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1. Introduction     

Semiconductor manufacturers prefer automatic machines due to quality, productivity and 
effectiveness. Compared with other industries, the semiconductor industry has automized 
the individual steps of a process to a relatively high level. Most of the operators usually 
learn about wafer placement rather than the principle of the process. But the manual 
systems do not know the placement of a wafer, so operators should set the initial conditions 
for the process. Wafer alignment is an operation for correcting the current wafer position in 
the system coordinate until the wafer is located at the target position. The wafer position 
varies after loading, so alignment steps are required.  
Manual alignment systems need the operators’ help every time the wafer is loaded and is 
actually a time-consuming process, that lowers manufacturing productivity and raises costs. 
So, automatic alignment can save these time and costs. If the machines have automatic 
alignment function, wafer processes can be connected automatically. Operators then would 
only have to check and monitor the processing situation, and fix a problem when it arises. 
Therefore, one operator can operate more machines, and would not be required to have high 
process skills. Fig. 1 shows the concept of wafer alignment in the dicing process. 
Passive alignment is related with mechanical structures which persist into external forces 
without any actuators. A self-constrained mechanism is developed by Choi. When axial 
force is exerted on a stage, grooves beneath the stage generate internal stress which prevents 
from moving the stage (Choi et al., 1999). Pyramid and groove mechanism make stacking 
force under external stress (Slocum & Weber, 2003). 
Active alignment skill using sensors and actuators is applied widely in semiconductor 
manufacturing process. Anderson’s method (Anderson et al, 2004) is based on cross-relation 
between a defined template and an inspected image. He segmented the pixels around a 
peak and interpolated under sub-pixel level. Misalignment can be detected by Moire effect 
and laser beam. PZT actuators are applied to remove misalignment in lithography (Fan et 
al., 2006). Machine vision is a common device to detect misalignment in wafer aligment 
(Hong & Fang, 2002). 
We have developed an algorithm for wafer alignment. This alignment algorithm was 
derived from rigid body transformation or object transformation. The algorithm was based 

on the simultaneous motion of x-y-θ axes in 2D space. A 2-step algorithm has a simple 
form which can be written by 2×2 matrix operations. The magnitude of misalignment was 
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reduced in base of macro and micro inspection data(Kim et al., 2004). The matrix was 

expanded with 4×4, and θ was included in the equation. So, the alignment variables of x-y-

θcan be calculated within one equation(Kim et al, 2004), (Kim et al, 2006). The 
manufacturing condition which was varied to be ideal conditions, affected the quality of 
alignment. Sometimes the misalignment did not become zero after only macro-micro 
alignment. In this case, the problem can be solved by iterative alignment equation, which is 
similar to numerical algorithms(Kim et al, 2007). The convergence speed of the iteration can 
be controlled by the convergence constant. This constant can prevent numerical vibration. 
The convergence analysis method, similar to a numerical method, is proposed(Kim et al, 
2006). We tried to obtain the exact solution in these studies, but they found that the solutions 
can be obtained from an estimated equation. The idea in this study came from the estimated 
method. The equation could be simplified by making a few assumptions of the wafer 
alignment condition. The derived formula did not have the terms for rotational center, 
which was impossible to measure exactly. The alignment results showed that the 
performance of the proposed algorithm was similar to the exact solution, and that the error 
convergence speed can be controlled. 
 

 

Fig. 1. Concept of wafer alignment in dicing process 

2. Review of 2D alignment model 

2.1 Coordinate transformation for alignment(Kim et al, 2004) 

The machine coordinate in the alignment system has three variables - x, y and θ. Let  be the 
P(x,y) original coordinate, and P’(x’,y’) be the transformed coordinate. The each coordinate 
can be shown as follows  

 
T

yx

TT CCPyxPyxP )00()1()1( =′′′=′= θθ   (1) 

www.intechopen.com



The Wafer Alignment Algorithm Regardless of Rotational Center 

 

383 

The alignment space is on 2D, the alignment procedure carries out translation and rotational 
motion. The movement can be described by rigid body transformation and the coordinate 
after the motion can be calculated simply by multiplying matrices. The notation of the 
translational matrix usually has a ‘T’, the rotational matrix has an ‘R’ and the center of 
rotation has a ‘C’. Then the transformation is formulated by equation (2). 

 })({ CCPRTP +−=′   (2) 

TR matrices in the wafer alignment system can be derived as equations (3) and (4), which 
are 4 × 4 matrices. 
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2.2 Basic alignment algorithm(Kim et al, 2006) 

The wafer has marks for alignment. The ideal mark position Pt is stored when the wafer is 
perfectly aligned. Misalignment is calculated from the current position Pc. The vision system 
inspects the location of the mark on the screen. These mark positions can be defined as 
follows. 

