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ABSTRACT 
Novel grayscale photomasks are being developed consisting of bimetallic thin-films of Bismuth on Indium (Bi/In) 

and Tin on Indium (Sn/In) with optical densities (OD) ranging from ~3.0 OD to <0.22 OD.  To create precise three-
dimensional (3D) microstructures such as microlenses, the mask’s transparency must be finely controlled for accurate 
gray level steps.  To improve the quality of our direct-write masks, the design of a feedback system is presented where 
the mask’s transparency is measured and used to adjust the mask-patterning process while making the mask.  The 
feedback would account for local variations in the bimetallic film and enhance the control over the mask’s transparency 
such that >64 gray level photomasks become possible.  A particular application of the feedback system is towards the 
production of beam-shaping masks.  When placed in the unfocussed path for the photomask-patterning system, they can 
improve the consistency of the grayscale patterns by altering the laser to have a more uniform “top-hat” power 
distribution.  The feedback system aids the production of beam-shaping masks since the processes of patterning, 
verifying, and using the mask are all performed using the same wavelength.  In developing the feedback system, two 
methods were examined for verifying grayscale patterns.  The first utilizes the mask-patterning system’s focused beam 
along with two photodiode sensors; the second utilizes image analysis techniques on lower resolution microscope 
images.  The completed feedback design would also account for drifts in the laser power used to pattern the bimetallic 
thin-film photomasks. 
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1. INTRODUCTION 
Grayscale photomasks are used in lithographic process to produce shaped three-dimensional (3D) structures.  

Typically, these structures are components for optical, mechanical, fluidic or electronic devices, or may be part of   
micro-optic and Micro-Electro-Mechanical Systems (MEMS).  Using changes in transparency or optical density (OD), 
grayscale photomasks create 3D structures through microlithography, a process where the mask is used to expose a layer 
of resist which is then developed and etched as demonstrated in Figure 1.  In evaluating a material’s ability to operate as 
a grayscale photomask, several factors must be examined such as the range of the mask’s opacity as well as the number 
of distinct OD or gray levels that can be produced.  One material popularly used for grayscale masks is High Energy 
Beam Sensitive (HEBS) glass which has an I-line (365 nm) OD from ~0.22 OD (60% transmittance) to 1.5 OD (3.2% 
transmittance) [1-2].  However, HEBS glass is expensive due to the powerful e-beam exposure method used to create the 
mask, also its opacity range is limiting.   

We have been studying a laser direct write grayscale mask process. This uses a set of materials, bimetallic thin-films 
consisting of Bismuth on Indium (Bi/In), Tin on Indium (Sn/In), or Indium on Zinc (In/Zn), which are converted into a 
transparent alloy oxide by a direct-write mask-patterning laser system[3,4,8].  The transparency of the oxide is 
proportional to the power density of the laser at the exposure site; thus, as the power level of the exposure increases a 
more complete oxidation of the film occurs and the film’s opacity reduces.  Some bimetallic film combinations have 
demonstrated ranges in I-line (365 nm) transparency from >3.0 OD (<0.1% transmittance) when unexposed to <0.22 OD 
(>60% transmittance) when fully-exposed with the same film [3-4].  Figure 1 illustrates the creation and use of a Bi/In 
bimetallic grayscale photomask to create a 3D v-groove structure via microlithography. 
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Figure 1.  Creation and use of a Bi/In bimetallic grayscale photomask.  (a) Bismuth and Indium film are sputter deposited 

onto the mask substrate. (b) Controlled laser exposure of the mask creates the desired grayscale pattern. (c) The 
grayscale mask pattern is transferred to a layer of photoresist via a 365nm flood-exposure using a standard mask-aligner. 
(d) Development of the photoresist layer. (e) Etching process to create the final 3D v-groove structure. 

 

The key to any grayscale mask processes is the accuracy to which the local transparency can be maintained.  Current 
commercial masks can successfully reproduce 50 gray levels while the bimetallic masks currently achieve 64 levels. 
This is limited by the sensitivity of bimetallic films to the laser spot power density, which creates variations in the 
mask’s transparency due to either changes in the laser exposure power (laser source stability limits or the beam power 
profile), and by uneveness in the ~100nm thick film properties.  These transparency variations are transferred into the 
photoresist along with the desired pattern ultimately affecting the overall accuracy of the resulting 3D structure.  To 
combat these variations, the patterning process for the bimetallic films must be examined and feedback techniques must 
be employed to allow the system to measure and adapt to the changes.  As a first step in improving our photomask-
patterning system, this paper describes the feedback techniques that have been examined and describes the future 
changes to be made to our photomask-patterning system.  The ultimate goal of our research will be to improve the 
photomask-patterning system to produce bimetallic grayscale masks with 256 repeatable and accurate gray levels.     

