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I 

Abstract 
 
Metrology is the science of measurement. It is also a prerequisite for 
maintaining a high quality in all manufacturing processes. In this thesis we 
will present the demands and solutions for ultra-precision metrology in the 
manufacturing of lithography masks for the TV-display industry. The extreme 
challenge that needs to be overcome is a measurement uncertainty of 10 nm 
on an absolute scale of more that 2 meters in X and Y. Materials such as 
metal, ceramic composites, quartz or glass are highly affected by the 
surrounding temperature when tolerances are specified at nanometer levels. 
Also the fact that the refractive index of air in the interferometers measuring 
absolute distances is affected by temperature, pressure, humidity and CO2 
contents makes the reference measurements really challenging. This goes 
hand in hand with the ability of how to design a mask writer, a pattern 
generator with a performance good enough for writing masks for the display 
industry with sub-micron accuracy over areas of square meters.  

As in many other areas in the industry high quality metrology is the key for 
success in developing high accuracy production tools. The aim of this thesis 
is therefore to discuss the metrology requirements of mask making for display 
screens.  Defects that cause stripes in the image of a display, the so called 
“Mura” effect, are extremely difficult to measure as they are caused by 
spatially systematic errors in the mask writing process in the range of 10-20 
nm.  These errors may spatially extend in several hundreds of mm and are 
superposed by random noise with significantly higher amplitude compared to 
the 10-20 nm.   

A novel method for measuring chromium patterns on glass substrates will 
also be presented in this thesis. This method will be compared to methods 
based on CCD and CMOS images. Different methods have been implemented 
in the Micronic MMS1500 large area measuring machine, which is the 
metrology tool used by the mask industry, for verifying the masks made by 
the Micronic mask writers. Using alternative methods in the same system has 
been very efficient for handling different measurement situations. Some of 
the discussed methods are also used by the writers for calibration purposes. 

Keywords: Ultra precision metrology, LCD-display, OLED-display, nm-
resolution, large area, random phase measurement, acousto-optic deflection, 
scanning, 2D measurement, mask, CCD, CMOS, image processing, edge 
detection. 
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Foreword 

This work is based on a long experience in the company Micronic Laser 
Systems. This company was established by Gerhard Westerberg in 1984 
together with five employees. It had its roots at KTH - the Royal Institute of 
Technology in Stockholm. The goal of this new company was to 
commercialize the first laser based pattern generator for the semiconductor 
industry. After the death of Gerhard Westerberg 1989, Nils Björk as CEO, 
together with the employees took over the company. During that period the 
semiconductor industry was in a depression which forced the company to 
look for other markets for their technology. The first breakthrough came 
1993-1995 when the company designed a new type of large area pattern 
generator that gave new opportunities for cathode ray tube research and 
development departments and designers to improve their manufacturing 
technology. In the end of this period the real breakthrough came when these 
systems were modified to be used also for the manufacturing of masks for 
Liquid Crystal Displays (LCD). At this time the LCD slowly started to take 
over as the next coming technology for television and computer displays. In 
2005 the company launched the first metrology system, MMS15000, that still 
is the most accurate two dimensional large area metrology system in the 
world. The R&D work of this system was based on experience from the high 
precision demands of the large area pattern generators. Besides extreme 
precision mechanics, optics and precise environmental control also a lot of 
new measurement principles and image processing software algorithms were 
developed during the R&D work of the MMS15000. In 2010 Micronic Laser 
Systems merged with the company Mydata for the purpose of broadening its 
product portfolio. After the merge the company changed name to Micronic 
Mydata AB.  Today about 80% of the sales activity of the company is in Asia. 
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1 Introduction 

1.1 Background 
 
Today, the distribution of information by images is one of the most important 
ways for communication among people. Paintings and photographs of real 
time situations of people’s life and surroundings play an important rule in 
documentation, happenings and education. We are also surrounded by 
different image presenting devices and can not imagine a life without these 
for communication.  
 In the last forty years we have seen an enormous development of different 
display technologies. We have also gone through a digital revolution. One 
example of this is the development of the TV. We have seen how the old 
bulky analog cathode ray tube (CRT) technology has been replaced by flat 
screens and much less bulky digital TVs. One of the key technologies for this 
digital image revolution is photo mask lithography. To produce almost any 
image device like CRTs, liquid crystal displays (LCD) TVs or computer 
monitors, photo masks are used in the manufacturing process. These photo 
masks made by chromium patterns on glass serve as originals of the patterns 
defining the different layers involved for producing an image device. Special 
photo mask writers are used for creating the patterns used in the lithography 
step and accurate metrology tools are needed for verification of the written 
patterns. Today the absolute placement demand of features on the photo mask 
requires that the spread within three standard deviations (3σ) should be within 
150 nm on an area of about three square meters. To design systems that are 
able to write patterns on glass with this accuracy is far from a trivial task. To 
be able to verify this accuracy special metrology tools are used with an 
absolute traceable accuracy in the range of 50-100 nm (3σ). Also metrology 
over these huge areas with such accuracy is a real challenge.  
Another word used in lithography manufacturing for “absolute traceable 
accuracy” is registration [1]. Registration is a measure of the absolute spatial 
deviation in X and Y of a set of measurement marks (crosses) evenly spread 
in a matrix manner over a certain area of the glass and a perfect placement of 
these marks in a Cartesian grid. The measured quantity is the 3σ of this 
deviation. Registration is measured in a traceable measurement tool. Another 
important figure of merit is overlay. Overlay is defined as the spatial 
deviations of a set of measurement marks evenly spread in a matrix manner 
over a certain area of the glass plate and the corresponding marks on two ore 
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more other glass plates with the same pattern written in the same machine. 
Also here the measured quantity refers to the 3σ of the deviation. 
 

1.2 Problem statement 
 
The metrology problem that this thesis is trying to solve can be formulated as: 
How can registration of a pattern on a glass plate with a size of square meters 
be measured with a precision below 100 nm (3σ) and how can a line width, in 
lithography called critical dimension (CD), be measured with a precision in 
the range of 10 nm (3σ). 

 

1.3 Goal with this thesis 
 
The development of mask writers being able to write patterns with submicron 
accuracy over areas of square meters opens up technical challenges that are 
on the edge of what is physically possible. The lack of available metrology 
tools being able to accurately measure the patterns on these huge glass plates 
makes the situation even more difficult and therefore generates a need for a 
very high accuracy large area metrology tool. The goal of this thesis is to 
discuss and present solutions to the problems we are facing in large area 
lithography and meteorology. How is registration and overlay verified? 
Measurement repeatability locally and globally and critical dimension 
measurements are other questions that will be discussed. Methods for high 
speed measurements with nm repeatability will be presented. These methods 
have been used for critical calibration purposes and geometrical 
measurements in X and Y both in the photo mask writer and in the developed 
large area metrology tool. 
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2 Display technologies 

2.1 History 
 
About three hundred years BC Aristotle in his work Problemata described the 
principles of the camera obscura, the first system that projects an image of its 
surroundings on a screen. The next step towards realization of images is 
attributed to the French artist and chemist Daguerre (1787-1851) for his work 
in developing the photography process. From that time the methods of 
collecting images on glass plates, paper and other materials by using cameras 
has been refined in a lot of ways. Due to the quite complicated procedure to 
produce an image by first capturing and then developing it, it was indeed a 
time consuming process. Also equipment cost and cost of consumer materials 
had a big impact of number of images produced. The real break through came 
in the last quarter of the 20th century when the digital camera was introduced. 
The principles of this type of camera can be traced back to 1961 when Eugine 
F. Lally at the Jet Propulsion Laboratory described a mosaic photo sensor [2].  
In 1970 Edward Stupp, Pieter Cath and Zsolt Szilagyi received a US patent 
granted on a device for collecting and storing an optical image on an array of 
photodiodes [3]. Later Charge Coupled Devices (CCD) and Complementary 
Metal Oxide Semiconductor (CMOS) devices took over to be the most 
important image capturing sensors.  

Hand in hand with the development of the digital camera also ways of 
presenting images were developed. This will be discussed in the following 
section. However, long before the digital camera the very important invention 
of the CRT was done. In 1897 the German physicist Ferdinand Braun 
designed the first CRT tube and in 1909 he was rewarded the Nobel price in 
physics.  
The monochrome analog TVs was the first real image device that used this 
technology. Later on color was entering and full color images and movies 
could be watched in high quality. CRT TVs are today a refined technology 
with outstanding performance even compared to more recent technologies as 
Plasma and LCD TVs. 
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2.2 Current technologies 
 
Besides CRT, Plasma and LCD also other displays exist, especially in 
computer monitor, Personal Digital Assistant (PDA) and mobile phone 
devices. Displays based on Organic Light Emitting Diodes (OLED) are 
probably one of the most important next coming technologies, especially 
since OLED displays can be made on metals as well as on soft polymer 
materials. We have only seen the beginning of the development of this new 
technology for presenting images with high definition and also at low prices. 

2.2.1 CRT 
Even if the CRT today is disappearing from the market, it is still one of the 
highest quality imaging devices, when compared to the more modern Plasma, 
LCD and OLED technologies. In Figure 1 the principles of a full color CRT 
tube is presented [4].   

 
Figure 1: The figure illustrates a color CRT tube. 1 - Three electron guns (one 
for each color red, green and blue). 2 -Electron beams. 3 - Coils for focusing. 
4 - Deflection coil. 5 - Connection point for the anode. 6 -wire net for 
separating the three beams. 7 - Phosphorus layer on the screen surface.  
8 - Close up on the inside of the front screen with the shadow mask and the 
phosphorus layer divided in pixels for the three colors.  
Image source:  Wikimedia commons 

As can be observed in Figure 1 the inside of the front glass is covered by a 
metal mask. This is a metal film perforated with holes, one hole for each 
color that defines the pixels. Even if the CRT technology is old the 
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manufacturing the hole patterned metal film in modern CRTs is not possible 
without state of the art technology in the lithography field.   

2.2.2 Plasma display 
A plasma display is based on the same principle as a fluorescent lamp. The 
difference is that we here have millions of these lamps that defines the pixels 
on the screen.  A pixel is a cell containing the plasma (see Figure 2). The 
plasma, whish is a collection of charged ions, responds to the electrical field 
applied over the cell from the electrodes.  When these particles hit the 
phosphor layer surrounding the cell it will emit light.  

