
  

Omega System Calibration:  
Beam X-Separation measurement  

and calibration 

 

 
 
 
 

JOAKIM FERNSTAD 

 
 

  

Master of Science Thesis 
Stockholm, Sweden 2006 

 





 

Omega System Calibration: 
Beam X-Separation measurement  

and calibration  
 

by 
 

Joakim Fernstad 
 
 

    

Master of Science Thesis MMK 2006:27 MDA279 
KTH Industrial Engineering and Management 

Machine Design 
SE-100 44  STOCKHOLM 



 



 

 
 

 
 

 Examensarbete MMK 2006:27 MDA279 
 

Omega System Kalibrering:  
Strål X-Separation mätning och kalibrering 

   
  Joakim Fernstad 

 
Godkänt 

2006-03-31 

Examinator 

Mats Hanson 

Handledare 

Bengt Eriksson 
 Uppdragsgivare 

Micronic Laser Systems AB 
Kontaktperson 

Thorbjörn Åklint 

 
Sammanfattning 
Micronic Laser Systems AB producerar och utvecklar maskiner för fotomasktillverkning. 
En av deras produkter är Omegan och den exponerar fotomasker med 5 laserstrålar 
simultant. Det är viktigt att avståndet mellan laserstrålarna, x-separationen, är 
densamma mellan alla strålar. När man mäter x-separationen idag exponerar man en 
fotomask med ett speciellt mönster och mäter upp resultatet i en mätmaskin. Det tar för 
lång tid och man vill därför hitta ett snabbare sätt att mäta upp x-separationen utan att 
förlora precision. 
 
Examensarbetet går ut på att förbättra en annan mätmetod vilken använder en 
kalibreringsmask. Denna mätmetod är väldigt snabb men ger idag för brusiga resultat. 
Målet för examensarbetet är att få ner bruset till 5nm och därigenom ge samma resultat 
som mätning på en fotomask. För att lyckas med detta måste ett nytt mönster på 
kalibreringsmasken designas och mjukvaran för mätningarna anpassas till det nya 
mönstret samt möjliggöra mätningar med 5 laserstrålar samtidigt. Ett koncept för 
automatisk justering av x-separationen ska också utvecklas.  
 
Resultaten är ett nytt mönster på kalibreringsmasken som är tunnare, högre och 
inverterat samt en ny mätalgoritm som klarar av att mäta med flera laserstrålar aktiva 
samtidigt. Med den nya mätalgoritmen får mätningarna ett 3σ på 6nm. Resultat från 
mätningar på en fotomask och den nya mätalgoritmen skiljer sig åt med ±15nm i 
nominellt fokus. Linsen som kontrollerar x-separationen monteras på en linjärmotor för 
att automatiskt kunna ställa in x-separationen.  





 
 

 
 

 Master of Science Thesis MMK 2006:27 MDA279
 

Omega System Calibration:  
Beam X-Separation measurement and calibration

   
  Joakim Fernstad 

 
Approved 

2006-03-31 
Examiner 

Mats Hanson 
Supervisor 

Bengt Eriksson 
 Commissioner 

Micronic Laser Systems AB 
Contact person 

Thorbjörn Åklint 

 
Abstract 
Micronic Laser Systems AB produces and develops machines for the photo mask 
production market. One of their products is the Omega machine which exposes photo 
masks using 5 laser beams simultaneously. It is important that the distance between the 
each laser beam, the x-separation, is the same. The x-separation is today measured by 
exposing a photo mask with a certain pattern and thereafter measured with a metrology 
system. This takes to much time and it is desired to find a faster method to measure the 
x-separation without loosing precision.  
 
The task for this master thesis is to improve an existing measurement method which 
uses a calibration mask. This method is very fast but the results are too noisy. The goal 
is to reduce the noise to 5nm which gives the same result as measurements on a photo 
mask. In order to achieve this, a new pattern has to be designed on the calibration mask 
and the software for the measurement has to be adapted to the new pattern and for 
measurements using 5 beams simultaneously. A concept for automatic adjustment of 
the x-separation should also be developed.  
 
The results are a new calibration mask pattern that is thinner, higher and inverted and a 
new measurement algorithm that handles measurements with several beams active at 
the same time. With the new measurement algorithm the measurements have a 3σ of 
6nm. Comparison with results from measurements on an exposed photo mask shows 
that there is a difference of about ±15nm in nominal focus between the two methods. 
The lens that controls the x-separation is mounted on a linear motor that automatically 
adjusts the x-separation.  
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1. Introduction  
This project is a Master Thesis performed by a student from the Royal Institute of Technology 
at Micronic Laser Systems AB in Täby, Sweden. Micronic is a manufacturer of laser pattern 
generators for photo masks. The Omega product line is used for the semiconductor market 
and it is the machine this project aims to improve.  
 
The Omega generates patterns using five laser beams simultaneously and it is important that 
the distance between each laser beams, the x-separation, is constant for all beams and 
independent of beam focus.  
 

1.1. Background 
This project falls under a bigger project to systemize and automate every part of the Omega 
calibration process. The Omega machines take some time to calibrate which means the 
customer looses time in production. The x-separation calibration is an important part of the 
calibration process and it is the most time-consuming part of the process. A new faster 
method for measuring the x-separation is desired.  
 

