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ABSTRACT 

The increased industry requirements for pattern registration tools in terms of resolution and in-die measurement 
capability lead to the development of the new photomask registration and overlay metrology system PROVETM at Carl 
Zeiss. Performance measures of the tool are actually driven by double exposure/ double patterning approaches which 
will help to extend the 193nm lithography platforms while keeping the semiconductor industry conform to ITRS 
roadmap requirements. To achieve the challenging specifications, PROVETM features beside a highly stable hardware 
system new image analysis methods which are designed to meet the requirements both for standard markers as for in-die 
features.  
 
For that, in addition to conventional threshold-based image analysis, PROVETM will provide a more accurate correlation 
analysis to measure pattern placement errors with respect to design images. This correlation is based on an aerial image 
simulation of the corresponding reference design patterns. Since reproducibility and accuracy specifications at camera 
level are far below the pixel size of the CCD, sophisticated algorithms have to be used to avoid super-pixelling effects. It 
will be shown that super-pixelling effects of discretized design images will either lead to placement errors or to 
unrealistic small design pixel dimensions, connected with huge image sizes. The solution is an alias-free forward 
transform that performs the discretization in Fourier space and will not disturb the pattern placement. It is indicated by 
simulations that this allows the detection of an arbitrary sub-pixel placement error with high accuracy. Furthermore, it is 
demonstrated that correlation methods reduce the impact of camera noise compared to threshold methods, in particular 
for small in-die features as contact holes.  
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1. MOTIVATION 
PROVE the next generation registration and overlay metrology system - just recently introduced into the market, enables 
in-die measurement capability by means of a high-resolution 193 nm optics, as well as optimized illumination for best 
contrast and pellicle compatibility. The basic specifications and measurement options are summarized in table 1. 
Applying double patterning in particular requires rigorous manufacturing control over level to level registration in order 
to achieve the specified yield and device speed. The registration measurement on production features is therefore 
inevitable. Conventional image analyzes schemes for small features suffer from optical proximity effects, low intensity 
profiles and resolution limitations due to given camera pixel sizes and so called super-pixelling effects. For PROVE, Carl 
Zeiss has developed several new concepts to overcome these obstacles. The current registration performance of PROVE 
for different substrates and specifications will be presented in chapter 2, followed by a detailed discussion of an aerial 
image based correlation analysis for adjacent features which takes into account optical proximity effects as well as sub-
pixel placement errors.  

 

 



 

 

  PROVETM Specification 

Short Term Reproducibility 
(3-sigma in nm) 

0.50 

Nominal Grid Accuracy  
(3-sigma in nm) 

1.00 

Mask Types 4X: 
 

Chrome on Glass (COG) 
Attenuated Phase shift 

Complex tri-tone 
Chrome-less phase shift 

OMOG 
EUV 

CD Measurement Option yes 

Through Pellicle Measurement Option yes 
 

Table 1:  Basic specifications and measurement options for PROVETM 

 

2. STATUS OF PROVE 
The history of PROVE as a SEMATECH funded project goes back until mid 2007 and the mask making community has 
been informed regularly about the progress at all major conferences [1-7]. Meanwhile, the project has reached its final 
status after meeting the SEMATECH specifications and the first two systems have been delivered to different customers. 
The tool is dedicated to the registration measurement of small features in particular and therefore employs high 
resolution optics with 193nm illumination together with adaptable illumination settings for contrast enhancements. 
Nevertheless, the required registration specification as highlighted in table 1 can only be reached with a well controlled 
and calibrated stage. Both sub-components, stage as well as optical beam path are in-house developments while the 
environmental control unit and the handling system are developed and delivered by OEM suppliers. 

 

 
Figure 1:  Short term repeatability for PROVETM, measured on different mask types 
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After fine tuning and calibration, the PROVE alpha – tool had reached measurement status in mid 2009 and was used for 
first performance tests and application work. Figure 1 displays the registration performance of PROVE for different 
substrates and illumination methods. In all cases, a short term repeatability of below 0.5nm could be achieved. 

 
Figure 2:  Long term repeatability for PROVETM, measured on Chrome-on-Glass (CoG) mask 

 
Figure 3:  Nominal accuracy for PROVETM, measured on Chrome-on-Glass (CoG) mask 
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The long term repeatability which includes the loading effects is displayed in Figure 2, using the reflective mode. 
Compared to previously reported results [7], the impact of thermal and loading effects could be significantly reduced. 
Figure 3 shows the measurement performance for nominal accuracy when measuring in 4 orientations which is well 
below 1nm. 