 

 

 

Figure 2: The principle build up of a plasma display.   
Image source:  Wikimedia commons.  

An advantage of the plasma display is that it can be made thin and will 
therefore not be as bulky as a CRT display. A disadvantage is that the display 
area must be large (at least 37 inches diagonal) due to the requirement of a 
minimum plasma volume. Also lifetime is limited because the phosphor 
coatings decay in luminosity over time. From a lithography point of view the 
demands are relaxed for plasma displays compared to other display 
technologies. 
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2.2.3 LCD  
LCD is the most spread display technology today [5]. Besides image quality 
also price and form factors make this kind of display attractive. The key 
element of a LCD display is the liquid crystal molecule layer between the two 
electrodes (see Figure 3). The backplane compromising one of the electrodes 
is an array of TFT transistors. This array is normally referred to as the TFT 
backplane. Outside these layers two polarizing filters are arranged so they 
block all light through the liquid crystal layer when the pixel is turned on.  

 

 

Figure 3: Each pixel comprises three sub pixels red,green,blue (R,G,B). In 
each sub-pixel the liquid crystal molecule layer can be twisted more or less 
proportional to the electrical field applied over the sub-pixel cell. When the 
incoming light pass the first polarizer it will be linearly polarized leading to 
that more than 50% of the light will be blocked. The polarizing angle will 
then be twisted 90 degrees when it passes the liquid crystal molecule layer in 
off state. After the light has passed the liquid crystal layer its polarizing angle 
has turned 90 degrees and will pass trough the second polarizer.  
Image source:  Wikimedia commons.  

The color of the sub-pixel is set by the outside applied passive color filter 
(CF). These filters are pigment, dye or metal oxide filters. A LCD pixel does 
not generate its own light as in a plasma cell. For this reason a back light must 
be applied as a light source. Most common is the use of a cold cathode 
fluorescent lamp (CCFL).  Now days the CCFL is replaced by LEDs as 
illumination source in more advanced models. In a reflective LCD cell the 
back light is replaced by a mirror.  



 

  7

A very significant drawback of the LCD display is its extremely low light 
efficiency. Only 5-8% of the light is transmitted through the panel. Another 
weakness is when a dark scene is displayed. Almost all light from the back 
light must then be blocked which leads to an unnecessary high power 
consumption. The two techniques called dynamic backlighting and local 
dimming limit to some extent the power consumption and enhance contrast at 
the same time. A lot of research in recent years has led to that TFT panels 
today are very complicated from a lithographic point of view. The strive to 
enhance light efficiency, resolution and speed makes the design of the 
electronics surrounding  the pixel and the geometrical design thereof much 
more sophisticated compared to the first generation LCD displays [6][7][8].   

2.2.4 OLED  
As already mentioned one of the most interesting technologies is the Organic 
Light Emitting Diode (OLED) [9][10]. This technology differs from LCD 
technology in that each pixel generates its own light. As can be seen in Figure 
4 two electrodes and an organic material serves as the light source. In modern 
designs organic material is built up by a conductive layer and an emissive 
layer. In operation a voltage is applied across the organic conductive layer. A 
current of electrons flows through the material from the cathode to the anode. 
In the emissive layer (i.e. polymer emitter in Figure 4) electrons and holes 
will recombine and light will be emitted. 

 

Figure 4: Illustration of an OLED stack.  Image source: IDTechEx 
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There are different designs of the OLED stack. In some designs the material 
is chosen to emit light in a certain wavelength band. In this way RGB pixels 
can be made by using three different sub-pixel colors. In other designs white 
OLEDs are used with layers of external color filters. The latter design does 
not suffer as much from color degradation as the former. Another more 
fundamental difference between LCD and OLED is that the intensity of an 
OLED pixel is controlled by the current flow through the organic material. In 
the LCD case the voltage across the electrodes controls the twisting and 
therefore light intensity through the pixel. Current is much more difficult to 
control without causing visually observable defects in the pixel patterns. Thus 
the electronics needed to control an OLED pixel is significantly more 
complicated. This also has an impact on the mask lithography. OLEDs can be 
made on flexible materials which is an advantage in comparison with other 
technologies. A difficulty of the OLED technology is scalability. It is hard to 
make large OLED panels without defects. So far commercial OLED display 
panels have only been made in sizes up to 10 inch [11][12].  

There are several other display technologies to be implemented. Surface-
conduction Electron-emitter Display (SED), Electroluminescent Display 
(ELD) and Electrophoretic display (Electronic papers) are examples of 
technologies that still are in the research phase or start to get more mature. No 
one of these technologies have been established yet as significant in 
applications and number of units on the market compared to LCD and OLED. 

 

2.3 TFT manufacturing process 
 
Before discussing photo mask lithography and its metrology we will 
exemplify by presenting the advanced procedure of a typical display 
manufacturing process. We select the TFT manufacturing process for LCD 
displays since it is the most common display type of today. Most TFT panels 
are manufactured in Asia. Companies such as Samsung, LG Display, Sharp, 
AUO and others have built huge factories just for TFT panel production. The 
photo masks used in the process are normally made by so called mask houses. 
Hoya, LGI, SKE and others are companies that are specialized in just making 
photo masks. These masks are delivered to the panel makers and used in the 
array and color filter process. Sometimes the same company that makes the 
panels also produces the end products like TVs, computer monitors or mobile 
phones. But it is also very common that other companies buy TFT panels and 
produce TVs or other devices using their own brand name. Even if details 
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may change among panel makers Figure 5 illustrates the typical steps 
involved in the manufacturing of a TFT panel [13]. 

 

 

 

 

 

 

 

 

 

 

Figure 5: The TFT module manufacturing process. This process is divided in 
four different process steps. The array and color Filter process involves 
several lithography steps using photo masks. Source: Display Search 

Over the years the size of the panel has grown and we use to talk about 
different size generations. Today we see generation 10 being manufactured 
with mother glass sizes of 2.6 x 3.1 meter. In the lithography step so called 
mask aligners are used for positioning the masks in relation to previously 
exposed patterns. In the array process projection aligners made by Nikon or 
Canon do the exposure of the pattern in the photo mask onto the mother glass. 
In the color filter process either proximity aligners or projection aligners are 
used. The mask size is approximately a quarter of the mother glass. In the 
exposure step four to six copies of the mask are made on the mother glass. An 
exposure of a mother glass takes approximately 70 seconds. The systems used 
for the lithography step are enormous in size. In Figure 6 a generation 10 
aligner developed by Nikon is shown. 
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Figure 6: The FX-101S mask aligner used for 2.6 x 3.1 m2 generation 10 
mother glass sizes. Source: Nikon   

 

2.4 Mask writer and Measurement tool 
 
Special high precision mask writers are used for producing the photo masks 
used in the mask aligner [14]. The Micronic PREX10 writer use a laser (λ 413 
nm) as light source to write the pattern on a glass plate covered by a 
chromium layer and photo resist, see Figure 7. The thickness of the chromium 
layer is around 100 nm and the photo resist layer has a thickness of 500-800 
nm. The thickness of the glass blank is in the range 5-16 mm. 

In the Diffractive Optical Element (DOE) shown in Figure 7 the laser beam is 
split into several sub-beams [15][16]. The power of these sub-beams is 
modulated individually by the Acousto Optical Modulator (AOM) that is feed 
by data from the Data path. Up to eleven sub-beams are transferred via optics 
to the optical head. The optical head is moved on air-bearings in the X-
direction on the X-bridge. The large stage is made of Zerodur a special glass 
composite material with very low thermal expansion, moves on air-bearings 
in the Y-direction. The position of the optical head is controlled by two 
interferometers in the X and Y directions respectively. The heart of the 
optical system is the Acousto Optical Deflector (AOD). 
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Figure 7: The principle of the PREX10 mask writer.   
Source: Micronic Mydata 

It is a crystal made of TEO2 [17] and it is a part of the optical head shown in 
Figure 8. By applying an ultrasound wave in the frequency range 150-230 
MHz through a transducer to the crystal the sub-beams are deflected in the Y-
direction.   

 

 

 

 

 

 

 

Figure 8: The principle of the deflection of a laser beam using an AOD in the 
optical head. Source: Micronic Mydata 
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The refractive index of the crystal material will change in proportion to the 
applied ultra sound frequency. An incoming laser beam will therefore change 
its exit angle in the Y-direction when passing the AOD. By applying a 
frequency span of 100 MHz the effective deflection angle will be 40. After 
passing the AOD the beam is focused by the final lens and in this way it 
generates a microsweep in the focal plane. In the multi-beam case each sub-
beam is entering the AOD with a slightly different angle creating parallel 
microsweeps separated in X direction. Depending on the focal length of the 
system microsweeps with different lengths are generated. For the system with 
the currently highest resolution the length of the microsweep is 200 µm. 
During the writing process the X-bridge is moved one stroke in the X-
direction and at the same time the AOD is scanning microsweeps in the Y-
direction, creating an exposed “scan strip” in the photoresist. Subsequently 
the Y-stage is moved one scan strip width minus some overlap in the Y-
direction. This scheme is repeated until the whole mask pattern has been 
written. 
 
The large area metrology tool is designed in an almost identical way [18]. 
Instead of using several beams only one laser beam at 442 nm wavelengths is 
transferred from the laser up to the optical head as shown in Figure 9.  

 

 

 

 

 

 

 

 

 

 

Figure 9: The principle of the optics in the metrology tool MMS15000.  
Source: Micronic Mydata 
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The incoming beam is deflected by the AOD and back reflected by the 
chromium pattern of the photo mask. A beam splitter transfers the reflected 
beam to the detector which converts the beam intensity to an analog electrical 
signal. This signal is then further amplified and filtered in the electronic 
hardware. 
On the detector the spatial information of the reflected signal is lost. This is 
because the reflected beam will follow the same track as the incoming beam 
to the modulator. Instead of tracking the spatial information by the 
microsweep the signal analysis is carried out in the time domain for later 
conversion to spatial positions. A special time measurement device is used for 
extremely precise measurements of the analog signal.  
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3 Mask lithography 

Common for the modern display technology is the pixel structure of the 
display screen. This structure is determined by the large photomasks down to 
the sub-pixel level. A pixel is the smallest image element of the display and 
consists normally of three sub-pixels that emit wavelengths interpreted by the 
eye as red, green and blue (RGB). There are also other designs of pixels 
based on other colors in order to enhance the quality of the display.  
The size and location of a pixel on the display is of primary importance for 
obtaining an image with high quality and no defects. To achieve the high 
quality, the lithography process based on the photomasks (c.f. Figure 5) has to 
be performed in a perfect way. Depending on application the masks are made 
of ordinary soda lime glass or quartz glass. The most important specifications 
of a mask are registration, overlay and critical dimension (CD). We will now 
define these parameters and some of the terminology used in mask 
manufacturing.  