1.2. X-separation calibration today 
The x-separation measurement performed today is highly accurate. The result is an exact 
distance down to nanometers. The separation is measured with a photo microscope after 
exposing a photo mask with a certain pattern. However, this procedure is time consuming. 
First a pattern is generated by exposing a photo mask with a laser, which takes approximately 
50-60 minutes. Then the photo mask has to be developed by etching the exposed areas and 
this takes about 30-40 minutes. Finally the pattern can be measured in the microscope, which 
takes another 30-40 minutes. With the results the x-separation and beam parallelism can be 
calibrated by tuning two lenses.  
 
This calibration is an iterative process and before the x-separation is within specification, the 
machine may be out of production a day or more. No other maintenance can be performed 
during this time.  
 
There exist another concept to measure the x-separation by using a calibration mask, as is 
explained in section 2, but the results from it are noisy and not satisfactory. The objective 
with this master thesis is to improve this measurement method. The reason for wanting to use 
this concept is that it is much faster than the measurements on an exposed photo mask.  

1.3. Goal and specification 
The goal of the master thesis is to reduce the noise in the measurements using a calibration 
mask so the repeatability of the method becomes 5nm (3σ = 5nm, where σ is the standard 
deviation). The results from repeated measurements must be within 5nm from the average of 
all repetitions, with a probability of 99.7%. The method using a calibration mask must also 
give results as close as possible to the results from measurements on an exposed photo mask.  
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Several different tasks need to be performed in order to reach these goals. 
 

• A new calibration mask needs to be designed to work with more than one beam active 
at a time.  

• The algorithm to measure the x-separation needs to be improved and adapted to 
accommodate measurements with several beams. It will be called the measurement 
algorithm throughout this report.  

• The measurement algorithm should be converted from MWL1 to Java.  
• A concept for automatic x-separation adjustment should be developed.  

 

1.4. Method 
First of all the current calibration mask solution has to be evaluated to find out its weaknesses 
and to see how well it performs. This means to analyze the existing measurement algorithm 
and trying to improve it. Secondly the Viper patterns have to be analyzed to find out if the 
problems are caused by the calibration mask or the software.  
 
When the problems are identified a new Viper design and a new measurement algorithm, 
working with several beams active at the same time, is developed. The new Vipers are created 
and tested with the new measurement algorithm to find out if they perform better than the old 
calibration mask solution.  
 
The results from the new Vipers and the new measurement algorithm are compared with 
results from an exposed photo mask to see if the new solution gives correct data. 
 

1.5. Results 
The results are a new calibration mask and a new measurement algorithm that handles 
measurements with several beams active at the same time. With the new measurement 
algorithm the measurements have a 3σ of 6nm. Comparison with results from measurements 
on an exposed photo mask shows that there is a difference of about 15nm in nominal focus 
between the two methods.  

                                                 
1 MWL stands for Micronic Writer Language and is an internal scripting language used for calibration 
measurements today.  
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2. Calibration mask concept 
This project concerns further development of a measurement method using a calibration 
mask. The idea is simple. Move the laser beam over a mask with details in quartz and chrome. 
When the beams hit the chrome part they are reflected and when they hit the quartz part they 
shine through to a light detector, known as a transmission detector. Depending of the pattern 
on the calibration mask different pulses of light hit the transmission detector. A schematic 
over this can be seen in figure 1. From this signal the x-separation can be calculated, given 
that certain parameters are known.  
 

 
 

 
Figure 1. The top picture shows a schematic over the measurement method and 

the lower shows a sample signal from transmission detector, as seen on oscilloscope. 
 

2.1. The calibration mask 
The calibration mask is firmly attached on the x-stage2 and contains several different patterns, 
each for a different calibration purpose. Underneath the calibration mask, inside the x-stage, is 
the transmission detector located (figure 1). The pattern designed for x-separation 
measurement is called a Viper. The current Vipers can be seen in the figure 2. Today there 
exist two Vipers with different linewidths, 2µm and 3µm. The Vipers are made of chrome and 
will block the laser beam from reaching the transmission detector.  
                                                 
2 The x-stage is the top stage in the machine on which the photo mask is placed. It moves the photo mask in x 
direction only.  
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Figure 2. Vipers as they are currently designed. 

Summary 
The concept is to use a calibration mask over a transmission detector to convert light signals 
into electrical pulses. In order to measure separation of several beams the calibration mask 
must have a certain pattern, called a Viper. Next section explains how the new Viper pattern 
is designed. 
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3. Calibration mask design 
Today the desired x-separation is 2.4µm but future Omegas will have an x-separation of 
4.8µm. This means the future Viper must be able to handle both x-separations. The Vipers 
that exist today are made for measurement using one beam active at a time. The future Viper 
has to be able to handle measurement using all five beams active at the same time, which puts 
some demands on the future Vipers.  
 

3.1. Limitations in current Viper 
In order to design a new Viper the problems and limitations with the current Viper has to be 
known. Some limitations can be explained with figure 3.  

 
Figure 3. Optimisation diagram for Viper linewidth vs Viper angle with a desired x-separation of 2.4µm. 

 
A derivation of the equation used for the optimization diagram is shown in appendix 1. 
 
As seen in figure 2, today’s Vipers have an angle of 45° and have linewidths of 2µm and 
3µm. The diagram in figure 3 shows the maximum linewidth allowed for a certain angle in 
order for the signals from two beams to be clean. That is, two beams are not blocked by the 
Viper at the same time. Line 1-2 shows the maximum linewidth between beam one and two, 
line 1-3 between beam one and three and so forth. If information about the current Viper 
design is added (dashed lines), two intersections are to be seen. All configurations (lines) 
above these intersections give valid signals using the current Viper, i.e. beams one and three 
(1-3) can be active at the same time and generate correct signals using either linewidth of the 
Viper, while beams one and two (1-2) cannot. This means that configurations with beams 2-4, 
3-5, 1-4, 2-5 and 1-5 are also valid. Configuration 1-3-5 is on the other hand not possible 
since the transmission detector saturate when more than two beams expose it at the same time.  
 
