the rela- 
tive importance of the linewidth to curvature to time is 
1,000401. Table 4 shows the results calculated from the op- 
timal control problem. A 12.5% reduction in the cycle time is 
obtained when compared to Case I, at the price that linewidth 
and wall curvature are 6.4% and 15.7% away from setpoints, 
respectively. 

Case ZZZ. The optimal controller can also handle process 
drifts in film thickness, which is inevitable in a manufacturing 
environment. If the actual film thickness, d ,  is less than the 
design value, d,, using the parameters listed in Table 5, we 
have the results in Table 6. While the total etch time of OOW 
is almost twice that of EOW, the linewidth of OOW is very 
close to its setpoint, with only 0.57% deviation. EOW results 
in a 10% deviation. Also the wall curvature of OOW is close 
to its setpoint with a deviation of 6.6%, which is much better 
than that of EOW. It is possible to retune wT and wT to 
reduce the cycle time if it deserves more weight. 

Case N. This simulation studies the case where d is 
greater than d,. Again, sacrificing the cycle time brings the 
final linewidth and curvature into 0.03% and 6.6% of their 
setpoints, respectively. Again, OOW operation is much 
preferable to EOW operation in terms of meeting target per- 
formance specification. As more weight is assigned to the 
linewidth, it is closer to its desired value. This would reflect 
the general quality requirement in the fabrication of read 
heads in the tape drive. Parameters and results for Case IV 
are lists in Tables 7 and 8. 

From all the cases studied, it can be deducted that the 
OOW operational policy allows for the simultaneous control 
of both linewidth and side-wall curvature. The EOW opera- 

Table 5. Parameters for Case III* 

*d < d,. 

Table 6. Results for Case III* 

oow EOW 

*d < d,.  
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Table 7. Parameters for Case IV* 

L,(pm) 7s d,(pm) d (pm)  r,,,,, (&mid wf w$ 
10 0.5 1 1.1 250 20,000 1,000 

*d > d,. 

Table 8. Results for Case IV 
oow EOW 

* d  > d,. 

tional policy should still be used for the situation when the 
cycle time is critical and wall curvature is not a concern. 

Conclusions 
The optimal open width design principle is shown to be 

capable of controlling both the bottom linewidth and the 
side-wall curvature. An optimal control solution provides the 
flexibility of achieving a trade-off among the linewidth, the 
wall curvature, and the cycle time. Operators can thus adjust 
the process to accomodate various requirements such as 
product specifications and delivery time. However, if the wall 
curvature is not a concern, EOW is a better choice than 
OOW, since the cycle time is significantly lower. This study 
explores how to introduce the new idea of optimal open width 
design into thin-film manufacturing processes. 
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Notation 
J =performance index 

J* = dimensionless performance index 
L(t)=bottom linewidth at any time after breakthrough, p m  

L( t f )  =final value of bottom linewidth, pm 
L*(t? ) = dimensionless final value of bottom linewidth 

R(t)  =undercut at any time after breakthrough, p m  
R, =scaling factor for undercut, pm 

Greek letters 

sionless 
q( t )  = side-wall curvature at any time after breakthrough, dimen- 

q ( f f )  =final value of side-wall curvature, dimensionless 
q* (f? =scaled final value of side-wall curvature, dimensionless 
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