3.1 Definitions  
 
Registration is defined according to eq. 1 and eq. 2 as three times the root 
mean square average distance, in the X-direction and in the Y-direction 
respectively, between nominal positions and measured positions of a set of 
reference points covering a certain area in the X, Y plane of the writer or a 
measurement tool. In practice registration is measured as the absolute 
difference in X and Y between measured and nominal Cartesian coordinates 
for a set of calibration marks on a reference plate called Golden Plate (GP). 
The n calibration marks are placed in a nx · ny matrix covering the specified 
area of the stage. Registration (RX and RY) is measured through a traceable 
metrology chain based on the interferometers used in the system.  
 

Rx = 3 * 
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Ry = 3 * 
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Where 
MX(i,j) is the measured absolute X location of the mark at the matrix location 
i,j. 
CaX(i,j) is the corresponding Cartesian X location of the mark on the Golden 
Plate. 
MY(i,j) is the measured absolute Y location of the mark at the matrix location 
i,j. 
CaY(i,j) is the corresponding Cartesian Y location of the mark on the GP. 
n = nx · ny is total number of calibration marks measured on the GP. 
   
Overlay is a measure of the how well identical mask patterns can be written 
to exact locations on different plates and represents therefore a measure of the 
reproducibility in the writing process. It is defined as the peak-to-valley (p-v), 
deviation, i.e. (maximum – minimum) difference, between the x positions and 
y positions respectively of the “same” measurement marks on three or more 
different photo masks. Several of the matrix distributed measurement marks 
are measured to establish a merit value of the overlay. Overlay can also be 
measured as 3σ deviations of the differences obtained between the location 
measures of a single plate relative to the average locations of the same mark 
on three or more masks. The overlay number is reported separately in X and 
Y direction. Overlay can be measured in the mask writer itself by its built in 
measuring unit but can also be independently measured using e.g. the MMS 
metrology system [18]. 

CD is the abbreviation for critical dimension and is a measure of how much a 
written line width varies over the photo mask. This specification is normally 
split into Critical Dimension Uniformity (CDU) and Critical Dimension 
Linearity (CD linearity). CDU is measured in the (max – min) range or as 3σ, 
where σ is the standard deviation of the differences between the measured 
line width and its nominal width for a certain width of the line. 
CD linearity is a measurement of the difference between a set of different line 
widths and their nominal width. CD is measured in a specialized CD 
measurement tool [19]. 
 
Writer: The term for a mask writer based on a flat bed system (see Figure 7) 
using a scanning laser beam to expose a pattern into the photoresist layer 
sitting on top of the chromium coated glass plate. 
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Measurement system: A coordinate measurement machine like the 
MMS15000 specially designed for measurements of flat artifacts e.g. 
photomasks. The Cartesian coordinate system of the machine is traceable to a 
measurement standard. In our case the absolute measurements are verified by 
interferometry but they are also traceable to an artifact developed and verified 
by MIKES in Finland [20].  

Golden Plate: A Golden Plate (GP) is a reference chromium patterned plate, 
made of quartz glass that is used as the registration standard in a mask writer 
and/or the measurement tool (see Figure 10). To qualify a plate to become 
such reference it must be measured in a traceable measurement tool, the 
accuracy of which should be better than the target system it is used in for 
calibration. On the GP a set of measurement marks resides in a matrix 
structure. The X and Y pitches, i.e. repeated distances between the marks, are 
typically 20-50 mm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 10:  A typical GP not drawn to scale with crosses in matrix 
configuration. The line width of the crosses is typically 15 µm. 

The deviations in X an Y to the Cartesian grid for each cross, the so called 
GPdata are measured in a traceable measurement tool. When these deviations 
are known the plate is qualified to be a Golden Plate. The marks are made of 
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high reflective chromium surrounded by low reflective quartz glass. Typically 
nx and ny is in the range of 30-50. 

Target system: The system of interest for the calibration of overlay, 
registration and CD. This is normally the mask writer but can also be a 
measurement tool. The writer referred to in this thesis also has a built in 
measurement capability. 

3.2 Mura 
 
The high complexity of the photo masks is further augmented by 
requirements from the human eye [Paper A]. By looking at a display from 
some distance the human eye can not resolve individual pixels but it is 
sensitive to small systematic changes in the gray scale. These small changes 
can be caused by extremely small errors in the photo mask. On a TFT panel 
with pixel pitches of 80-200 µm systematic errors of line width variations as 
small as 10-20 nm can easily be seen by the human eye. The errors typically 
show up as single or multiple diffuse lines, darker areas or spots in various 
sizes. Our eye is much more sensitive for variations in the gray scale than for 
color. About 0.2% peak-peak of variation in grayscale is possible for the eye 
to detect provided the contrast variation has a spatial period corresponding to 
2.4 mm at 50 cm viewing distance. This relation is illustrated in Figure 11. 
 

 
Figure 11: Human eye sensitivity as a function of spatial period for gray 
scales. Viewing distance is 50 cm of a 17 inch display. The luminance is 100 
cd/m2. The peak sensitivity for a periodic grayscale variation is 0.18% at a 2.4 
mm period [21]. 
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The defects in the display causing these kinds of irregularities in the grayscale 
are part of a more general concept called “Mura”. Mura is a Japanese 
expression meaning “not perfect”. Although visible for the eye Mura defects 
are extremely difficult to measure quantitatively. So instead a qualitative 
figure of merit is used and it is based on the visual appearance of the 
diffracted light from the photo mask illuminated by a collimated light source. 
Mura defects are in this way manually inspected by certain experts in the 
mask manufacturing process [22][23].  
  There are several types of Mura defects that can be caused by the photo 
mask writer. Systematic variations of the line width or the line position along 
a row or a column in the pixel pattern may cause “line” Mura. In Figure 12 an 
error of 100 nm and 50 nm in position with a periodicity of 5 mm has been 
applied to a measurement of a pattern. This error is clearly seen in a visual 
inspection of the pattern. This is a simulation of the periodical signal 
superimposed by noise [Paper A].  

 

Figure 12:  Periodic errors with a period of 5 mm have been added during 
measurement. The registration error scale is 50 nm/dev.  The error is clearly 
observable but could be difficult to measure, especially in the lower curve 
where a 50 nm error was applied. 

The distance between the features of the pattern, the so called pattern pitch, is 
in this test 80 µm in the X and Y direction. The definition of pattern pitch 
(pp) can be expressed as the distance between two identical features like 
pixels of the pattern. So in this case the same feature is repeated with this 
pitch (80 µm) in both directions. The writer has another natural pitch that in 
this case is called writer grid (wg). In the Y-direction this grid corresponds to 
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the scan-strip width of 200 µm. When the pattern pitch does not coincide with 
the writer grid the difference in spatial frequency will enhance the risk for 
Mura. With a known writing grid (wg) and a known pattern pitch (pp) the 
Mura pitch (mp) can be calculated as: 
 

ppwg

mp
11

1


   [3] 

Where  
wg is the writing grid, pp is the pattern pitch and mp is the resulting Mura 
pitch in the same unit as wg and pp. 
 
As can be seen in above expression the Mura pitch mp will go towards 
infinity as wg approaches pp. A way to suppress Mura is therefore to adjust 
the writer grid to be the same or an integer number of times the pattern pitch. 
We will exemplify this effect, with the help of Figure 13, by showing what 
happens in the Y-direction when the pattern pitch differs from the writer grid.  
In this example we assume a small intensity error in the end of the 
microsweep. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 13:  The visual appearance when the writing grid differs to the pattern 
pitch. The effect in this example is highly exaggerated.  
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When a pattern edge coincides with the part of the microsweep with a 
different intensity (shown as the Intensity error in Figure 13) the edge of the 
pattern will be exposed with a slightly different light intensity (exposure 
power). The effect of this will be that the edge will move relative the 
surrounding edges. Another way to express this is that all features along the 
microsweep will have the same CD except one feature that has been affected 
by the error.   
The writing grid in the Y-direction is the scan-strip width wg. So in this 
example the small difference in wg and pp will have different impact on the 
location of the pattern feature edges within two microsweeps. In this example, 
due to the difference in pp and wg the features will be located in the same 
position within the microsweep after twelve pattern pitches. So mp = 12 * pp. 
The Intensity error causing the CD variation along the microsweep will in 
this way be “expanded” to a much more sensitive spatial period.  
An analogy of this effect is in sampling of an original time signal with a 
certain frequency with another time signal with a frequency close to the 
original signal. The sampled signal will only contain information of the 
difference in frequency of the original and the sampling signal. 
When the spatial period of mp is in the range of 2.5-20 mm the sensitivity for 
this error is high enough for giving visual Mura. 
 
Shadow masks used for the manufacturing of the CRT front metal screen 
have a special complication. The patterns associated with rows and columns 
are not aligned as straight lines, rather it is better described as slightly curved 
lines of holes in the X and the Y direction. Therefore these patterns have to be 
described by polynomial expressions. The difference in the orthogonal and 
straight writing X, Y grid of the writer and the need for the almost orthogonal 
and straight shadow mask pattern grid leads to un-avoidable round off effects 
in the calculation of positions. The effects introduced this way are called 
mathematical Mura. Special treatment in the software is therefore necessary 
in those areas where round off effects between the different grids occur. 
Besides Mura generated by the writer also Mura can be caused by the 
processing of the photo mask. After the pattern has been exposed the plate is 
developed and etched. Instabilities in this process may cause visual defects 
called process Mura.  
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3.3 Calibration of a target system 
 
In the calibration of a target system the golden plate is used as the 2D 
geometrical reference. This reference is used for calibration of Registration 
and they can be associated to different errors: 

Registration = Systematic errors + Random errors  [4] 
Overlay = Random errors     [5] 

Thus Overlay always yields better values than Registration. If we reduce the 
systematic errors the fundamental limit of Registration is the Overlay. The 
systematic errors are divided into different categories that describe root 
causes in the target system for systematic errors. The errors can be corrected 
by using a scalar, a correction in one dimension or two dimensional 
correction maps as shown in Table 1. 