The Viper has to be able to fit all five beams and with an x-separation of 2.4µm the Viper can 
handle it. This is however not true for the future x-separation of 4.8µm since the distance 
between beams one and five will be larger than the distance between the inner edges of the 
current Vipers ( mm μμ 8.148.44 >⋅  in figure 2) 
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Another limitation with the current Viper is that its details are made of chrome. This makes it 
impossible to use more than two beams at the same time, because of saturation in the 
transmission detector. When the Viper blocks a beam at least another two beams shine 
through to the detector. If the Viper on the other hand has details in quartz, it will only let one 
beam through and block the rest, which solves the problem.  
 
The Omega is a sweep laser machine, which means it constantly sweeps the beams over the 
area it expose or measure.  This sweep length is 150µm which adds further limitations to the 
angle optimization.  
 

 
Figure 4.  Angle optimization limitations by the sweep. α and β are examples of chosen Viper angles.  

α is larger than β. 
 
A larger angle, α or β in figure 4, means fewer flanks measured in a sweep. The number of 
desired flanks and the desired height of the Viper, distance d in figure 5, have to be 
considered when choosing the angle.  
 

3.2. Viper design 
Designing the future Viper is now easier since the limitations of the current one are known. 
A linewidth and angle optimization diagram for the desired x-separation of 4.8µm is shown in 
figure 5.  
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Figure 5. Optimization diagram for Viper linewidth vs. Viper angle with a desired x-separation of 4.8µm. 
 
With figure 5 different designs of the Viper can be tested. E.g. could beams 1-2 be active with 
a linewidth of 2µm and for all angles above 30° since all point satisfying this are below line 
1-2.  
 

3.3. Viper test 
Three different Vipers were created on a photo mask in order to test different Viper patterns. 
The patterns were created with a Sigma3 laser pattern generator on a 6” quartz photo mask to 
get the best possible quality and as sharp edges as possible. A reflex detector is used to 
measure the patterns on the photo mask because the transmission detector is covered by the 
calibration mask. Figure 6 shows a picture of the test patterns from a light microscope and 
50x enhancements. The details are in chrome as the current Vipers.  
 

 
Figure 6. A part of the test pattern photo mask is shown. The three different Vipers are visible. 

                                                 
3 The Sigma is another laser pattern generator from Micronic which is about three times as accurate as the 
Omega.  
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The three Vipers used for testing have the following properties. All patterns have a linewidth 
of 1µm.  
 

Table 1.Viper configurations on the test photo mask. 
Viper 1 2 3 
Angle ° 7 22.5 45
Max number of beams 2 3 5
Viper peaks in one sweep 13 5 2
Max flanks per sweep 104 60 40

 
The reason for testing several Vipers is because they have different advantages. With Viper 
no.1 and 2 in table 1 the parallelism of beams 1-5 are measured. The two beams have to be as 
parallel as possible independent of focus in order to get a good x-separation measurement. 
With these Vipers a coarse x-separation is adjusted. With Viper no. 3 in table 1 fine 
adjustment of the x-separation is performed, using all five beams. The result from this test 
may be two Vipers, one to measure parallelism and one to measure x-separation.  
 

3.4. Programming the Viper pattern 
The pattern is designed with AID4, which is C-based programming language. Different 
functions are used to create and position the pattern. This code is then compiled into a pattern-
file which can be viewed with Micplot5 or written to a photo mask using one of Micronics 
laser pattern generators. The code, generating the test pattern, can be found in appendix 2.  
 
Summary 
The current Vipers do not meet the requirements in the future. The new calibration mask must 
be able to give clean signals from five beams simultaneously, with an x-separation of 
minimum 2.4µm and a maximum of 4.8µm. This can be achieved in different ways. By 
examining the current Vipers flaws and adding constraints to height, linewidth and angle, 
three new possible Vipers emerge. These Viper configurations where tested on a quartz photo 
mask using the reflex detector. Software handling the signals is the topic of the next chapter.  
 

                                                 
4 Arithmetic Input Descriptor, used for creating patterns. 
5 Micplot is an internal program for examining pattern files.  
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4. Signals and software 
The algorithm to measure the x-separation is implemented using MWL and is executed from 
Syncra6. Once the algorithm was finished it was to be converted from MWL to Java, but 
because of problems with the implementation of the Java language for this purpose, it will be 
excluded from the master thesis.  
 

4.1. Signals 
The procedure for generating pulses can be viewed in figure 7. The detector signal in figure 7 
is one dimensional position data in y-direction and is the position in the sweep where the 
transmission was detected.  

 
Figure 7 shows the principles for generating signals without error sources. 

 
The principle of this method is simple, but there are several error sources that can give false 
values if not compensated for. Figure 8 shows different kinds of deviations from a perfect 
geometry.  
 

 
Figure 8 shows the different kind of error sources. 

 

                                                 
6 Syncra is the software controlling the machines. It handles all input and output to the vital parts in the machine. 
MWL-scripts can be executed directly from the Syncra interface.  
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As figure 8 shows there are four major error sources; pattern rotation error (θ), azimuth angle 
(φ), spatial skew (δ) and time skew errors. The pattern rotation error is constant and usually a 
small error and it occurs when mounting the calibration mask. The results of these errors are 
that the width between positive and negative flanks is wider on one side of the Viper, as 
shown in figure 9.  