  
T

cccc

T

tttt yxPyxP )1()1( θθ ==   (5) 

When the current position of the mark is deviated from the ideal one, the resulting 
displacement can be defined as 4. The mark position in the machine can be obtained from 
the target position and the displacement by equation (6). 

 1 T

c t c c c
P P Δ (x Δx, y Δy, ș Δș, )≈ + = + + +   (6) 

If the current position is compensated with an arbitrary value ǂ = (ǂ x, ǂ y, ǂ θ, 0), the mark 
will be located at the target position. So, an alignment algorithm f(x) can be written by 
equation (7). 

 0) =− tc P,αf(P   (7) 

f(Pc,ǂ) can be replaced with the equation from the rigid body transformation. The result is 
shown as (8). The T and R have the unknown compensation variable for the current 
position. 
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 0  PC}C)T{R(P tc =−+−   (8) 

The plus direction between the mathematical coordinate and vision can be reverse, and the 
relation can be written by vision direction matrix Dv whose diagonal terms have a value of 
either +1 or -1 and the other terms are zero. 

 0  PC}C)ΔDT{R(P tvt =−+−+   (9) 

The direction problem can occur between the math coordinate and the machine, and the 
machine direction matrix Dm has the similar characteristics as Dv. 

 
T

yxmD )1( θββββαβ ==   (10) 

The unknown ǂ can be calculated from the equation, and (11) and (12) are the exact solution 
in the case when two points are inspected to align a line. 
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3. Centerless model 

3.1 Simplification 
The equations (11) and (12) are the exact solution, but estimated solutions have been used 
for many numerical problems. Some variables can be erased by geometric relations and 
alignment conditions. Fig. 2 shows the general condition for wafer alignment in the dicing 
process. First, angular misalignment in the process is within ±2o, which means sin ǂ ≈ ǂ and 
cos ǂ ≈ 1. the equation (11) can be written as follows  

 

șnxcnynșnxcncntnyn
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  (13) 

Second, inspection is carried out at two points, and the compensation value is the average, 
ǂ=(ǂ1+ǂ2)/2. And the inspection points are axis-symmetric at the rotational center, 
2Cx−(xc1+xc2)=0. Another assumption is that the mark position is defined near the rotational 
center, 2Cy−(yc1+yc2) = 0. Therefore, the equation (13) can be expressed as (14). 
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2

21

21

)/Δ(Δα
)/Δ(Δα

yyyn

xxxn

+−=
+−=

  (14) 

 The x-stroke of two points is actually constant, l=xt2−xt1≈xc2−xc1 because the x variation by 
misalignment is much smaller than the moving stroke. The y-stroke of two points is actually 
zero, yt2 − yt1 = 0. Equation (15) is derived from these relations. 
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Fig. 2. General conditions for wafer alignment 

 
l

)Δ(Δ
αα yy 12

tan
−

=≈ θθ    (15) 

The derived equations are much simpler and have no center terms for rotation. Considering 
the wafer alignment system, there are three centers, as shown Fig. 3: rotational center, wafer 
center, and chuck center. The positions of these three centers are different, but cannot be 
measured exactly or cannot be fixed at the same position. Centerless algorithm cannot give 
an exact solution, but an estimated one, so the iteration step is necessary.  
 

 

Fig. 3. Different Centers on alignment table 
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Fig. 4. Concept of movement for the points in alignment 

The equation can be explained in another way. Fig. 4 shows the virtual alignment 

procedure. The inspection positions are located at both ends of the lines, and the middle 

point can represent the inspection points. The misalignment of the middle point can be 

estimated from the average of the misalignment on the two points. And the compensation 

value of the middle point is approximately equal to the magnitude of the misalignment, and 

the result can be written as (14) and (15). 

3.2 Iteration and convergence 

The alignment properties are estimated, and it is possible that the misalignment cannot be 
zero after the first alignment. And manufacturing conditions can vary and are different from 
the ideal condition. The alternative is the iterative alignment, which is carried out until the 

misalignment decreases under tolerance level. Compensation values are added to the 

current position, and the i-th step of the alignment can be written as equation (16). It is 

necessary to control convergence speed, and the convergence constant is defined as ǈ.  

 ȕ Ș P  P i

c

i

c

i

×+=
+1

  (16) 

 
Misalignment can be defined as the magnitude of the deviation, as shown in (17). The 

iteration is terminated when the misalignment becomes smaller than tolerance ε.  

 ε
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As the automatic alignment proceeds, the numerical position on the machine is 

compensated. The magnitude of the compensation value ǃ will decrease by the number of 

iterations. Ǆ is defined as the total amount of the compensation or difference between initial 

position and current position. The Ǆ will be converged to an arbitrary value if the alignment 

is done well.  

 1 0i i i i

c cȖ Ȗ Ș ȕ P - P+ = + × =  (17) 

 

 
 

Fig. 5. Photo of automatic wafer dicing machine 

4. Experiment 

4.1 Dicing machine 

The algorithm was tested on the wafer dicing machine. The machine had 4 axes - x, y, z and 

θ. Because the z axis is actually used only for cutting action, it was excluded for alignment. 