Category of 
systematic error 

Cause Correction 

Global scale  Incorrectly compensated 
wave length used in the 
interferometer system.  

 Linear temperature 
gradients in the mask 
blank during exposure.  

Scalar 

Global 
orthogonality 

Misalignment of the angle 
between the X and Y axis in the 
target system. 

Scalar 

Global stage bow An error in straightness of the 
mechanical X and Y axis due to 
limitations in the manufacturing 
of different stage materials.  

One dimensional in each 
direction X and Y 

Higher order local 
errors 

 Clamping of the photo 
mask on the stage.  

 Second order flatness 
variations of the stage  

Two dimensional  

 
Table 1: The table shows the different systematic error categories, causes and 
how corrections are performed. 
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Random errors may also be divided into different categories and causes as 
presented in Table 2. 

Category of random error Cause 

Interferometer  Fluctuations of the interferometer 
wavelength cased by temperature, 
humidity, CO2 and pressure 
variations.   

Mechanical  Residual and hysteresis errors in the 
mechanical system. Temperature 
variations of mechanical parts.    

Electrical Electrical noise affecting the 
hardware control servos in the 
mechanical system. Also electrical 
noise has impact on the writing and 
measurement laser control system.  

Writing and Measurement laser High frequency variations in power 
and pointing angle due to 
temperature and pressure variations.  

 
Table 2: The different random error categories and their causes. 

Random errors can not be compensated for. The only way to keep these errors 
to a low level is by proper design of mechanical, electrical and optical parts 
plus keeping the environment in a stable condition. In our case the system is 
kept in a temperature controlled chamber. The maximum allowed variation in 
temperature is ± 0.01 degrees.  
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A summary of the demands of the masks for different display types is 
presented in Table 3. As mentioned Mura can not be measured objectively. 
For this reason we give a subjective apprehension of how this demand is 
reflected to the photo mask. 

 Registration 
(nm 3σ) 

Overlay  
(nm 3σ) 

CD  
(nm 3σ) 

Mura 
demand 

Resolution 
(µm) 

CRT 500 NA 250 Severe 5.0 

Plasma 250 200 120 Medium 3.0 

LCD 150 120 60 Severe 0.75 

OLED 150 120 50 Severe 0.75 

 
Table 3: The requirements of the masks for the most common display types.  

For a CRT display only one mask, the so called shadow mask, is needed. For 
this reason overlay is not interesting in this case. The resolution is a measure 
of the minimum line width on the mask that fulfills the CD specification. 
Normally this width is conformed by three pixels. So the actual pixel grid 
used is one third of this number. 

In principle registration should be traceable to some measurement standard. 
In the mask making business absolute registration is less important due to 
commercial reasons. It is better for a mask maker to deliver a complete set of 
several masks of a design to their customer. An efficient way to do this is to 
use a “company” registration standard that differs to some extent from their 
competitors. In this way their customer can not mix critical masks from 
different suppliers in a set. A reason for the mask users to buy a set of masks 
from one and the same supplier is that they can expect much better overlay in 
such case, especially if all the masks in the set are written by the same writer. 

 

3.4 Measurements and corrections 
 
When calibrating a target system a set of marks distributed in a matrix 
manner on the GP is measured. To describe the calibration process we 
introduce two coordinate systems, the stage coordinate system S and the GP 
coordinate system. Associated with the GP system is the correction data, 
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GPdata, telling the deviation of the GP marks in our Cartesian reference. The 
purpose of the calibration is to find a correction of S (that is the deformed 
coordinate system at the beginning) so that S will be as close as possible to a 
perfect Cartesian grid. If we succeed, a set of verification measurements of 
the GP will not show any remaining systematical errors. This means that the 
difference of the average coordinate of any mark we measure on the GP and 
the Cartesian coordinate of that mark will be zero. The geometrical relations 
are presented in Figure 14. 

The nominal pitch of the marks of the GP is defined as xPitch, yPitch 

 
 

 

 

 

 

 

 

 

 

 

Figure 14: In a measurement of a mark the optical head coordinate in the 
stage coordinate system S given by the vector Sabs. At this position we do a 
measurement of the crossmark that is a vector M of two components (Mx,My). 
The Cartesian coordinate of the mark is GPdataabs. The local deviation of the 
mark on the GP corresponds to the vector GPdata(i,j). The deviation vector 
in S corresponds to the vector S(i,j). 

The result of a measurement (M) of a mark in the GP coordinate system can 
be expressed as:  
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M = GPdataabs – Sabs      [6] 

Where  
GPdataabs is the absolute Cartesian coordinated of the mark. 

Sabs is the absolute coordinate in the stage coordinate system S. 

The GPdata contains relative deviations in a grid defined by xPitch and 
yPitch. This table is addressed by the index i,j. For practical reasons we 
introduce relative coordinates and express a measurement of a mark with the 
address i,j as: 

M(i,j)=  GPdata(i,j) – S(i,j)      [7] 

Where  
i,j is the index of the location. x Є [0-(nx-1)] and y Є [0-(ny-1)].  
nx, and ny is number of marks in the X respective Y direction on the GP. 
M(i,j) is the local measurement result of a mark at the location i,j. 
GPdata(i,j) is the deviation from a perfect Cartesian grid of the measurement 
mark on the GP in location i,j. 

S(i,j) is the deviation from its perfect location of the head at  i,j.  

Even if this expression seems obvious, it is worthwhile to look at it an extra 
time. First we can imagine that we have a perfect GP, which mean that the all 
deviations in GPdata will be zero. In this case we will get: 

M(x,y) = – S(i,j)                                                                                [8]  

As can be seen, M(i,j) reflects the geometrical shape of the stage coordinate 
system S with the opposite sign. So the absolute shape of the target system 
can be expressed as: 

S(i,j) = – M(i,j)                                                                                 [9] 

The next step is to find a correction of S so it describes a perfect Cartesian 
coordinate system.  We introduce a correction (C) that obviously is defined 
as: 

C(i,j) = – S(i,j)                                                                                 [10] 

Please note that this is a correction of S and not a correction of a 
measurement in S.  
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So finally we see that we can calculate the correction as:  

C(i,j) = M(i,j) – GPdata(i,j)                                                           [11] 

This is the fundamental expression of how a target system correction is 
calculated based on a measurement in the system itself and with known 
deviation data of the reference golden plate. 

In principal it would be possible to make all corrections just using one two-
dimensional Correction map (Cm) including corrections for scale, 
orthogonality, stage bows and higher order errors. For reasons inherent by the 
design of the system this is not the way it is done. Cm must contain as small 
corrections as possible due to limitations in the correction range of the X and 
Y positioning hardware. For this reason different corrections adjust different 
hardware in the X and Y positioning system. In practice the correction is 
divided in a scalar, one dimensional and two dimensional corrections as 
described in Table 1. We will now describe the different calibrations and how 
they are used to correct the system.  

3.4.1  Calibration of scale 
Scale is typically referred to as the ratio of linear dimensions between an 
original and a model of it. In calibrating writers and measurement tools the 
original is the golden plate. We therefore express scale errors in relation to 
absolute distances on the GP as:   

scaleErrorX = Dx/Gx – 1     [12] 

scaleErrorY = Dy/Gy – 1     [13] 
 
Where Dx,Dy is the measured distance between two registration marks in X 
and Y direction and Gx,Gy is the actual distance between the same marks on 
the GP in X and Y direction, see Figure 15. 

 

 

 

 

Figure 15: A schematic illustration of the geometrical properties involved in a 
scale calculation. 
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It is not enough to measure only two marks in respective direction for a 
robust scale error calculation. In practice we extract the linear term from a 
more general expression for the Xdev and Ydev deviation functions for all 
marks of the GP.  Xdev and Ydev are defined as: 







1

0

),(
1

)(
yn

j
x

y

jiM
n

iXdev      [14] 







1

0

),(
1

)(
xn

i
y

x

jiM
n

jYdev      [15] 

Where Mx(i,j) and My(i,j) is the measured deviation of a mark in respective 
direction.  

From the function Xdev(i) and Ydev(j) the scale errors, sce,, measured in PPM 
in X and Y direction are calculated. This calculation can be illustrated 
graphically as in Figure 16 

 

 

 

 

 

 

Figure 16:  The X scale error corresponds to the tilt angle in the graph. This 
angle is calculated (using linear regression) from all measured X deviations of 
the GP. The Y scale error is calculated in a similar way. 

The scale errors are used directly for correcting the nominal wavelength used 
in the interferometer system. The X and Y interferometer wave length are 
corrected as: 

λcx = λcc * (1 -  scex/106)      [16] 

λcy = λcc * (1 -  scey/106)      [17] 
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Where 
λcc is the temperature, humidity and CO2 compensated wavelength of the 
interferometer laser. 

scex and scey are the scale errors in X and Y direction. 

3.4.2 Calibration of orthogonality 
Orthogonality of the stage coordinate system S is defined as the angle 
between the X and Y axis. In practice we are only interested in the 
orthogonality error. It is defined as the difference of the Y and X axis angles 
relative to the reference GP when the constant angle 90 degree has been 
subtracted. This is illustrated in Figure 17. 

 

 

 

 

 

 

 

 

 

Figure 17: Strongly exaggerated illustration of the different angles involved 
when calculating the orthogonality error. 

The definition of orthogonality error is: 

Orthogonality_Error = βy - βx     [18] 

Where  
βx is the tilt angle of the line generated by the measured points Xbow(i). 
βy is the tilt angle of the line generated by the measured points Ybow( j). 
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This tilt angle is calculated from the Xbow and Ybow functions defined as: 
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Figure 18 illustrates how βy is calculated from the Ybow function.  

 

 

 

 

Figure 18:  The angle βy corresponds to the tilt angle in the graph. This angle 
is calculated (using linear regression) from all measured Ybow(j) deviations 
of the GP. The angle βx  is calculated in a similar way. 

The measure of orthogonality error is expressed in microradians.  

3.4.3 Calibration of stage bows 
Stage bow is a measure of straightness of the X and the Y coordinate axis in S 
(see Figure 19). The X and Y stage bows are represented by the same data as 
used for the orthogonality calculation but they can not be expressed by a 
scalar number. Instead stage bows are represented by deviation tables. 