 
Figure 9 shows the result of angle errors in signal data. 

 
The time skew error is a result of several physical differences in hardware. The AOD, 
Acousto-Optical Deflector, that creates the sweep, have separate hardware for each beam. 
Differences in components, like resistors and capacitors, for the sweep generating circuit 
boards, create different delays for the beams, ∆y in figure 8. Differences in cable length can 
also contribute to this error.  
 

4.2. Equations 
From the geometry in figure 7 the following equation can be derived.  
 

21
2

1

)tan( ddx
x

d
d
x

⋅=→== β     (1) 

 
With equation 1 spatial skew is canceled out by using an average position between positive 
and negative flanks and rotational errors can be ignored because the equation is rotation angle 
independent, i.e. β doesn’t affect the results. This equation is, however, based on the 
assumption that the Viper angle is 45°.  
 
If the Viper is redesigned with another angle a new equation has to be used. This new 
equation is based on more information than equation 1, as can be seen in figure 10. Three 
Viper walls are required for the equation. With data from these walls the azimuth angle and 
pattern rotational error angles can be canceled out by calculating two arithmetic means. These 
means are between the distances a and c as well as between the distances b and d in figure 10. 
If the means are divided by 2, equation 2 and 3, two uniform right sided triangles can be 
created with one known angle α, the chosen angle when creating the Viper. Spatial skew is 
canceled out as done in equation 1. With the right sided triangle the x-separation can easily be 
calculated by using equation 5.  
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Figure 10 shows the principles on which the new equation is based. 

 
The geometry in figure 10 can be used to derive an equation that works for all Viper angles. 
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Equations 2, 3 and 4 
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Equations 1 and 5 were tested with the same flank position data and the results from the two 
equations have a difference of less than 1 nm. 

4.3. Software 
There are three versions of the measurement algorithm. Version 2.4 is the old version, with 
measurement using one beam active at a time, version 2.5 is a new version of the one beam 
measurement method and version 2.6 is the method for measuring with five beams active at 
the same time. In all versions the measurement is performed in seven different foci. This is to 
show if the x-separation is independent of focus or not. The chosen focus range is -600 nm to 
600 nm relative to nominal focus, with steps of 200 nm.  

4.3.1. One active beam 
The algorithm is constructed with several loops in order to test all foci and collect data from 
all beams. A short pseudo code describing the 2.4 and 2.5 versions is shown in table 2. Both 
algorithms are based on measurements using the transmission detector.  
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Table 2. Pseudo code showing the structure of the two algorithms. 
Version 2.4 Version 2.5 
For each repetition 
     For each beam 
          Set beam amplification 
          For each focus 
              Measure flanks 
              Save in log 
          End focus loop 
     End beam loop 
Move x-stage to new position 
End repetition loop 

 

For each focus 
     For each beam 
          For each repetition 
              Measure flanks 
              Save in log 
          End repetition loop 
     End beam loop 
End focus loop 

 

 
The main difference is that the repetitions loop and the focus change loop have switched 
places. The reason for this is that a measurement procedure as close as possible to the 
exposure procedure is desired. Another difference is that in the old algorithm, the x-stage, on 
which the photo mask is positioned, was moved a small step in x-direction in the 
measurements loop. This was removed because it could add disturbances to the measurement. 
The beam amplification code was also removed because is set all beams to the same 
amplification. This does not necessarily mean that the beams will get the same intensity 
because of differences in amplification hardware for the separate beams.  

4.3.2. Several active beams 
The beam change loop can be removed in the algorithm for measurement with several beams 
active simultaneously. This takes the algorithm one step closer to the exposure procedure and 
speeds up the algorithm remarkably. The algorithm is created for measurement with the reflex 
detector and on the test photo mask. Because of this the beam intensity have to be adjusted 
manually in order not the saturate the detector. The pseudo code for version 2.6 can be seen in 
table 3.  
 

Table 3. Pseudo code for the five beam measurement algorithm. 
Version 2.6, five beams 
Enable all beams 
For each focus 
     For each repetition 
              Measure flanks 
              Save in log 
     End repetition loop 
End focus loop 

4.3.3. Output 
The output of the algorithms 2.5 and 2.6 have the same format as the log for version 2.4, 
which means the output can be analyzed with the same tool used for data from version 2.4.  
 
Summary 
The signals from the detector have to be compensated for the different types of errors before 
they can be used to calculate the x-separation. There are four major error sources; pattern 
rotation error (θ), azimuth angle (φ), spatial skew (δ) and time skew errors and is described 
with figure 8. After compensating for theses errors, the data can be used with equation 1 or 5 
to calculate the x-separation. Equation 1 is used for Vipers with a creation angle of 45° and 
equation 5 is a general equation that gives the x-separation for any Viper angle. These 
equations are implemented using MWL. There are three versions of the measurement 
algorithm, 2.4, 2.5 and 2.6, where 2.4 and 2.5 are measurement with on beam active at a time 
and 2.6 is measurement with several beams active at the same time.  
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5. Results 

5.1. Calibration mask 
After considering all aspects and examining the needs, two different Vipers evolved from the 
optimization, Vipers 2 and 3 in table 1. Both are designed for 2.4µm to 4.8µm x-separation. 
They have an inner height of 30µm, the double distance of 14.8 µm in figure 2, and both have 
details in quartz instead of chrome. The results can be seen in figure 11. 
 

 
Figure 11. The Viper patterns to the left are the old Vipers with details in chrome (black lines) and 

the patterns to the right are the new Vipers with details in quartz (white lines). 
 

