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ABSTRACT 

This paper describes a method to automatically distinguish between line and space for 1:1 line space patterns in mask 
metrology. As the number of measurements typically performed on a reticle is significantly higher than on a wafer, 
automated CAD based CD-SEM recipe creation is essential. Such recipes typically use synthetic pattern recognition 
targets instead of SEM based pattern recognition targets. Therefore, a possible different contrast between lines and 
spaces on a mask cannot be utilized for distinguishing lines from spaces. We demonstrate an algorithm solution based 
on the analysis of the SEM waveform profiles to identify potential L/S mix-ups and correct them automatically. The 
solution allows fully automated CAD based offline recipe creation with a high success rate of distinction between lines 
and spaces for 1:1 pitch cases without the necessity of editing recipes on the tool in advance of performing the 
measurements. 
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1. INTRODUCTION 
Critical dimension metrology is a key factor in semiconductor manufacturing, that helps keep a process stable. As the 
industry goes toward the 45nm technology node, the number of CD measurement sites significantly increases. The 
number of measurements typically performed on a reticle is significantly higher than on a wafer. Additionally, a 100% 
success rate of all measurements to be performed is essential because only one mis-processed structure would result in 
scrapping and reprocessing the mask. Even for wafer metrology, automated offline recipe creation instead of online 
recipe creation on the metrology tool is becoming more and more important, especially for OPC characterization [1, 2]. 
However, for mask metrology automated recipe generation is essential as many different targets have to be measured 
and typically each new mask needs new individual measurements. 
A second challenge is that the navigation accuracy of metrology tools gets more and more critical. One of the key 
factors to ensure long term measurement stability is the ability to measure always the correct feature at the correct 
location. This need requires very high accuracy of measurement box placement. This accuracy can be reached with a 
combination of mask alignment procedure, accurate stage movement and the use of unique pattern recognition (PR) 
anchor references, if available. 
Especially for the case of 1:1 line space pattern structure in a deep array typical for DRAM masks the standard SEM PR 
anchor reference cannot provide a good solution as there is no unique structure which can be used for PR. Therefore PR 
has to be done directly on the (non-unique) L/S pairs to be measured. This can lead to confusion between line and space 
resulting in high percentages of confused measurements of a line instead of a space and vice versa, if PR is not able to 
identify line and space unambiguously. 
This is especially true for SEM recipes automatically created from the CAD design, because in this case a synthetic 
pattern recognition target is created and no SEM based pattern recognition target is used. Therefore, a possible different 
contrast between lines and spaces on a mask cannot be utilized for distinguishing lines from spaces. There are also cases 
where the contrast of lines and spaces is so similar that the PR engine cannot distinguish between lines and spaces even 
for SEM based PR targets. Several solutions have already been suggested to prevent confusion between lines and spaces 
on wafers [3] and reticles [4] using beam tilt or the information from the SEM waveform signal. 
This paper describes a unique solution which was developed to measure 1:1 line/space structures correctly. The 
provided algorithmic solution is based on the analysis of the SEM waveform profiles, and a smart identification of its 
characteristics. Based on this information, distinction between line and space can be achieved. The solution allows fully 
automated CAD based offline recipe creation with a high success rate of distinction between lines and spaces for 1:1 
pitch cases without the necessity of editing recipes on the tool in advance of performing the measurements. 
First, the experimental details and the procedure of recipe creation are described. In the main part the method used for 
distinguishing between lines and spaces is described and demonstrated on various mask layers. 
 



 
2. EXPERIMENTAL 

 
All measurements have been done on an Applied Materials RETicleSEM™ system. The system provides automatic 
offline recipe creation, using its CAD based target marking NanoCAD™ station. This utility allows automatic and 
optimized definition of the PR target, Auto Focus target and Measurement Box. The measurement sequence works in a 
way that the pattern recognition will be identified in a SEM image field of view (FOV) and a vector will be obtained to 
provide the scan for the measurement at the required location (See Figure 1). 
 

 
 

 
Figure 1: Explanation of standard Unique PR, AF box, MB positioning 

 
The NanoCAD station generates an xml-file containing all relevant recipe information including CAD design based 
binary images automatically defined during offline recipe creation. This xml-file is then converted into a CD-SEM 
recipe which is fully compatible to a recipe created online at the tool. Instead of a SEM based pattern, for all 
measurements binary CAD based images are used as pattern recognition targets. 
All recipes used in this paper were created offline fully automatically using the NanoCAD station. The feature allowing 
correcting potential L/S mix-ups which will be described in detail in the main part below is also included in the 
automatic recipe generation process. 
Measurements have successfully been done on various L/S testmask levels in a CD range between 70 and 1600nm: 
positive and negative tone resist, Chrome on Quartz and MoSi on Quartz. 
 