 

 

 

 

 

Figure 19:  The principal shape of the X and Y bow curves. 
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After removing the tilt i.e. βx and βy  in Figure 17 the first order term from the 
Xbow and Ybow functions the remaining higher order terms represents the 
stage bows in each direction.  This can be expressed as: 

Xbow’(i) = Xbow(i) – βx * i * xPitch    [21] 

Ybow’(j) = Ybow(j) – βy * j * yPitch    [22] 

Where  
xPitch and yPitch are the nominal pitches of the registration marks in the X 
and the Y direction respectively. 

An Xbow’ deviation table will in this way have nx entries and the Ybow’ will 
have ny entries. In practice the Ybow table (including the orthogonality 
information) is added as an offset to the start coordinate of the scan-strip in 
the writer. 

3.4.4 Higher order corrections 
Corrections for higher order errors are done by a two-dimensional correction 
map. This map contains deviations separate in the X and Y direction as 
shown in Figure 20. 

 

 

 

 

 

 

Figure 20:  Illustration of higher order deviations.  

Higher order errors are defined as all errors that can not be corrected by linear 
functions. Since these errors are local they also need to be corrected locally. 
The correction map (Cm) obtained by the measurements is used for this 
purpose. This map is organized as a matrix with a smaller pitch in X and Y in 
comparison with the pitches of the GP. Each entry in this matrix defines an X 
and Y correction vector that has been calculated from data in the GP 
measurement. This relation is illustrated in Figure 21. The correction map 
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does not contain any scale, orthogonality or stage bow information since 
these properties have been subtracted before the Cm is calculated. 

 

 

 

 

 

 

Figure 21:  A correction of a point in S is calculated using the four 
surrounding entries v0, v1, v2 and v3 in the correction map using bilinear 
interpolation. The grid of Cm is always finer than the measurement grid of 
the GP.  

 

3.4.5 Summary of corrections 
In the writer case the Ybow correction is added as an offset to the scan-strip 
start position. The contents in the Xbow table are used to adjust the nominal 
value of the Y-servo system. The Cm matrix data is used to adjust the data 
output in real time in the X and Y direction. In the X-direction the Cmx data is 
converted to a time delay for the microsweep to be fired. In the Y-direction 
the whole microsweep is spatially moved according to the Cmy corrective 
data.   
In the calibration of the measurement machine all corrections are added 
together and then adjusting the nominal value of the X and Y positioning 
system. 
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4 Edge measurements  

So far we have discussed how different registration corrections are performed 
in the target system based on measurements of marks on a reference plate i.e. 
the Golden plate. We will now discuss how these measurements are done and 
compare the method used in our systems with the classical methods that are 
based on information in CCD or CMOS images [24].   

4.1 Spatial domain 
 
In a CCD image all information is stored as gray level values of the pixels in 
the pixel array. In ordinary measurement systems the size of this array may be 
1600×1200 pixels. The resolution depends mainly on the number of pixels in 
the array, the magnification and the field of view of the lens used with the 
camera.  
To illustrate the principal steps of how location of edges is measured in 
ordinary images and how noise is estimated we give an example of a pitch 
measurement. The pattern has been written by the writer LRS15000 [14]. 
We use an un-filtered image of a part of the pattern as shown in Figure 22. 

 

 

 

 

 

 

Figure 22: The image is a part of a larger image grabbed in an LVM 
microscope (from Leica) with 10x magnification. The pattern consists of four 
vertical chrome lines (black) written by a LRS15000. A Prewitt [25] kernel 
has been used to generate the gradient image. 
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In the image we see that the scaling factor can be calculated to be 200000/300 
= 667 nm/pixel. This scaling factor naturally changes for different 
magnifications of the microscope. We are now interested in the pitch 
measured between the second and third chrome-to-glass transition along a 
100 pixels long cursor which corresponds to 66.7 µm of the pattern in vertical 
direction [26].  

The first step is to filter out pixels that contain information of edges. The 
simplest way to do this is to convolve the image using a derivative kernel 
[25]. The result of this operation can be seen as the right hand figure above. If 
we threshold the gradient image and extract those pixels defining edges we 
will effectively reduce the amount of data [27].  

In a perfect optical system the intensity transfer function may be described as 
the integral of a Gaussian function called an Error function (ERF). This 
means that the derivative of this function is the Gaussian itself. The width of 
this Gaussian depends on the numerical aperture (NA) i.e. the magnification 
used in the microscope. The pixels in the camera are sampling the edge 
transfer function at certain locations. In this example above the distance 
between samples over the edge is 667 nm.  

Next step is to find the best average location of the maximum gradient along 
the cursor. Different methods can be used for this purpose. A simple and at 
the same time fast way is to approximate a second degree polynomial around 
the peek of the gradient, which corresponds to the inflection points of the 
edge function, and use the average location of the maximum of these 
polynomials as a measure of the edge location. The accuracy of this 
approximation will depend on how many points around the edge that are used 
and how large the noise is in the image [28]. In Figure 23 the result of 100 
samples of the 100 pixel large cursor is presented. 

The question now is how many pixels around the maximum that should be 
used in order to minimize the spread (w) of the edge locations along the 
cursor. Naturally we should use as many pixels as possible but if we use a 
range that is too large we will use pixels too far from the edge that will not 
contribute with information. For this reason we should expect a minimum in 
the number of pixels to use around the inflection point. The relation of 
number of pixels and the standard deviation is presented in Figure 24. 
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Figure 23: Normalized intensity in the image of the edge obtained from 100 
samples along the cursor versus pixel position. The calculated gradient of the 
edge transfer function is also shown. By using ± 2 points around the 
maximum location (4) the spread w in the figure was calculated to be 0.06 
pixels corresponding to approximately 42 nm. The clustered pixels, 
illustrating the spread of the edge location, are moved downwards for clarity.  

 

 

 

 

 

 

 

Figure 24: In the graph we see that for this edge function the optimum range 
for the fit is ± 3 pixels that correspond to half the range of pixels spanning 
over the maximum of the gradient. Using this half range gives a standard 
deviation of 7.2 nm.  
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If we for instance use a range of ± 5 pixels the standard deviation will 
increase to around 11 nm because these four extra pixels adds more noise and 
less information of the edge location. In practice the NA of the optical system 
sets the width of the gradient over the edge. When we know this width and 
the pixel resolution we can estimate the number of pixels covering the 
Gaussian shape i.e. the range. It is also possible to optimize the range by just 
measuring an edge using different ranges, as we have demonstrated here, and 
search for the minimum variance. In such a case we do not need to know 
anything about the optical system.  

It is of course possible to use more advanced models for finding the best 
average location of the edge. An alternative is to fit an ERF to the numerical 
data of the edge transfer function and then define the edge location as the 
50% threshold of this ERF. In such a case the data needs to be locally 
normalized and that is a non-trivial task. Alternatively it is possible to fit a 
Gaussian function to the numerical data of the gradient and use the peek of 
this function (the inflection point of the edge function) as a measure of the 
edge location. In the latter case the data does not need to be normalized. One 
may also fit a third degree polynomial function to the numerical data of the 
edge function and then use the maximum of the derivative of this function as 
a measure of the edge location. What ever method is used the importance is to 
use as much information as possible over the edge transfer function, meaning 
many pixels, but not extending to areas outside the edge, in order to get a low 
variance of the estimated location. In our case we have found that just using a 
second degree polynomial as an approximate of the derivative of the edge 
function is a good compromise in calculation speed and performance. 
 
We now want to remove as many systematical errors as possible in the data of 
Figure 22 so only random noise is left. If we can estimate the noise we know 
the precision of each edge location and therefore also the uncertainty of a 
pitch measurement. To distinguish between systematic errors in the camera 
system and in the writer that wrote the pattern is normally very difficult. 
However let us assume that the camera system is calibrated which means that 
all errors generated by the camera are of random type especially in the limited 
area of the image we are using. If by creating a so called scatter plot (Figure 
25) an eventual rotation and other systematic errors in the image can be 
found. In this graph we plot the first edge locations relative the average 
position of the edge on the horizontal axis and in the same way the second 
edge locations at on the vertical axis. 
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Figure 25: 100 samples along the cursor of the first edge (horizontal-axis) 
plotted relative the second edge locations (vertical -axis). The two red axes in 
the image show the directions of the maximum and minimum variance [29]. 
In the “pitch” direction the standard deviation is 7 nm and in the “offset” 
direction the standard deviation is 27.7 nm.  

As seen in the figure we have a strong elongation in the scatterplot, indicating 
that there is a correlation in the data. The main reason for this is a slight 
rotation of the pattern relative the cursor direction. When both edges moves 
parallel but tilted along the cursor this will result in a principal long “offset” 
axis with a large variance in the +45 degree direction as can be clearly seen in 
the plot. In the “pitch” (anti-correlation) direction we observe the variations 
in distance between the edges. This is realized since if for instance we have 
no noise and the pitch is perfect along the cursor all samples would have been 
clustered along the long “offset” axis. As already mentioned we assume that 
random noise affects both axes with the same amount so we need to remove 
the tilt in the two edges before further analysis. We do this by subtracting the 
average tilt of both edges and end up with the data shown in Figure 26. 
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Figure 26: The scatter plot of the same data as in Fig 25 but with the average 
tilt removed. In the “pitch” direction the standard deviation is 7.3 nm and in 
the “offset” direction the standard deviation is 8.1 nm.  

After the average tilt has been removed we see that the remaining variation is 
randomly distributed with a very weak correlation. The difference in standard 
deviation for both directions is only 0.8 nm. Since we have almost the same 
standard deviation in both directions we can conclude that random noise for 
an offset measurement is approximately 8 nm along the cursor. The location 
of each edge is un-correlated and since no systematic errors remain we can 
use the Central limit theorem [30] and calculate the uncertainty of the pitch 
(c.f. Figure 22) which is the difference in location of the edges separated by a 
full period in the pattern. Since we have two un-correlated random noise 

contributions we add the variances geometrically i.e. 22 88  = 11.3 nm. 
This is the standard deviation and uncertainty of the pitch measurement in 
this case. 

