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Introduction

This is Part 2 of the project summarizing the second year of my involvement with TPF lab, so all introductory material included in Part 1 is omitted here. While in Part 1 the goal was to investigate the effect of errors in manufacturing of the mask on its performance, in part 2 the assignment was to study the dashed mask design, which is one of the possible “manufacturable” alternatives of the ideal mask.

Objective of study
The optimal mask design has openings that narrow in an asymptote. These parts of the mask cannot be manufactured properly, since the smallest manufacturable opening is 100 microns. If the openings smaller then 100 microns are ignored, the mask design is not optimal anymore, and the contrast becomes sensibly smaller. The problem emerges how to obtain the greatest contrast possible with this limitation. The idea offered by advisor is to replace the openings smaller that 100 microns with a series of dashes of width of 100 microns.
The objective of my study was to find out whether a mask with such dashes would create 10-10 contrast.


Approach
1.  Find the PSF of the ideal mask without dashes. Define the criteria for the mask’s performance.
2.  Create a program whose input variable is the minimum manufacturable distance, which replaces features of the mask that are smaller than the minimal manufacturable distance with dashes so that the area of the mask stays the same.
3.  Investigate how the chosen performance criteria depends on the minimum manufacturable distance by:

a) Running  this program for a range of minimum manufacturable distances from 0 to 100 microns

b) Finding the PSF of every mask in the range and calculating performance criteria.
Procedure and results
1. Finding the PSF of the ideal mask without dashes and defining criteria for the mask’s performance
The shape of the ideal mask is defined by a set of data same as in the part 1 of the project:
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Fig 1
A program (provided by the advisor) makes a matrix of values from 0 to 1 which represents the mask, by dividing the mask into pixels and assigning to each pixel the value of the area that a transparent part of the mask that overlaps with the pixel. Here is the matrix representation of the mask:
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Fig2
The image resulting from light going through the mask (the PSF-point spread function) can be found by the following formula for electric field response:
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This is essentially a Fourier transform, with some scaling factors. In Matlab the integrals are found by matrix multiplication.  
The resulting PSF of the original mask is presented below:
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Fig 3
The discovery regions are defined as the two dark triangular shaped regions on either side of the bright center. The contrast of any point on the PSF is defined as the value of the PSF at that point divided by the maximum value of the PSF, which occurs at the center of the PSF.
We define two criteria for the performance of the mask:
1. Log of the average contrast in discovery region: We calculate the average contrast of the PSF over a rectangular shaped region in the dark region. The criterion that we use is the log of this value. We want it to be equal to -10. The rectangular region is defined in the PSF bellow as the range from row 950 to 1000, and from column 1 to 925.
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2, SumA. This criterion corresponds to the portion of area in the PSF where the contrast is less then 1010. For the purposes of this investigation, I calculate sumA only over the area for which average contrast is calculated. Thus if sumA=1 there is no point in the discovery region where the needed contrast occurs, and if sumA=0, the whole discovery region has satisfactory contrast. It can be found by creating a matrix A of the same size as the PSF that has zeros for points where 1010 contrast occurs and 1’s elsewhere, then taking the sum of this matrix and dividing it by its size. 
Finding matrix A using conditional if statements in loops would make the program run very slow, so here is how I find it using matrix operations:
1. Dividing the PSF matrix by its maximum value and taking the log.
2. Creating matrix B, which is the matrix found in (1) with 10 added to each element.

3. Finding matrix C where 
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4. Dividing each element of C by the corresponding element of B. 

2. Creating a program that modifies the musk by introducing dashes. 

Two approaches have been tried. The first program is actually a function, whose input variable is the minimal manufacturable distance (mmd) and whose output is calculated in the following way:

1. The regions in the mask are found, where the slit is narrower than mmd and those slits are closed by making the top curve defining the mask in that region equal to the bottom curve.

2. The area of each such region that was originally open (white, 100% transmission) in the original mask is calculated.

3. The above found regions are divided into sub-regions of about 20000 microns along the horizontal axis.
4. A certain number of those sub-regions is opened (made the top curve mmd microns away from the bottom curve) so that the total open area of the mask stays the same.
Below is the image comparison of the mask with and without dashes constructed this way: (this is a close-up of one of four small regions where dashes were necessary to be made. The four other regions are mirror reflections of this.) On the left is the original mask and on the right is the dashed version.
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fig4
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Below are some graphs of the mask-defining functions where these dashes have been made (original on the left, dashes on right).
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Fig 5
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Fig6
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Fig 7
The second approach, suggested by advisor, was as follows: 

1. The program goes horizontally in increments of the x-axis in the A-360 file (the file containing the mask defining functions) looking for openings smaller than mmd.
2. Once it finds the first such spot, it closes it (making the top curve equal to the bottom curve), and then adds the distance that it closed to the top curve of the next increment. 

The process is repeated until whole mask is passed through. 
Below is an image comparison of the mask with and without dashes constructed this way: (this is a close-up of one of four small regions where dashes were necessary to be made. The four other regions are mirror reflections of this.) The original mask is on the left and the dashed version is on the right.
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Fig8

Below are some graphs of the mask-defining functions where these dashes have been made. (original on the left, dashes on right)
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Fig 9
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Fig 10
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Fig 11
3,4,5. Performing the modeling and calculating criteria. 
Both methods of making dashes were subjected to the two criteria described in the approach according to the following algorithm. Each of the two methods was used to make 5 masks of 5 different minimal manufacturable distances on a range from 0 to 100 microns. The PSF’s of each of the five masks for each of the two methods were calculated. For each PSF, the two criteria described in the approach were calculated. The two criteria were plotted for each dash-making method against the minimal manufacturable distance.
1st method:
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Fig 12
In this figure, on the left is the sumA criterion and on the right is the average contrast criterion. As you can see, at mmd=100 microns (the real minimal manufacturable distance), 10-10 contrast occurs only in about 0.07 (1-0.93) of the area in which the average contrast is calculated, and the average contrast criterion over this area is -8.6. Both of these graphs show that the performance of the mask in the discovery region significantly deteriorates as the minimal manufacturable distance increases and dashes are made.
2nd method:
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Fig 13
For comparison, below is the graph for the same two criteria for the case when openings smaller then mmd are simply closed without forming the dashes.
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Fig 14
Conclusion
If the second described method for creating dashes is used, then an average contrast of 10-9.9 over the dark region can be achieved if the minimum manufacturable distance is 100 microns, as seen in Fig 13. As you can see from comparing Figs 13 and 14, making dashes by the second method improves mask performance from simply closing areas smaller than mmd. At mmd=100micons, a mask with simply closed slits has sumA a little less that 0.65, while the dashed mask has sumA of about 0.67. The average contrast for the mask without dashes at mmd=100 is 10-9.7, while for the dashed version its 10-9.9. However the analysis shows that this improvement is not as great as we would expect. This is not true for the first method of making dashes, since, by comparing fig 14 and 12, you can see that making such dashes actually worsens mask performance from simply closing areas smaller than mmd. This can mean that the performance of the mask is quite sensitive to the method by which the dashes are formed.

An interesting note. The average contrast for both the method 2 mask and the non – dashed mask at mmd=25microns is less than for the original mask. The difference is not great, but perhaps this reflects that the mask with the changes that the program makes at mmd=25microns is actually a slightly more optimal mask design. In the future I want to investigate creating dashes, but starting from the mask at mmd-25 microns as the original mask.
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