Each axis is composed of a ball-screw and LM guide. The axes were accurate to the micro-

level. Fig. 5 shows a picture of the dicing machine, and table 1 shows its specifications. The 

align mark was inspected with a PCI frame grabber, which has 0.1 sub-pixel accuracy. Two 

cameras were connected to the frame grabber. Very small lenses were attached to the 

cameras, which had same magnifications because of the align patterns.  
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contents name/axis specification 

resolution 
 
 

linear scale 
pitch 

 
 

motor 
 
 

backlash 
 

x 
y 
ǉ 
y 
x 
y 
ǉ 
x 
y 
ǉ 
x 
y 

1μm 
0.2μm 

2.0 x10-4deg 
10000ps/mm 

10mm/rev 
4mm/rev 

1/100(harmonic driver) 
10000ps 
20000ps 
18000ps 

7μm 
0μm 

camera 

model 
pixel 
FOV 

exposure 

Sony XC-HR50 

640×480 

1.31mm×0.98mm 
20ms 

frame grabber 
model 

Precision 
library 

Cog8501 
0.1 sub-pixel 

Vision Pro 3.5 

 

Table 1. Specification of Machine 

4.2 Procedure 

First, a wafer was aligned manually to get a standard pattern on an inspected image. The 

shape of align pattern in the experiment was the cross mark. The machine was moved to 

search for the best pattern of a high-quality image. The image of the mark and training 

results were stored. The inspection positions were defined at the mechanical positions when 

the align pattern was located at the center of the screen. The inspection positions were 

defined for dicing lines of θ= 0 ° and θ= 90 °. 

After the position definition, the wafer was released from the table and placed again 

manually to give random errors. The system began aligning from 0 ° alignment, and then it 

proceeded to 90° alignment. The magnifications of the lenses were the same, and the macro-

alignment had no meaning. Three lines were aligned for 0 °, and ten for 90 °. The deviations 

were stored at each inspection points. The compensation values were obtained from the 

deviation. The system axes were compensated by these values, so the inspection positions 

were also changed. The inspection and compensation were iterated until the misalignment 

was under 1.0 pixel. The convergence constant ǈ was varied from 0.5 to 1.5 without 

releasing the wafer. The experiment was repeated for 15 cases of mark locations on the 

vision screen, as shown in the previous report. 
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5. Result 

Wafers were aligned successfully for the 15 cases. One of the cases is shown in this paper. 

The variation of Ǆ’s is shown in Fig. 6 - Fig. 11. The horizontal axis of the plots was the 

number of iterations, and the vertical axis was the compensation value. The thick-black line, 

called ’org’ is the result obtained by the use of the original equation before the 

simplification. The convergent path was varied by ǈ, and the convergent speed can be 

controlled. When the ǈ increased, the path showed a bigger overshoot and sharp edges. This 

kind of trend always occurred when the value was above 1.0. This also makes the alignment 

time longer. When the ǈ drcreases, the path showed a smooth shape and longer alignment 

time. This trend always occurred when the ǈ was below 1.0. There was no overshoot for this 

case. The original equation provided the fastest convergence for a case, but the result 

showed that the simplified equation was also effective for application. The best value for Ǆx 

was 1.1, but that of Ǆy was 1.0. The response of the best case was delayed about 1.0 step for 

the case of the original equation.  

6. Conclusion 

The proposed equation for wafer alignment was derived from object transformation and 

simplified with some assumptions made. The alignment algorithm had the iteration terms 

with the convergence constant. The algorithm was applied to a dicing machine. After setup, 

the wafers were placed manually, and aligned with the proposed algorithm. The iteration 

was terminated until the measured misalignment became below 1.0 vision pixel. The 

convergence constant ǈ varied from 0.5 to 1.5 for each case. For all 15 cases, the alignment 

was finished. The result showed that the simplified algorithm converged slower than the 

original equation. But the delay was about 1.0 step according to the convergent constant. 

When the ǈ was above 1.0, the response curve had an overshoot and sharp edges. But the 

curve had smoothness and slower response when the ǈ was below 1.0. The alignment 

algorithm was simple so that it can be applied to PLC-base systems. 
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Fig. 6. Variation of Ǆx by iteration (Ǆx=1.1-1.5) 
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Fig. 7. Variation of Ǆx by iteration (Ǆx=0.5-1.0) 
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Fig. 8. Variation of Ǆy by iteration (Ǆy=1.1-1.5) 
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Fig. 9. Variation of Ǆy by iteration (Ǆy=0.5-1.0) 
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Fig. 10. Variation of Ǆǉ by iteration (Ǆǉ=1.1-1.5) 
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Fig. 11. Variation of Ǆǉ by iteration (Ǆǉ=0.5-1.0) 
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