To achieve the absolute coordinate of an edge in the image it is very 
important that the image field of the camera system and the CCD are 

8.1 nm7.3 nm 8.1 nm7.3 nm



   

38 

calibrated. Spatial distortions and light intensity variations in the image field 
will contribute to the error of the measured edge coordinates. This calibration 
can be done using a reference pattern, similar to a small GP. This pattern 
should have been measured by another certified measurement tool traceable 
to the meter standard. Such a tool could be the LMS IPRO [31] [32] a high 
accuracy metrology tool common in the semiconductor industry. When the 
coordinates for the reference pattern is known a correction model for the 
spatial distortion of the camera can be calculated. The calibration must be 
done with the same magnification as used when measuring the pattern of 
interest. A correction model for the intensity variations in the field of view of 
the camera can be done in a similar way. An example of a pattern to be used 
for calibration of registration is presented in Figure 27. 

  

 

 

 

 

 

Figure 27: Example of a pattern that can be used for finding the spatial 
distortions of a camera system. The intersections of the lines are referred to as 
grid points. 

By measuring the center of gravity of each grid point or a square in the 
pattern a spatial registration map can be created. This procedure is very 
similar to a calibration of registration using a GP. 

 

4.2 Time domain 
 

The CCD camera technique with the calibration described in previous section 
is an excellent technique for small scale (< 6 inch) measurements. However, 
for large area systems of square meters it is too time consuming top handle 
the huge amounts of pixels produced by all images. In the Micronic writers 
and measurement systems we have therefore developed a much more efficient 
technique based on random phase measurements in the time domain. 
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This is thoroughly described in paper B. Another reason for not implementing 
a pixel based imaging sensor technique in the MMS was that our systems 
already had existing hardware for acquisition of the reflected intensity 
profiles along a line. This hardware and specially developed software was 
necessary for the extreme precise control of the AOD (c.f. Figure 8) for both 
linearity and intensity in the writer. So the experience gained from the writer 
gave us accurate methods for calibrating the microsweep when used as a ruler 
in the measurement machine [paper B]. 

As described in Figure 9 the microsweep is scanning the chromium pattern in 
the Y-direction. The reflected beam is picked up by a single detector at the 
back focal point of the optical system. The edges from the chromium/glass 
pattern will generate events in time as shown in Figure28. Special hardware 
in the analog-to-digital converter is used for adjusting the threshold due to the 
local reflectance differences over the plate to be measured. 

By having the microsweep calibrated exceedingly well we know the relation 
between the time for an event and its spatial position. This relation can be 
expressed as: 

Ypos = vs * Tevent    [23] 

Where  vs is the speed of the microsweep in nm/ns and  Tevent is the time from 
the reference start of the sweep trigged by the SOS signal. 

Ypos calculated in this way is only a relative distance from the onset trig point 
of the SOS. The absolute position of the event is the sum of the spatial 
location of the optical head and Ypos . The head position and therefore the 
spatial location of the SOS are based on the coordinates retrieved from the 
interferometer system.  

In the case of a mask writer the largest acceptable non-linearity error of the 
microsweep is 10 nm (3σ). Let us evaluate what this error corresponds to in 
the time domain. The microsweep length used in the writer and the MMS is 
200 µm. The scanning of the microsweep takes approximately 25 µs. About 
half of this time is used to scan the 200 µm. This means that vs can be 
calculated to be 200/25 *2 = 16 µm/µs or 16 nm/ns. So the 10 nm error in the 
spatial domain corresponds to 10/16 = 0.625 ns in the time domain.  If we use 
an ordinary frequency counter and want at least to be able to grab one clock 
pulse during such short time interval the necessary frequency of the 
measurement clock has to be 1/(0.625 ns) = 1.6 GHz. Such a high frequency 
can not be easily handled using conventional hardware.      
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Figure 28: The graph illustrates the different signals involved for generating 
the event Tevent from the digitized signal. The positive going edge of the SOS 
pulse triggers the microsweep to start a scan in the Y-direction. 

4.2.1 Ultra precision random phase measurement technique 
Instead of using high frequency clocks we rather make use of a statistical 
approach for the detection of the time event for edge locations [33]. The 
principle is shown in Figure 29. 

 

 

 

 

 

 

 

 

 

 

Figure 29: The graph illustrates four different phase lags of the measurement 
clock relative the SOS and the time window defined by Tevent. 
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By repeating the microsweep scanning with a moderately high frequency and 
then summing measurement clocks phases inside a window defined by the 
SOS and the Tevent we can achieve an extremely high precision measurement 
of the time for the event and it relies on that the phase lag of the measurement 
clock is completely random relative the time window we measure. In figure 
29 we show four different phase scenarios. 

If we reset a counter simultaneously at the onset of the SOS and just count 
measurement clock pulses within the time window (as illustrated in the 
figure) we see that we will count two pulses in the first scan, one in the 
second and two in the last two scans. The average (2+1+2+2)/4 =1.75 clock 
periods is an estimation of the length of the window. By scaling this length by 
the period time of the measurement clock (tm) we have an estimation of Tevent. 
It can be shown as done in paper B that the standard deviation of this average 
is: 

σave =  tm
N

 5.0
1

    [24] 

Where N is number of repetitions and tm is the measurement clock period. 

 
In practice the microsweep is repeated with a frequency of approximately 40 
kHz i.e. a period time of 25 µs. The measurement clock frequency is 40 MHz 
corresponding to a tm of 25 ns. Normally 10 000 microsweeps are used for 
scanning one or several edges inside the microsweep length of 200 µm. So 
the total measurement time for the events will then be (0.025*10000) = 250 
ms with an error due to the random sampling method of 0.125 ns (σave) using 
equation [24]. By using the scaling factor vs of 16 nm/ns the corresponding 
uncertainty in the spatial domain is 0.125 * 16 = 2 nm. 

We will now present the result of a pitch measurement using the random 
sampling method (Figure 30 and 31). In the example 12 lines of a calibration 
raster with 4 µm pitch has been measured using a MMS. The cursor length 
used is approximately 30 µm. 
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Figure 30: The schematics of the calibration raster used in the MMS. An 
eventual non-linearity of the microsweep is tuned by using such a calibrated 
raster.  
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Figure 31: The result of a pitch repeatability test. 100 measurements were 
done over a spatial length of 48 µm. The σ of the measurement is 0.8 nm. 
Each measurement takes 250 ms. 

In the measurement results of Figure 31 we see that the average distance is 
48.031 µm instead of 48.000 µm. This 31 nm offset error was caused by the 
length scale of the microsweep, which was not perfectly tuned to 200 µm 
prior to the measurement. 
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5 2D measurements  

So far we have described how the random phase sampling technique is used 
for measurements in one direction (paper B). From the beginning the main 
purpose for developing the 1D technique was to be able to calibrate the 
microsweep used in the writers. As mentioned earlier the non-linearity errors 
of the microsweep need to be smaller than 10 nm (3σ). The reason for such 
tough demands is that power or linearity errors of the microsweep will 
introduce errors in the mask that might show up as Mura in the finished 
display.  
As shown above it is possible to reduce the uncertainty of the measurement 
when using the 1D random sampling technique by choosing a large N in 
equation 24. This is a powerful feature since you can predict the error and 
therefore adjust the precision depending on the measurement application. 
Besides calibration the 1D technique also is used for registration 
measurements both in the writer and in the MMS. To be able to measure both 
X and Y coordinates a special measurement mark is used. In Figure 32, the 
pattern layout of this mark is presented.  

 

 

 

 

 

 

Figure 32:  Registration measurement mark used on GP (left) and the signals 
involved in measurement of the special V patterns (right). The latter are 
obtained by oscillating the optical head in X while scanning the microsweep 
in the Y-direction. The central cross is used by measurement tools able of 
measuring horizontal and vertical lines like the MMS.  
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The four “Vs” in the left of Figure 32 are used in the writers for 
measurements of both X and Y coordinates in different rotations of the GP. 

The right hand graph shows how X and Y information can be retrieved by 
measuring the vertical and 45 degree chromium legs using a microsweep in 
the Y-direction. On a GP several of these registration marks are written in a 
matrix pattern with a typical pitch of 20 mm. In a measurement of the “V” the 
optical head is oscillating in a sinusoidal motion with an amplitude A of 
approximately 15 µm (half of the cursor length) around the X position. 

In the range Δx defined by x0 and x1 the Y coordinate is obtained by 
measuring the centre of the first vertical bar location (Ym). The X distance is 
achieved by measuring the centre of the 45 degree leg location (Xm) and then 
subtracting the measured Ym distance. Finally the average position of x0 and x1 
is added for calculation of the X-coordinate. 

 

5.1 2D random phase sampling  
 

As shown above, by using the specially designed “V” mark it is possible to 
measure both X and Y coordinates through the unidirectional Y-scan of the 
microsweep in combination with a slight oscillation in X. However, a general 
measurement tool must be able to measure arbitrary patterns. We therefore 
developed the random phase sampling technique for measurements of any 
kind of pattern in two dimensions in our measurement tool MMS [paper C]. 

As in the 1D case we make use of the random phase technique also in 2D by 
using two different random phase clocks. The first one is the measurement 
clock generating pulses for the Y-direction as described in the 1D case above 
The second clock used for the random phase pulses in the X-direction is the 
SOS-clock, which simultaneously is the reference clock in the Y-direction as 
it starts the microsweep. The reference clock in the X-direction is the so 
called “lamda/2” X-clock. The pulses of this clock are generated by the 
interference fringes in the X-interferometer system. The spatial distance 
between two pulses of this clock is 316 nm. When the optical head is moving 
in the X-direction the absolute position of the head is known each time it 
passes a lamda/2 fringe. In Figure 33 the timing graph of a 2D measurement 
is shown.  
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Figure 33: The signals involved in a 2D measurement. The background cross 
(not to scale) illustrates the pattern that is measured.  