5.2. Measurement 
The measurement results from the different software versions will be compared to show 
improvements in the software. Results from the measurement algorithm on the test photo 
mask are compared to measurements from an exposed photo mask to see if they correspond.  
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Figure 12. Results from the three script versions. 

Figure 12 shows the results from 
the three different versions of the 
x-separation measurement 
software. The data were gathered 
in rapid succession after each 
other.  
 
On the y-axis is the x-separation 
error (deviation from 2.4µm) in 
nm and on the x-axis are the 
focus steps relative nominal 
focus, also in nm.  
 
The vertical lines are error bars 
showing the standard deviation 
from the mean value of four 
repetitions.  
 
The error bars diminish greatly 
when measuring with several 
beams at the same time, as seen 
in the bottom diagram. 
Measurement algorithms version 
2.4 and 2.5 have a standard 
deviation of 16 nm (48nm 3σ) 
and version 2.6 have a standard 
deviation of 2nm (6nm 3σ).  
 

 

 22



X-separation on photo mask
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Figure 13. Script results compared with results on photo mask. 

The most important part is 
that the measurements using 
version 2.6 match with 
measurements from an 
exposed photo mask. The 
exposure on the photo mask 
was performed right after the 
measurement using script 
version 2.6.  
 
As figure 13 shows there is a 
difference in results between 
an exposed photo mask and 
the measurement using the 
scripts. At nominal focus, in 
the diagram at the bottom in 
figure 13, some beams differ 
as much as 15nm compared 
to the exposed photo mask. 
Why this error exists is 
discussed in section 6.2. 
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The reason for using the calibration mask method is that it is faster than measurement an 
exposed photo mask. The time it takes to perform one iteration using the different methods 
and different measurement algorithms can be viewed in table 4.  
 
Expose + process + measure photo mask Version 2.4 Version 2.5 Version 2.6 

60 min + 30 min + 30min = 2 hours 1 minute 45 seconds 20 seconds 
Table 4 shows the time to perform one iteration for each methods and algorithm version. 
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6. Discussion 

6.1. Error budget 
The error budget shows what caused the improvements in the measurement algorithm and 
present the results from investigations about the accuracy of different machine parts important 
to the x-separation measurement.  

6.1.1. Light detector 
The accuracy of the new x-separation measurement method is heavily dependant of the reflex 
and transmission detectors accuracies. The two detectors function according to the same 
principle and the biggest difference is their location. This section describes the principles and 
from now on it will be called the detector.  
 
The signals from the detector are analogue and are sampled every cycle of a measurement 
clock at 32 MHz. The detector trigger positive/negative flank if the voltage is above/below a 
specified level. In order to calculate the accuracy of the detector the sweep velocity in y-
direction has to be known.  
 
When exposing a photo mask the pattern is divided into pixels, where 1 pixel is 200 nm in y-
direction, and this is also the diameter of the laser beam. The sweep moves 1 pixel every cycle 
according to a 40MHz pixel clock. This gives the sweep a velocity of 8 m/s . 

With the sweep velocity we calculate the sample size of the detector to 250 nm

200nm)(40MHz ⋅

)
32

/8(
MHz

sm  or 

600 samples/sweep. This sample size is a pretty bad accuracy since the measurement 
precision must be within 5nm, but by using the detector smartly, the precision can be greatly 
improved. By sampling the flank positions over several sweeps and only use an average of all 
sweeps the accuracy is increased. The question is how many sweeps are required to get good 
precision, or small sampling size. This was tested by measuring the same two flanks in a test 
suite of 10 tests. Each test consists of 20 values, where each value is a flank position sampled 
and averaged over several sweeps, and each test had different number of samples per value 
(sweeps per value). The results are presented with figures 14 and 15 below. This test was 
performed on the reflex detector and with flank data from measurement on the test photo 
mask. 
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Figure 14. The figure shows how the sample size and standard deviation 

alters with the number of samples per value. 
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Two important things can be read from figure 14. First, with 320 samples/value and above, 
the sample size is below 1nm. Secondly, with 80 samples/value and above, the standard 
deviation is approximately constant at 5nm, even though the sample size decreases. This 
suggests that the noise of the detector is about 5nm.  
 
The MWL code for this test can be found in appendix 3. 
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Figure 15. The normal distribution of the flanks position centered 

at the mean value for the 10240 samples/value test. 
 
The normal distribution graphs in figure 15 where created using the Gaussian function, given 
in equation 6, where the input data is the raw flank position data (y), the standard deviation 
(σ) and mean value (µ) of the data.  

)
2

)(exp(
2

1),;( 2

2

σ
μ

πσ
σμ −

−=
yyf    (6) 

 
As can be seen in figure 16 the different tests have slightly different mean but the 
displacement is within the noise of the detector, even at very few samples/value.  
 
Every value, from measurements using MWL, is by default an average over 10000 sweeps. 
This can be altered and when using measurement algorithm version 2.6 every value is an 
average over 4000 sweeps. This test shows that an average taken over more than 4000 sweeps 
will not give a better precision.  
 
The code generating the diagrams in figure 15 can is given in Appendix 4.  
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6.1.2. Detector differences 
Measurement algorithm version 2.5 was tested on both detectors to see if the choice of 
detector affects the x-separation. Both tests where performed on the Viper on the calibration 
mask on the same occasion. The results are shown in figure 16.  
 

 
Figure 16. X-separation measurement with script version 2.5, using the two detectors. Results with 

transmission detector to the left and reflex detector to the right. 
 