                                                

3. DESIGN OF EXPERIMENT 
3.1 Registration measurement of in-die structures 

For a registration tool of the next generation, the relative position of structures on a photomask has to be determined with 
an error of about 0.5nm. This sub-nanometer precision translates for the task of image analysis into a sub-pixel position 
detection capability. As it can be seen from Section 2, this had been demonstrated with PROVE for standard registration 
crosses. However, for in-die structures down to a critical dimension of 120nm or below only a few pixels represent the 
mask structure on CCD. Here conventional threshold analysis of structure edges will not succeed to measure registration 
errors with the required accuracy and reproducibility. To deal with this problem, we developed new image analysis 
methods based on correlation routines. The idea is to determine the position of the measured features by a correlation 
with a propagated design image, taking into account the complete optical beam path information of the tool, e.g. 
numerical aperture (NA), aberrations or pupil apodisation [8]. For this correlation, a larger area than only the edges of 
the image can be used, thus decreasing the influence of camera noise and increasing the reproducibility of the 
measurement. 

To demonstrate this, we design a simulation study by using 5 120nm pinholes with 240nm pitch aligned in a row (Figure 
4a). The outer pinholes will experience an unsymmetrical neighborhood and therefore show optical proximity effects. 
We will show, that these optical proximity effects are inherent in the conventional threshold measurement, but absent in 
the correlation measurement. This is an additional advantage of the correlation method. 

On each of the 5 pinholes a threshold and a correlation measurement are defined, respectively. The used regions of 
interesting (ROI’s) are shown in Figures 4b and 4c as white rectangles. It becomes clear that the correlation 
measurement uses more image information than the threshold measurement. 

 
Figure 4: (a) Design of the in-die structure (pinhole array with CD = 120nm) used for simulations and (b) the resulting 

PROVE image with a single threshold measurement ROI and (c) the resulting PROVE image with a single 
correlation measurement ROI. 

3.2 Alias-free reference image simulation 

A basic requirement for the correlation method is an exact simulation of the PROVE reference image based on the 
design information. In particular, no discretization errors should be introduced by the numerical implementation. Since 
the pixel size of PROVE at mask level is 25nm/px (for a 1000x1000 CCD), a pixelated mask transmission function will 
not yield the required resolution to be used as a reference image. A possible way out could be an increase of resolution of 
the mask transmission function, but the desired resolution of at least 1nm/px will lead immediately to unrealistic large 
matrices (e.g. 25000x25000px) to perform a Fourier transformation in a appropriate time. 
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To overcome this problem we use alias-free propagation methods. Basically, the necessary discretization to come from 
continuous design vertices to a discrete reference image is performed in Fourier space. This guarantees the position 
accuracy of the features in the simulated reference images. 

To show the accuracy of the method, we simulate a standard marker cross with 1µm linewidth and shift the design in 
1nm steps over a single pixel. The marker position is determined by means of the threshold method with 4 ROI’s on the 
cross. As it can be seen from Figure 5, it shows a perfect matching with the given shift with a pattern placement error 
(CrossPositionmeasured – CrossPositiondesign) smaller than 0.04nm. 

 

   
Figure 5: Registration in x (left) and registration error (CrossPositionmeasured – CrossPositiondesign) in x (right) evaluated with 

threshold method and 7 focus planes. A standard marker cross with 1µm linewidth has been shifted in x by 1nm 
steps over a single pixel. 

 

 

 

4. SIMULATION RESULTS 
4.1 Threshold measurement 

For the simulation of a threshold measurement on the in-die pinhole structure, a Monte-Carlo simulation with 100 runs is 
performed, taking into account the pixel noise of the CCD camera. This pixel noise is described by normal distributed 
noise with σ = 0.5%, multiplied to each image. A focus stack with 7 focus planes (11 focus planes) is simulated around 
best focus with a focus range of +/-150nm which is adequate for the 120nm structure. For image analysis we use the 
ROI’s shown in Figure 2b with a size of 3*CD x CD and the usual tool routines. The numerical aperture has been set to 
0.6 and a full incoherent sigma setting was used. 

The resulting registration error, calculated as the mean value of PinholePositionmeasured – PinholePositiondesign, is shown in 
Figure 6 for 7 focus planes. It is clearly visible, that the outer pinholes show a registration error of more than 3nm in the 
x coordinate due to optical proximity effects. This is an inherent property of a conventional threshold measurement. The 
reproducibility of the simulated measurement with the given noise is shown in Figure 7a. The 3σ value of 100 Monte-
Carlo runs is below 0.79nm in x and below 0.52nm in y. This difference between x and y is due to the difference of the 
profile contrast in the respective directions: in y direction the profile has larger contrast and this leads to an improved 
reproducibility. It can be seen from Figure 7b that a larger focus stack improves the reproducibility by a factor 
of 25.17/11 ≈ , but a specification of 0.5nm is hard to achieve. For this we will use the correlation method. 



 

 

   
Figure 6: Registration error in x (left) and y (right) evaluated with threshold method and 7 focus planes (PinholePositionmeasured 

– PinholePositiondesign). Mean value of Monte-Carlo simulations (100 runs) with normal distributed camera noise (σ 
= 0.5%). 

 

                   
Figure 7: Registration reproducibility with threshold method and (a) 7 focus planes and (b) 11 focus planes. Monte-Carlo 

simulation (100 runs) with camera noise (normal distributed with σ = 0.5%). 