After a reset of the interferometer system we know the absolute coordinates 
of the optical head at any location of the stage in a lamda/2 grid. This reset is 
done mechanically by using a hall sensor that is activated at the mechanical 
origin of the system. When performing a measurement the optical head is 
moved over the area of interest in the X-direction at a slow speed. This area 
may be several hundreds of micrometers in the X-direction (X-range) and 200 
µm in the Y-direction. During this X-movement microsweeps are generated 
(trigged by the SOS) with a spatial X-increment of approximately 40 nm. To 
further clarify this relation we present how X and Y events are generated in a 
fictive case when two rectangles are measured as in Figure 34. 
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Figure 34: Illustration of how X and Y events are generated when two 
rectangular patterns (not drawn to scale) are measured. 
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In Figure 34 we see that seven microsweeps are scanning the area between 
two X-clocks. In each scan we record X-events and Y-events. Y-events are 
generated by the reflectance change at each edge of the pattern. An X-event is 
defined by a logical function as: 

Xevent(i) = True  if( ΣYevents(i))>0    [25a] 

Xevent(i) = False  if( ΣYevents(i))=0   [25b] 

Where i is the scan index and ΣYevents(i) is the total number of Yevents in scan i.  
 
In Figure 34 this relation is illustrated at the right hand side. As can be seen in 
the figure an Xevent is generated in scans 2-5 due to the detected edges within 
the microsweep in the Y-direction. We also see that we have no Xevents in scan 
0, 1 and 6 respectively. By using this information we therefore can estimate 
the location of horizontal edges with an uncertainty of +/- 20 nm between the 
two X-clock pulses. In the Y-direction we can estimate each vertical edge 
within an uncertainty of +/-146 nm. Now, since we are using the random 
phase clocks the Xphase and Yphase lag will vary when measuring the same 
area several times. For this reason the precision of the location of the edges 
will be improved for each scan due to the random sampling. The theoretical 
treatment of the uncertainty of a measurement is similar to the 1D case that 
was described in detail in paper B. We will therefore just summarize the 
results here: 

σyave = 146*
1

N
  [nm]   [26] 

σxave = 20*
1

N
  [nm]    [27] 

Where N is number of repeated measurements. 

 

5.1.1 Speed concerns 
In practice 8-10 microsweeps are scanning the area between two X-clock 
pulses. The number of microsweeps depends on the local speed of the X-car. 
Due to the mechanical design of the X-servo system it is not possible to set an 
exact mechanical speed of the X-car. Instead the speed is set to be as low as 
possible. Since we do not know the speed exactly we need to measure it 
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during a measurement. When the speed is known we can easily calculate the 
local spatial X resolution between two arbitrary chosen X-clock pulses in a 
measurement. This speed will not be constant over a full X-range of several 
hundreds of micrometers but the variation in speed between two consecutive 
X-clock pulses is very small due to the inertia of the X-car riding on air 
bearings and having a mass of approximately 10 kg. For this reason we can 
treat the local speed as if it is constant within two consecutive X-clock pulses. 
A typical graph of the difference in number of microsweeps/X-clock pulse in 
forward and backward direction is presented in Figure 35. 

 

 

 

 

 

 

Figure 35: The result of a speed measurement after one forward and one 
backward scans. ni is defined as the number of microsweeps per lamda/2 
interval in respective direction and are presented for a forward and backward 
scan respectively. In this example the X-range was 320 x 316 nm = 101 µm.  

The total measurement time is minimized by scanning the area of interest in 
both the forward and the backward X-direction. As can be seen in Figure 35 
the speed is neither constant nor the same in a forward and backward scan. By 
using a polynomial filter of the ni interval data a very accurate local speed can 
be calculated for each lamda/2 interval [34]. When the local speed is known 
the local spatial position of an Xevent can be expressed as  

Xpos = vx * Xevent   [nm]      [28] 
 
Where vx is the local speed in the interval calculated as: 
vx  = lamda/2 /ni   [nm/increment]     [29] 
 
Where lamda is the wavelength of the interferometer laser after temperature, 
pressure, humidity and CO2 compensation and ni is number of increments i.e. 
microsweeps in the interval based on the result from the polynomial filtering. 
The local speed vx is therefore expressed as number of nm per increment.  
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5.1.2 XYrecordings 
By using the random phase sampling technique and collecting events in the X 
and Y direction we can generate extremely precise XY-recordings. Since 
these recordings are generated using an accurate, calibrated microsweep we 
do not need to worry about spatial distortions that is normally present when 
handling CCD camera images. In Figure 36 a typical XY-recording of a 
registration mark is shown. A complete scan corresponds to one scan in the 
forward X-direction and one scan in the backward direction.  

 

 

 

 

 

 

 

 

 

Figure 36: An XY-recording of a cross pattern.  

Two complete scans over the pattern were used to produce this recording. The 
pattern is made by a high reflecting chromium cross surrounded by a low-
reflective glass area. Events in the image are presented as white pixels for the 
glass =>chromium transitions and black pixels for the chromium =>glass 
transitions. 

In this example approximately 32 000 events have been recorded over an area 
of about 100 x 200 µm2. In the MMS it is also possible to record an intensity 
map of the reflected laser beam in a pixel by pixel way. An image recorded in 
this way is similar to a CCD image. When we grab images using this 
measurement mode these images will have a spatial resolution of 250 nm in 
both X and Y. 

An interesting comparison can be done with a case of grabbing the image 
using this mode. In such a case the size of the image would be 320 000 pixels. 
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In the XY-recording one scan generates events with the spatial resolution of 
40 x 292 nm2. Due to the random phase sampling technique four scans will 
therefore generate events with the spatial resolution of 1/√4 * 40 x 1/√4 * 292 
= 20 x 141 nm2 in the average XY-recording of the four scans. 

It should be noted that each events location, that reflects a certain location of 
the edge, have this precision. In a conventional gray scale image we need to 
use several pixels around the maximum gradient location for estimation of the 
same edge location. As we mentioned above we use several scans over a 
pattern for two purposes. The first is to reduce the impact of noise and the 
second is to enhance the precision due to the random sampling.  

5.1.3 Filtering 
The more scans we make the larger the number of recorded events will be, 
and at some point we need to filter the data in order to reduce the database, 
but without losing information. For this reason we use a filter that calculates 
the local centre of gravity (COG) using a clustering of events in a close 
neighborhood. The extension of this neighborhood should be kept in the same 
range as the 450 x 450 nm2 half width of the optical resolution of the system. 
In Figure 37 the principle of this filter is presented. After an XY-recording 
the covered spatial area is associated with a set of “bins” spread out in a 
matrix pattern. The size of each bin (Xbin size, Ybin size) is selected based on 
the optical resolution of the system. The data-base storing the measured 
events is then analyzed in an XY-manner and for each location of this matrix 
(of bins) a check is done to see if any events are covered by the bin. If we 
have events in the bin the local COG coordinate of these events is calculated. 

 

 

 

 

 

 

 

Figure 37: The principles of the clustering filter. A black cross represents an 
event and the red encircled cross is the center of gravity of the events in that 
bin. 
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In Figure 37 the bins containing events are shown as gray rectangles. The 
number of the Filtered events will in this way represent the original data-set 
but with a significant lower number of events. This filtering can actually be 
done in the low-level software driver and will therefore efficiently reduce the 
size of the data that needs to be used by the higher level algorithms. In Figure 
38 we show the effect of filtering using a bin size of 316 x 584 nm2. The area 
shown here is marked with a square in Figure 36. 

 

 

 

 

 

 

 

 

 

Figure 38: Before (left) and after cluster filtering (right). A bin size of 316 x 
584 nm2 was used to generate the filtered events. 

In paper C of this thesis we present the 2D random phase technique and the 
nm-results that can be achieved over large areas. In particular details 
regarding the repeatability are discussed. We will here present the results of 
an experiment for a COG and CD estimation based on twelve scans over the 
cross pattern shown in Figure 36. This result is shown in Figure 39.  

First we calculate the COG for each scan separately and compare these 
estimations with the average COG of all twelve measurements as an 
estimation of repeatability.  
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Figure 39: All events inside each red marked rectangle are used for estimating 
the COG. The X-coordinate is calculated based on the events in the solid 
rectangles and the Y-coordinate is calculated based on the events in the 
dashed rectangles. In the right hand graph each individual COG for each scan 
is shown as the difference relative to the average position of all twelve 
measurements. 

The standard deviation of this measurement is 6.6 nm in the X-direction and 
6.0 nm in the Y-direction. A total of 2839 events in the Y-direction were used 
to calculate the X-coordinate and 47826 events were used in the X-direction 
to calculate the Y-coordinate. 

The COG is calculated as the average position of the two edges in the two 
directions respectively: 

COG_X =  (COG_Xright +COG_Xleftt)/2   [30] 

Where COG_Xleftt is the COG of the left vertical legs and COG_Xright is the 
COG of the right vertical legs. 

COG_Y =  (COG_Yupper +COG_Ylower)/2   [31] 

Where COG_Ylower is the COG of the upper horizontal legs and COG_Ylower is 
the COG of the lower horizontal legs. 
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We now present the variation in CD based on the same data.  The CD is a 
measure of the average distance between two parallel and adjacent edges. In 
the cross pattern that we use in this example we use the same data as we used 
for the COG calculations and define the CD as follows: 

CD_X =  COG_Xright  - COG_Xleftt   [32] 

Where COG_Xleftt is the COG of the left vertical legs and COG_Xright is the 
COG of the right vertical legs. 

CD_Y =  COG_Yupper  - COG_Ylower   [33] 

Where COG_Ylower is the COG of the upper horizontal legs and COG_Ylower is 
the COG of the lower horizontal legs. 

In Figure 40 the result is presented for a CD calculation between two X-edges 
and two Y-edges. Also here we present the result of each run separately and 
they show the difference of the different measurements relative the average 
CD value. 

 

 

 

 

 

 

 

 

 

Figure 40: All events inside the solid rectangles have been used for the 
estimation of the X-CD and all events in the dashed rectangles have been 
used to estimate the Y-CD.  The deviation in distance relative the average CD 
width is shown in the right hand graph for each of the 12 scans. 
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The standard deviation for the estimation of the X-CD is 9.2 nm and 3.1 nm 
for the Y-CD.  The average CD width for both directions is 15 µm. 
Some interesting observations can now be done.  

A COG estimation is sensitive for mechanical positioning errors of the optical 
head during a measurement. If the head position moves randomly in the X 
and in the Y direction between each scan this will affect the standard 
deviation of the COG estimation. This fact is realized when checking 
equation 30 and 31. Variations in laser beam power and in focusing 
conditions between scans will not significantly affect the COG as such 
variations will move the left and the right or the upper and the lower edges 
with opposite sign hence leaving the COG un-affected.  