As can be seen in figure 16 there is a significant difference between the two detectors. The 
results from the reflex detector seem to show that there is a larger difference in x-separation 
between the separate beams. In nominal focus it seems that the x-separation between beams 3-
4 and 4-5 differs about 75nm. The data from the transmission detector show that the same 
difference is about 5nm. The reflex detector also shows that the x-separation error for beams 
3-4 is positive while the transmission detector reports it as negative. What can cause this 
variation? Several measurements show the same. There are some differences in hardware 
between them but the biggest difference is in the placement. The transmission detector is 
positioned inside the stage and the light it receives travels the same way as when exposing a 
photo mask. The light hitting the reflex detector is reflected through the final lens once more 
and this may be the source of the differences.  

6.1.3. Differences between algorithm versions 2.4 and 2.5  
The first step in this master thesis was to find out if the x-separation measurement error was a 
software related problem. This involved trying to improve the beam measurement method. 
Some differences between version 2.4 and 2.5 was described with table 2 but their results was 
not compared. Figure 17 shows the differences in measured linewidth (distance between 
positive and negative flanks) between left and right Viper wall for each beam using the data 
from version 2.4 and 2.5. Each beam has data for 7 focus steps (markers) and 4 repetitive 
measurements (lines) and shows the difference in linewidth between left and right Viper wall, 
figure 10.  
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Figure 17. The left diagram is linewidth difference using algorithm 2.4 

and the right diagram is with version 2.5. 
That there is a difference in measured linewidth between the two Viper walls is not strange. It 
can be explained with pattern rotation and spatial skew. What is interesting is what creates the 
differences between the repetitive measurements. As can be seen in figure 17, the largest 
deviation in linewidth is for the first beam using algorithm 2.4. This deviation can not be 
found in data collected with version 2.5 and the reason is that, in version 2.4, before the first 
beam starts its measurements the x-stage has just been moved a small step. The stage has not 
had time to stabilize before the measurements start. When comparing the beams 2-5 between 
the script versions it can be seen that version 2.4 is noisier. The reason for this is that is that 
the focus is the innermost loop in version 2.4. The focus has not had time to stabilize before 
the measurements start. In numbers, the standard deviation for this measurement has 
decreased from 10.9 nm to 2.8 nm with the version change. Despite this improvement both 
scripts show the same standard deviation for the x-separation, about 16 nm (48 nm 3σ), which 
is far from the goal, of 5 nm 3σ, in section 1.3. 
 

6.1.4. Differences between algorithm versions 2.5 and 2.6 
There are some differences when measuring with script version 2.5 and 2.6 and at least one of 
them is the source of a large error which explains the improvement using script 2.6.  
 

• Measurement using reflex detector 
• Viper pattern created with a Sigma. 
• No beam change loop 
• Beam intensity 

 
Reflex detector 
As discussed in section 6.1.2 the placement of the reflex detector seems to induce errors or at 
least amplify the errors in the x-separation measurement. The deviations can however not 
explain the large differences in 3σ between the scripts 2.5 and 2.6. The 3σ for the 
measurements is about the same for both detectors, around 48 nm for measurement algorithm 
version 2.5. 
 
Pattern from Sigma 
Measurement algorithm version 2.6 was tested on a Viper on the calibration mask using two 
beams, 1 and 5, and the reflex detector. The test showed the same repetitive properties as 
when measuring on the test photo mask. This indicates that the improvement is software 
related.  
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Beam change 
The beams are active during the entire measurement when using the measurement algorithm 
version 2.6. In measurements using versions 2.4 and 2.5 the active beam is switched in the 
beam change loop with the following procedure: 
 
         setModulatorChannel(31)  !Set all beams active 
         modulatorOff   !Shut down modulator 
         setModulatorChannel(pow(2,b))  !Choose beam number b 
         setModulatorDAC(dose)  !Set beam amplification 
         modulatorOn   !Start modulator 

 
This algorithm includes some assumptions which proved to be faulty. First of all, when 
stopping and restarting the modulator it is necessary to let the beam stabilize for about 30 
seconds. This was not performed in earlier algorithms. A test to see if these beam change 
functions could add noise to the measurement where created but it could not be executed. The 
code lines above where added to the script version 2.6 and the beams where toggled on and 
off in the same fashion as with algorithm versions 2.4 and 2.5 but the error “No flanks found” 
kept occurring. This means that the beams have not had enough time to start before the 
measurements start. This indicates that the code after the MWL-function modulatorOn is 
executed before modulatorOn is finished. It appears to have enough time to start at least one 
beam, since the algorithm versions 2.4 and 2.5 works, but not five beams. Sadly no final 
conclusions if this is the big error source can be drawn at this time.  
 
Beam intensity 
The same dose, beam amplification, was given all beams with the function setModulatorDAC(). 
Unfortunately this does not mean the beams will get the same intensity. Because of 
differences in the amplification hardware they will differ. Luckily this doesn’t give a 
noticeable error in the x-separation. The Viper linewidth will vary when changing dose but 
the point between positive and negative flanks will still be at the same position.  
 

6.2. Difference between script measurement and exposure on photo 
mask 
The fundamental difference between the two types of measurement is that when exposing a 
photo mask the laser beams are fed data to draw a pattern. This data can be altered to 
compensate for certain errors, like time skew. Time skew is the result of differences in 
hardware, as explained in section 4.1, and is corrected by delaying the data stream to the 
beams when exposing a photo mask. The delay needed to make a good correction is 
calculated by exposing a photo mask, measure it with a photo microscope and then setting the 
delay value in the parameters for the machine. Since there is no data stream when using the 
calibration mask measurement method there is no automatic correction for the time skew. 
These parameters can, however, be read from MWL which would indicate that a manual 
correction could be performed by translating the flank data with the corresponding delay. 
Other errors are also corrected by altering the data but those corrections have not been 
investigated if they affect the x-separation.  
 