 

4.2 Correlation measurement 

For the simulation of the correlation measurement, a Monte-Carlo simulation with 100 runs is performed with the same 
conditions as before. The resulting registration error, calculated as the mean value of PinholePositionmeasured – 
PinholePositiondesign, is shown in Figure 8 for 7 focus planes and for 11 focus planes. This registration error for the x 
coordinate is now below 0.1nm (for 11 focus planes slightly worse). The registration error in y is negligible. The 
measurement is almost not perturbed by optical proximity effects but measures the true design positions of the in-die 
features. The explanation for this is that all optical proximity effects are already included in a properly simulated 
reference image. Thus, by comparing the reference image with the measured image, these effects drop out and only the 
resulting registration errors are measured. 

The reproducibility of the correlation measurement is shown in Figure 9. For 7 focus planes it is below 0.55nm and with 
11 focus planes it may be improved again by the factor of 25.17/11 ≈ to be below 0.4 nm. This is an obvious 
improvement compared to the threshold method. Again the reproducibility in the y coordinate is slightly better due to the 
larger contrast in this direction. 

(a) (b) 



 

 

   
Figure 8: Registration error in x and y, evaluated with correlation method and (a) 7 focus planes and (b) 11 focus planes 

(PinholePositionmeasured – PinholePositiondesign). Mean value of Monte-Carlo simulation (100 runs) with camera 
noise (normal distributed with σ = 0.5%). 

 

             
Figure 9: Registration reproducibility with correlation method and (a) 7 focus planes and (b) 11 focus planes. Monte-Carlo 

simulation (100 runs) with camera noise (normal distributed with σ = 0.5%). 

 

The scaling of the reproducibility with feature size is shown in Figure 10. For that, similar simulations as above were 
performed with increasing pinhole size of {120, 150, 200, 250, 350, 500} nm. The corresponding ROI’s have been 
enlarged by the same scaling.  For each of the 100 Monte-Carlo runs, the maximal 3σ of all 5 pinholes has been taken. It 
turns out that this maximal value drops down very fast with increasing CD such that for a pinhole size of 200nm the 
reproducibility is around 0.15nm and for a pinhole size of 500nm the reproducibility is below 0.1nm. 

 
Figure 10: Maximal registration reproducibility with correlation method and 11 focus planes. Monte-Carlo simulation (100 

runs) with camera noise (normal distributed with σ = 0.5%) for different feature sizes. 

(a) (b) 



 

 

4.3 Correlation measurement of mask writing error 

To demonstrate the accuracy of the alias-free forward propagation, the correlation measurement is now varied. The 
reference image is generated by the ideal design, as before, but the measurement images are generated by a design with 
slightly changed pinhole positions to represent mask writing errors. The 5 pinhole positions are changed in x coordinate 
by an amount of {1.0, 2.0, 3.0, 4.0, 5.0} nm, thus every pinhole experiences a different mask writing error with 
ascending magnitude. Note again the pixel resolution of 25nm/px, thus a shift of 1nm corresponds to 0.04px. The 
challenge is, to measure this tiny sub-pixel shift by means of the same reference image as before. 

The results for the registration error are shown in Figure 11a. It is obvious, that the given shift can be measured almost 
exactly. In Figure 11b, the given shift of the pinholes is already taken into account such that the registration error would 
be zero in the best case. The true registration error in x decreases a little with respect to the previous case, and is below 
0.06nm. Again, the registration error in y is negligible. 

The reproducibility of this measurement for 100 Monte-Carlo runs and 11 focus planes is shown in Figure 12. It is below 
0.4nm. 

     
Figure 11: (a) Registration error in x, evaluated with correlation method and 11 focus planes (PinholePositionmeasured – 

PinholePositiondesign). Mean value of Monte-Carlo simulation (100 runs) with camera noise (normal distributed 
with σ = 0.5%). The pinholes to be measured are shifted by {1.0, 2.0, 3.0, 4.0, 5.0} nm, while the reference image 
remains the same. (b) The given shift was already taken into account, showing the true error. 

 

 
Figure 12: Registration reproducibility with correlation method and 11 focus planes. Monte-Carlo simulation (100 runs) with 

camera noise (normal distributed with σ = 0.5%). The pinholes to be measured are shifted by {1.0, 2.0, 3.0, 4.0, 
5.0} nm, the reference image remains the same. 
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This example of 120nm dense contacts demonstrates the impressive measurement reproducibility that can be obtained 
with 2D correlation and alias-free propagation methods. 

 

5. SUMMARY 
The PROVE – Project has made steady progress and was recently introduced into the market. The tool has reached all 
major specifications for repeatability and accuracy and provides excellent resolution capabilities by its 193nm 
illumination system. However, despite the inherent high resolution, super-pixelling effects as well as optical proximity 
effects have to be addressed and solved. In this paper we discussed methods for an alias free image analysis based on 
forward transform that performs the discretization in Fourier space and presented the advantages of the 2D correlation 
methods in respect to the standard threshold method. It could be demonstrated that 2D correlation based on reference 
images which take the optical proximity effect in to account and enables a registration measurement error of below 
0.5nm even for small dense contacts of 120nm width. 
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