In a CD, i.e. line width estimation mechanical positioning errors between the 
scans will be suppressed since these calculations are based on differences in 
distance between edges. Beam power and focus variations will however have 
an impact on the CD estimation as the effect will appear as a broadening or 
narrowing of the line.  

Another observation of importance is the difference in CD variation between 
the X-direction and the Y-direction. To explain this difference we must look 
into details such as the shape of the laser beam used in the scanning and the 
spatial frequency of the noise generated by the power or focus variations. Due 
to the inherent design of the target system the shape of the beam is slightly 
elliptical in its cross section. Another way to express this is that the numerical 
aperture (NA) is not exactly the same in the X-direction and in the Y-
direction.  
This means that for a certain threshold level set by the hardware the time 
events in X and Y will be influenced by the beam shape combined with focus 
and power variations. A way to analyze this effect is to use a so called 
Bossung plot. These plots are commonly used in the industry for optimizing 
exposure conditions of photoresist coated masks, substrates and wafers [35]. 
In Figure 41 such a plot is shown for a system with same optical design as the 
one used in our measurement tool. 
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Figure 41: A Bossung plot. The graph shows the sensitivity for focus and 
power (dose) variations and how it affects CD in the X-direction and the Y-
direction respectively.  
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In our case the dose level labeled 100% in Figure 41 can be interpreted as a 
reflectance threshold level of 50% in the measurement mode. That 
corresponds also to the half width of the laser beam. With a fixed setting of 
the detector threshold a change in laser power will be observed as the 
equivalent of change in the dose. A higher power will for example be 
interpreted as a lower threshold level.  

As seen in Figure 41 the CD depends both on the actual dose and the defocus. 
If we select the dose 110% in order to make the system less sensitive to focus 
variations in the Y-direction we note that the sensitivity to focus variations in 
the X-direction will be enhanced. Another observation from the plots is how 
the variation in dose has an impact on the CD. We have a sensitivity of 2.7 
nm/% in the Y-direction and 4.1 nm/% in the X-direction at the 100% dose 
level. The combination of variations in focus and dose between the scans will 
therefore have more impact on the variations in CD in the X-direction 
compared to in the Y-direction. The optimal dose level to use is the so called 
iso-focal dose, but it is not the same for the X and Y directions in our case. 

Another important reason for the difference in variation in CD in the X-
direction and in the Y-direction is the spatial noise frequency relative the 
mechanical movement of the optical head during a measurement. If we look 
in Figure 34 we see that the time for collecting the events generated by edges 
in the X-direction is significantly longer than the time for collecting the 
events generated by the edges in the Y-direction. If we assume that we have a 
slowly varying focus and/or power during a scan or between successive 
scans, we will get larger variations for the sampling events spread over a 
longer period of time than for a short period. As we have different sampling 
rates of the edges in the different directions we can expect differences in the 
standard deviation of a CD estimation. To further clarify this effect we make 
a simulation of 100 scans over a similar cross pattern as described above and 
calculate the variations in CD in the different directions. Since we do not 
know exactly the mechanical focus and power properties we make the 
following relevant assumptions. 

1. The difference in phase of the low-frequency noise between X-Y scans is 
random. The frequency of focus variations is chosen to be similar to the 
mechanical vibration of the optical head trigged by the back and forward 
movement. 

2. The maximum amplitude of the low-frequency noise is set to 10 nm. This 
simulates the maximum error in nm caused by a slowly varying focus in our 
simulation.  
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3. The angle of the microsweep is perfectly aligned to the edges in the Y-
direction. This means that the low-frequency noise is sampled at two time 
occasions during a scan (15 µm apart) in the X-direction. For the edges in the 
X-direction the low-frequency noise is sampled continuously during a scan 
(except for the 15 µm gap). 

4. We assume that we have not optimized the dose and focus neither in the X-
direction nor in the Y-direction. This means that we simulate a scenario 
where the dose is in-between the optimal iso-focal doses in the respective 
direction. 

5. We chose a nominal CD (here 14.981 µm) in the Y-direction that 
maximizes the uncertainty of the average CD estimation. The standard 
deviation of the edge location can be expressed as: 

σave = yIncdd
m

 )1(
1

     [34] 

Where m is number of samples of the edge and d is a fractional number in the 
interval [0, 1[. yInc corresponds to one measurement clock period in nm. 
Please refer to paper B for details. When d=0.5 we will get the maximum 
uncertainty. This implies that we should simulate a nominal Y-CD that can be 
expressed as (u+0.5)*yInc where u is an integer.  

In one scan this simulation yields 4000 events from the edges in the X-
direction and 250 events for the edges in the Y-direction. In the test with 
results presented in Table 4 we simulate first 100 scans without any noise 
applied.  

Test σx  (nm) σy (nm) 

1 2.4 3.2 

2 8.6 3.9 

3 9.0 4.0 

 
Table 4: The result of three simulations based on 100 X-Y scans with and 
without noise. In test 1 no noise is applied. In test 2 a slowly varying noise is 
added during the scans. In test 3 also random noise with an average frequency 
of 30 kHz is added. 
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In the second test we apply a slowly varying noise as described above with 
the amplitude of 10 nm. In the third test we also add a high frequency noise 
with the amplitude of 10 nm and the frequency of 30 kHz. As can be 
observed in the second test the standard deviation of the variation in the X-
direction is significantly higher than in the Y-direction. The high frequency 
noise added in the third test does not have any significant impact. This is 
because the 30 kHz frequency is averaged out by the random sampling. The 
simulated uncertainty in CD is dependent on the characteristics of the noise 
and its frequency. The intention with the presented simulation is only to 
clarify the effect of the random sampling and how it may pick up noise 
differently in the different directions. 

5.1.4 Measurement of overlay 
As a conclusion and demonstration of the achievable performance of our 
measurement system we will now present the results of a measurement 
performed of overlay over a 800 x 800 mm2 large area in Figure 42.  

  

 

 

 

 

 

 

 

 

 

 

Figure 42: Mixed scale graphical representation of an overlay test for 22 x 19 
cross marks separated by a 42 mm in X and Y. Each intersection represents 
the local origin (calculated as COG of the three measurements). The deviation 
of each measurement relative this local origin is then presented in a 50 nm 
local scale with the colors green, red and blue.  
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This is the ultimate test of measurement repeatability of a target system. In 
this overlay measurement a golden plate has been measured three times.  

The plot shown in Fig. 42 is a standard form used in this industry for 
presenting overlay or registration. The distance between each intersection in 
the plot corresponds to the pitch in the X and Y direction. In an overlay plot 
each intersection in the graph represents a local origin calculated as the 
average location (COG) of the three measurements of the same cross mark. 
The deviations of each measurement around the intersection point are 
presented in a relative scale (here 50 nm) relative this local origin. The 
relative distance to the centre of gravity point (the local origin) can in this 
way be presented in a much smaller scale compared to the separations 
between the local origins that in this case is 42 mm in X and Y. In Figure 43 
an intersection point is blown up for further clarification of the principle. 

Lines are connecting each measurement in each local coordinate system 
defined by the intersections as illustrated as solid lines in Figure 42 and 
dashed lines for better clarity in the Figure 43. 

 

 

 

 

 

 

 

 

 

 

Figure 43: A blown up intersection point that illustrates the mixed scales used 
in the overlay plot. The three dashed red, green and blue lines represent the 
connecting lines to the measurements of the neighbor’s local coordinate 
systems. 
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The pitch between the crosses is 42 x 42 mm and the covered area is 0.882 x 
0.756 m2. A slightly modified random phase algorithm was used in the 
estimation of the COGs of the crosses.  

The measurement results are presented in Table 5. 

 

 

 

 

 

Table 5: The standard deviations obtained in nm of an overlay 
(reproducibility) test of three measurements. 

These results shown in Table 5 is the proof of the astonishing measurement 
repeatability of our measurement systems over almost a square meter sized 
area. In the beginning of the development of the latest generations of our 
large area writers and measurement systems we never thought these numbers 
were possible to achieve. But with joint efforts in the engineering of 
mechanics, optics, environment control and software algorithms we are able 
to perform measurements over large areas in two dimensions at single 
nanometer levels.  

Starting from a white paper and making error budgets would probably have 
shown that a system with this performance would not be possible to build. 
The statistical, mechanical, optical and other considerations and estimations 
that are inherent in such error budget can not reflect reality as well as the 
experience built from incremental development by skilled people from 
different expert fields. This development has shown that there is no doubt 
about that the performance of our systems is the best in the world for large 
area 2D metrology. 

Test X (1σ) nm Y (1σ) nm 

1 3.6 3.0 

2 3.4 2.8 

3 3.0 2.7 
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6 Conclusions and future work  

Making lithography masks for display applications is challenging. Besides the 
very precise control of geometrical dimensional properties also absolute 
location of features on the mask (registration) in the sub µm range over meter 
sized distances must be considered in the writing process. The need for high 
reproducibility from mask to mask puts extremely high demands on 
mechanics, optics and environment control. Another property as equally 
important for the mask quality is the absence of visual defects like shadows 
diffuse lines or spots. These kinds of defects called Mura is caused by 
extremely small systematical imperfections in the writing process.  
Mura is something that can not be easily measured in an objective way. It is 
more a question of a subjective opinion by experts in the field. Even if it is 
possible to measure Mura in an objective way, the systems used so far are 
only used as a first selection process between good and no-good masks. 
Before shipment of a mask it is always manually inspected. High quality 
display masks can be seen as a peace of art involving a lot of experience in 
how to manage the writer, process and metrology.   

Nothing is better than the verified measures of it is an old truth. So advanced 
metrology has been one of the most important factors for the improvement of 
the mask writers over the years. The metrology tool MMS15000 is specially 
developed for the purpose of measuring very large masks. The absolute 
geometric positioning performance of this tool has been proven to be better 
than 24 nm (1σ) over an area of square meters. We have shown that the 
measurement repeatability of a so called Golden plate, which serves as the 
registration standard, is better than 4 nm (σ) over an area of 800 x 800 mm.  

In this thesis some of the principles behind the MMS15000 and the mask 
writers have been discussed from the metrology point of view. There are 
however two important areas that not has been a part of this work. This is a 
discussion in how the MMS is calibrated in absolute sense i.e. registration 
using self calibration and how mechanical distortions due to gravity of the 
mask during measuring or writing will impact the registration and how 
correction for these distortions is done. These are subjects that will be a part 
of future work. 
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