3. RESULTS AND DISCUSSION 
 
Distinction between the line and the space, based on gray level scale differences, can be very problematic. For the image 
depicted in Fig.2 no significant differences can be observed between line and space tone. This phenomenon is observed 
for various mask layers, i.e. Mosi on Quartz, Chrome on Quartz and resist. 
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Figure 2: Image and SEM waveform profiles of a 1:1 line/space array 
 

Therefore, the symmetrical line and space contour based anchor reference which has to be used as PR target for 
measurements done within L/S arrays can easily cause half periodic measurement box (MB) placement errors (see 
Figures 3, 4). This especially applies to CAD based synthetic PR targets typically used in mask metrology, but applies 
also for some layers using SEM based PR targets on reticle as well as wafer level [3]. 

 
Figure 3: Correctly measured feature due to successful registration function 

 



 
Figure 4: Incorrectly measured feature due to a confused registration function by wrong PR. 

 
This placement error will result in a confused measurement of the line instead of a space and vise versa. In most cases, 
this will result in easily detectable fliers or unreliable measurement results causing time consuming manual re-
measurements or lowering of process capability indices. In some cases, the difference between correctly measured 
features and mixed-up features is so small, that mis-measurements will be assumed to be correct leading to wrong 
conclusions and finally yield loss. Further, it can happen that all measured features are systematically mixed-up. Then 
very often especially for CD uniformity measurements the L/S mix-up is not realized at all. This also can lead to totally 
wrong conclusions during process development and characterization. Figure 5 shows an example for clearly detectable 
L/S mix-ups in an SPC chart. 
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Figure 5: SPC Chart containing confused Line/Space measurement, which are easily detected as fliers. 

 
The challenge was to allow an automated target marking using synthetic PR targets including optimized MB location for 
all pitches including 1:1 L/S arrays, and simultaneously to reach very high measurement success rate of the desired 
feature without confusion of lines and spaces. 
The solution for avoiding line/space mix-up presented in this paper was developed in two stages: 

-  Off line recipe creation: Support CAD based automatic target definition by providing a new method for binary 
line/space distinction and measurement box centering. This allows the user to pre-define the measurement 
location characteristics (line or space). 

Suspicious confused 
measurements of a space 

instead of a line 



-  On line measurement stage: A smart algorithmic identification of the required location characteristics done on 
the SEM image based on waveform analysis and additional the possibility of correcting wrong registrations. 

 
In the first stage a new anchor reference target was added to the measurement sequence, the so called Measurement 
Model (MM) which is automatically predefined on the CAD station during offline recipe creation. The user has to pre-
define whether the binary clear/dark CAD data is line/space. Once this has been defined, and the required measurement 
location coordinates have been fed into NanoCAD™, the MM will be placed accordingly (Figure 6). 

 
Figure 6: CAD Measurement Model (MM) placement based on the measurement box location. Required 

measured feature is a line. 
 
The Measurement Model minimizes the distance between the center of the binary model image and the SEM 
measurement image obtained on the tool and adjusts the borders of the measurement region of interest (ROI) so that the 
ROI is centered with respect to the edge positions predefined in the MM. Thus, this additional MM binary image is used 
at the measurement stage as an advanced anchor reference. The MM box contains additional left and right margins with 
respect to the measurement image to allow shifting the ROI to the correct feature in case a L/S mix-up is detected. 
These margins are set dynamically to the nominal CD feature size to have always at least one L/S pair within the MM 
target. Additionally, the algorithm automatically detects whether the feature to be measured is actually a dense line and 
applies the MM in this case. For isolated features or CH structures, the MM is not applied as in these cases the feature 
type is clearly defined. 
After offline recipe creation the recipe is converted into an online SEM recipe. During this conversion, the MM data 
will be transferred into synthetic image data containing the additional pattern characteristics for line and space. 
The MM main functionality is to provide higher measurement placement accuracy for various critical pattern types, 
including dense array of line/Space. Yet, MM alone can not provide a robust differentiation between line/space, mainly 
for the case of CAD based off line recipe creation, which is the main approach for advanced mask metrology. 
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Figure 7: Schematic drawing of the waveform of a space-line transition and its derivative 

 
Therefore, a second stage identifying lines and spaces during the measurement process on the tool is needed. During the 
measurement sequence of a 1:1 L/S feature, the waveform of the high resolution SEM measurement image is taken at 
the respective CAD coordinates. From analyzing this waveform, a robust identification of a line or a space is obtained, 
regardless of pattern contour symmetry. In case a MM is defined for a CAD based measurement target, application of 
this WF analysis is by default automatically included, but can be switched off, in case the MM is only used for 
improved measurement box centering. This might be necessary for very small L/S arrays below 70nm half pitch, even if 
a unique PR anchor point exists. With the WF analysis switched on, detected L/S mix-ups are automatically corrected 
by re-centering the measurement ROI accordingly. 
 