Another difference is that when using script measurement on the test photo mask the beam 
path is different because the use of the reflex detector. The beams are traveling through the 
final lens one extra time before being measured, as discussed in chapter 6.1.2.  
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Figure 18 explains how the x-separation measurement is performed on an exposed photo 
mask.  

 
Figure 18. X-separation patterns as exposed on photo mask. The left part show what a bad x-separation 

looks like and the right part show a good x-separation.  
 
The pattern in figure 18 is composed of 6 bars; each bar is 5 pixels wide (1µm) and exposed 
by a single beam. What is important to notice is that two bars are drawn with beam number 5 
and that the distance between the two bars is constant 12µm, 5 times the desired x-separation 
d. The first five bars are exposed by the beams at the same time. That is, all beams are active 
and expose the photo mask in the same sweeps. In order to draw the last bar, with beam 5 
again, the x-stage has to be moved 12µm. The actual desired result is to have an even 
distribution of beams over this 12µm distance and the x-separation error is the difference 
between d and Xsep in figure 18. The second bar drawn with beam 5 can not be measured 
using the measurement algorithm because the Viper has to be much higher in order to handle 
it, but this is not possible due to other limitations, as explained in chapter 3.2. The same 
distance can however be measured indirectly by adding the x-separation for the 5 beams and 
subtract it from 9.6µm, 4 times the desired x-separation d. This procedure is only correct if 
the x-separation is the same for all beams and as can be seen in figure 13 this is not the case, 
according to either measurement method.  
 
Four photo masks were exposed directly after each other to see how repetitive this process is. 
The test shows that the 3σ for the photo masks is about 10nm which is larger than that of the 
measurement algorithm. It should be noted that this variation includes deviations when 
exposing the pattern, when chemically process the photo masks and when measuring the x-
separation in a photo microscope.  
 

6.3. Future work 
A new calibration mask, with the new Vipers, has to be created and mounted on the Omega. 
After this, several tasks and investigations have to be performed in order to further improve 
the measurement algorithm. Chances are that some steps have to be added to the Omega 
calibration process. An investigation about the x-separation over the sweep has to be 
performed and this information must be corrected in the measurement. Early test show that 
the beams bend in x-direction over the sweep and since each separate beam hit the Viper in 
different positions in the sweep this will affect the x-separation.  
 
The beams have to have a perfect Gaussian shape in order to give correct signals. If not, the 
data from a beam is translated in y-direction, which gives false data in the x-separation. The 
beam shape has to be corrected before the x-separation measurement. 
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Errors corrected when exposing a photo mask, like time skew, have to be corrected when 
using the calibration mask measurement method.  
 

6.4. Other uses 
Since measurements with measurement algorithm version 2.6 are fast and the results are 
displayed almost in real-time it can be afforded to use trial and error to better understand the 
machine. By tuning one lens at a time between measurements, it can be understood how every 
lens affect the x-separation. Such an investigation would be too time-consuming with the old 
measurement method.  

 31



7. Control design concept 
There are several reasons to why an automatic adjustment of the x-separation is to prefer. The 
x-separation is today adjusted manually by moving a lens, called a collimator lens, and 
adjusting a zoom objective mounted on the lens. This means the machine has to be opened 
and the lens cover has to be removed in order to reach the collimator lens. The Omega 
machines are covered by an environmental chamber to keep the temperature and pressure 
constant and by opening the machine this balance is interrupted. If the lens is moved by an 
electric motor instead the chamber doesn’t have to be opened and the adjustment can be more 
precise. A person doesn’t even have to be nearby. It can be done remotely. This section 
describes a concept to automatically adjust the x-separation.  
 
With the data from the measurement algorithm a motor will adjust the x-separation of the 
beams. The lens for adjusting x-separation will be mounted on a linear motor as can be seen 
in figure 19. By moving the lens in z-direction the x-separation can be increased or decreased.  

 
Figure 19. The brighter part is the linear motor and on top is the collimator lens mounted. 

 
The motor will be controlled with a simple proportional control algorithm, as can be seen in 
equation 6.  
 

)(_ XdXmPmovementrelative −⋅=     (6) 
 
where  
 
Xm = result of the x-separation measurement 
Xd = desired x-separation 
P = gain of the motor in mm/nm. It converts the x-separation error distance to the distance the 

motor have to move the lens.  
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relative_movement = the signal to the motor to move the lens correspondingly to the distance 
of the x-separation error, from current lens position.  

 

 
Figure 20. Procedure to adjust x-separation automatically. 

 
Figure 20 shows the procedure to adjust the x-separation. The algorithm should check that a 
second iteration doesn’t give an equal or larger movement than the first because this would 
indicate that the x-separation error is within the noise of the measurement or that the 
algorithm is unstable. The answer to the question “X-separation ok?” in figure 20 should be 
well specified or be answered by the machine operator.  
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8. Conclusion 
The measurement method using a calibration mask is not ready to be used alone. Further 
investigations have to be performed before this method is perfected. It can, however, be used 
to reduce the time to calibrate an Omega machine by performing a coarse x-separation 
adjustment. It can also be used to perform investigations to better understand the machine and 
how each part of the machine affects the x-separation.  
 
The measurement procedure should be as close to the exposure procedure as possible to be 
able to get the same results from the two methods and there are still some significant 
differences between them.  
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Appendix 1 – Equation derivation for Viper optimization 
 
 

 
Figure 21. Viper geometry. 
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With the resulting equation the viper optimization diagram can generated. By choosing a 
desired x-separation and plot for all angles α, the possible linewidths, L1, are shown.  
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Appendix 2 – Viper generating AID code 
#define my *1e3 
#define pi 3.14159265358979f 
#define gradToRad(x) (float)(x*pi/180) 
 
void generateViper(char * block_name, float _angle, int _vertices, int _thick){ 
DEFINE_BLOCK(block_name){ 
 float angle = _angle; 
 int vertices = _vertices, i = 0, thick = _thick; 
 float yGap = thick/sin(angle); 
 float yPitch = 30 my + yGap; 
 float xPitch = yPitch*tan(angle); 
 
 for (i = 0; i<vertices;i++) 
  VERTEX(i*xPitch, (i%2)*yPitch,0) 
 
 VERTEX(--i*xPitch- thick*cos(angle), - thick*sin(angle), 0) 
 i--; 
 for (;i>0;--i) 
  VERTEX(i*xPitch, (i%2)*yPitch - yGap , 0) 
 
 VERTEX(thick*cos(angle),-thick*sin(angle),0) 
 
 CLOSE_POLYGON 
 } 
END_BLOCK 
} 
 
START_INIT_SECTION 
MIC16 
MICLAYERS(2) 
 
OUT_FILENAME("viper") 
 
LAYER(1)SET_MIC_LAYER_OPERATION(LAYER_OPERATION_PAINT) 
LAYER(2)SET_MIC_LAYER_OPERATION(LAYER_OPERATION_SCRATCH) 
 
SET_X_START(0) 
SET_X_PITCH(200 my) 
SET_X_END(2000 my) 
SET_Y_START(160 my) 
SET_Y_PITCH(300 my) 
SET_Y_END(2000 my) 
 
generateViper("viper_1", gradToRad(7), 27, 1 my); 
generateViper("viper_2", gradToRad(22.5), 11,1 my); 
generateViper("viper_3", gradToRad(45), 5,1 my); 
 
DEFINE_BLOCK("viper") 
BLOCK("viper_1",70 my,200 my) 
BLOCK("viper_2",70 my,80 my) 
BLOCK("viper_3",70 my,10 my) 
 
END_BLOCK 
 
DEFINE_BLOCK("rutan") 
BOX5(0, 0, 2300 my, 2300 my, 0) 
END_BLOCK 
 
END_SECTION 
 
START_REPEATED_SECTION 
LAYER(1) 
BLOCK("rutan",1150 my, 1150 my) 
 
LAYER(2) 
BLOCK("viper",x,y) 
END_SECTION 
 
START_EPILOG_SECTION 
END_SECTION 
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Appendix 3 – MWL code for flank accuracy test 
test_flanks{ 
 
 steg = 10 
 rep = 20 
 mflanks = 2 
 
 newDataBase(steg*rep + 10,5)  !3 flanker, 1000 rader 

 
updateInfo("Testing flanks method accuracy...") 

 offset = 0 
 nmeas = 10 
 curantal = nmeas 
  

R:steg 
 [ 
  curantal = curantal*2 

   setNmeasurements(1) 
 
  R:rep 
  [ 
     flanks = measureFlanks(0,3) 
    setD(lc+offset,0,curantal) 
    setD(lc+offset,1,flanks(2)) 
    setD(lc+offset,2,flanks(4)) 
  ] 
  offset = offset + rep 
  updateInfo(concat("Antal mätningar: ", dtos(curantal))) 
   ] 

updateInfo("Writing file...") 
writeDataBase(concat("mflanks_",dates,"_",dtos(round(rnd*1000)))) 
updateInfo("Done...") 

} 
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Appendix 4 – Normal distribution matlab code 
mynorm.m 
 
% 
% mynorm draws the normalisation diagram from indata 
% 
 
function [m,s] = mynorm(indata) 
m = mean(indata); 
s = std(indata); 
 
mdata = sort(indata) 
 
disp(['Medel ' num2str(m)]); 
disp(['Sigma ' num2str(s)]); 
 
out = 1/sqrt(2*pi*s^2)*exp(-(mdata-m).^2/(2*s^2)) 
%xaxis = min(indata,1):max(indata,1)/min(indata,1):max(indata,1); 
plot(mdata,out); 
 
% End of mynorm.m 
 
rap_flanks.m 
 
% 
% Draws normalisation diagram for all tests in log in same figure 
% 
 
load -ascii '../data/raw/060130/mflanks_060130_557'; 
  
d = mflanks_060130_557; 
antal = size(d,1)/20; 
  
ms = []; 
ss = []; 
meas = []; 
color = ['-' 'or' '-ok' '-dm' '-']; 
  
hold on 
e = 9; 
ci = 1; 
[m s] = mynorm(d(e*20+1:(e+1)*20,2)); 
mmean = m; 
figure(1) 
for e = 1:antal 
  
        % Extract correct data from log 
 
        m = mean(d(e*20+1:(e+1)*20,2)); 
        s = std(d(e*20+1:(e+1)*20,2)); 
  
        mdata = sort(d(e*20+1:(e+1)*20,2)) 
        out = 1/sqrt(2*pi*s^2)*exp(-(mdata-m).^2/(2*s^2)) 
  
        plot(mdata-mmean,out); 
        ci = ci + 1; 
end 
hold off 
 
% End of rap_flanks.m 
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