 
Figure 8: Schematic drawing of the cross-section of a line and secondary electron emission yield based on the 

surface structure for a point-electron-beam 
 
The algorithm doing the identification of lines and spaces is working in the following way. Typically, the transition 
from space to line is sharper than the backward transition (Figure 7). This behavior can be understood from the 
schematic drawing in Figure 8, where the electron yield is always lower at the bottom of a line than on top of a line, if 
material effects are neglected. To quantify this difference, the intensity of the first derivative peaks of the waveform can 
be used. This is shown in Figure 9. By comparing the amount of the intensity of the derivative of both “top” and 
“bottom” side of each peak, an unambiguous identification of lines and spaces is possible. The higher intensity always 
defines the space-line transition. 



 
Figure 9: Example of the identification of lines and spaces based on the WF derivatives. 

 
After identifying all features within the measurement box, a correction vector is applied shifting the ROI automatically 
to the correct feature to be measured, regardless whether it has been centered by the MM or not and prevents thus half-
periodic line-space mix-ups. 
The solution was tested for various mask layers. Figure 10 shows an example of a positive tone resist mask. The three 
examples show one mis-measurement with the waveform analysis switched off (left), a correct measurement of a space 
with centered measurement box where the PR detected the feature correctly (middle) and a correct measurement of a 
space where the PR did not detect the feature correctly, but the algorithm automatically adjusted the vector within the 
MM box and therefore corrected a potential mis-measurement. 
 

   
Figure 10: Example of a positive tone resist measurement for 500nm dense lines with L/S mix-up without 
WF analysis, correct PR and measurement and incorrect PR and corrected measurement by WF analysis. 

The grey box within the measurement image represents the measurement ROI. 
 

Figure 11 shows a second example for a 193nm halftone mask. The three examples in Figure 11 show one mis-
measurement of a L/S pair with the waveform analysis switched off, but the measurement model switched on (Fig.11, 
left). Therefore, in this case the measurement window is shifted according to the best fit of the edge position defined by 
the measurement model, but no correction for potential L/S mix-ups is done. Fig.11 (middle) shows a correct 
measurement of the same L/S pair with centered measurement box where the PR detected the feature correctly. Fig.11 
(right) shows a correct measurement of a space where the PR did not detect the feature correctly, but the WF analysis 
algorithm automatically adjusted the vector within the MM box and therefore corrected the wrong measurement box 
positioning. 



              
Figure 11: Example of a halftone 193nm mask for 560nm dense lines with L/S mix-up without WF analysis, 
correct PR and measurement and incorrect PR and corrected measurement with WF analysis switched on 

 
Figure 12 shows a 3rd example of a linearity plot measured on a halftone 193nm mask in the CD range between 100nm 
and 1600nm. Measurements have been done with and without waveform analysis switched on. For the measurements 
done with WF analysis no L/S mix-ups at all have been detected whereas for the measurements done without WF 
analysis frequent L/S mix-ups are present. These L/S mix-ups can be clearly identified from the changes in the CD 
offset to the nominal target. Additionally, fig.12 shows some example images clearly identifying the mis-measurements. 
These results show that the algorithm is working in the full CD range currently used for reticle characterization. 
 

 

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

0

20
0

40
0

60
0

80
0

10
00

12
00

14
00

16
00

Nominal CD [nm]

O
ffs

e
t t

o 
T

a
rg

e
t [

nm
]

Dark
Dark_MM
Clear
Clear_MM



Figure 12: Linearity plot from 100nm to 1600nm depicting the CD offset to the nominal CD as function of 
the nominal CD for dense lines (dark) and spaces (clear) with and without use of WF analysis. The L/S mix-

ups are clearly seen and confirmed by analysis of the respective measurement images. 
 

 
4. SUMMARY 

Robust identification of line and space for 1:1 pitch array is essential for accurate process control, and a fully automated 
solution is needed in terms of productivity and throughput concern. We demonstrate a solution allowing CAD based 
offline recipe creation and additionally correcting potential L/S mix-ups induced by differences of the SEM contrast as 
compared to the CAD based synthetic PR images. This allows reliable measurements of dense L/S arrays without 
operator intervention in the full process between recipe generation and mask measurements. The algorithm is based on 
comparing the derivative waveform of both sides of the respective edge. For the space-line transition the intensity of the 
derivative waveform is typically larger than for the backward transition. In case of identification of an incorrect 
measurement, the algorithm automatically corrects the mis-measurement by shifting the measurement region of interest 
accordingly. The algorithm has been successfully demonstrated for resist, chrome and HT193nm reticles in the full 
linearity range between 100nm and 1600nm as shown for some selected examples. 
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