2. GRAYSCALE MASK FABRICATION PROCESS  
The production of bimetallic grayscale photomasks is a dry process that begins with the deposition of the bi-layer 

bimetallic film onto a given substrate.  Typically, the substrates for our grayscale masks are either glass or quartz 
microscope slides due to their low cost and availability.  Once given the substrate, a DC or RF sputtering process is 
performed using a Corona Vacuum Coater DC/RF magnetron sputterer.  The properties for the sputtering process vary 
with the metal being sputtered as shown in Table  1.  Typical bimetallic layers comprise of Bi/In, Sn/In, Al/Zn or Sn/Zn, 
are ~100 nm thick, and vary in percentage composition depending upon the choice of materials, as shown in Table  2. 

Having sputtered the film, the next process step is to laser expose them with the desired grayscale mask pattern.  For 
our experiments, a direct-write laser photomask-patterning system is used consisting of a CW Argon ion laser 
(wavelength: 488/514 nm) and an X-Y-Z air-bearing positioning table (precision: ±0.1µm).  To modulate the laser’s 
power while patterning the mask, an electro-optic shutter (modulator) and several dielectric mirrors are used to divert the 
laser to the central Z-axis stage where the 2.5 mm diameter laser beam is focused onto the bimetallic film by an 
objective lens.  For the objective lens, either a f = 50 mm biconvex singlet lens is used, producing a 10 µm diameter 
beam; or a 50X objective lens is used, creating a 1-2 µm beam.  The complete setup is shown in Figure 2.   

The grayscale photomask-patterning process involves taking a bitmap file, read line-by-line on the computer, and 
converting each line into a voltage waveform that can modulate the laser beam’s power.  This waveform is then loaded 
into a function generator connected to the electro-optic shutter.  Triggered at the same instant that the X-Y table begins 
its raster-scan motion, the electro-optic shutter then modulates the laser power creating the desired mask pattern.  
Figure 3 illustrates the process in which the bitmap is transferred onto the photomask. 

 
 

Table  1.  Sputtering Rates for Bi, In, Sn, Zn, and Al.  Table  2.  Typical compositions for bimetallic photomasks. 

Metal Sputter Pressure  
(mTorr) 

Sputter Power  
(W) 

Deposit Rate 
(Å/W⋅min) 

 
Material Percentage  

Composition 
Example 

Thicknesses 
Bi 4.0 101 12  Bi/In 50% Bi, 50% In 40 nm / 40 nm 
In 3.2 76 4  Sn/In 10% Sn, 90% In 8 nm / 72 nm 
Sn 3.2 101 6  Al/Zn 5% Al, 95% Zn 5 nm / 95 nm 
Zn 3.2 95~110 4  Sn/Zn 10% Sn, 90 % Zn 10 nm / 90 nm 
Al 3.0 101 1     
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Figure 2.  Direct-write laser photomask-patterning system.  

Figure 3.  From bitmap image to grayscale pattern on bimetallic 
thin-films.  Each line from the bitmap image is translated 
into a voltage waveform for the function generator 
controlling the electro-optic shutter.  The electro-optic 
shutter modulates the laser power as the X-Y table holding 
the film moves; producing the mask pattern.  

 
Two physical relationships are critically important for the proper production of bimetallic photomasks by our laser 

direct-write approach.  The first relationship is how the voltage applied to the electro-optic shutter relates to the 
modulation of the Argon beam, and is dependent upon the characteristics of the shutter and its response to the laser 
beam’s intensity.  The second relationship is how the laser exposure power relates to the transparency of the resulting 
grayscale photomask and is dependent upon the bimetallic film’s composition, thickness and deposition parameters.  
Once having determined these relationships, they combine to form a translation matrix that relates each bitmap value 
with a specific voltage for the electro-optic shutter.  The electro-optic shutter voltage in turn relates to a specific laser 
exposure power, and consequently a specific transparency for the grayscale photomask [5].  Figure 4 illustrates examples 
of the transfer relationship for our electro-optic shutter, the OD vs. laser exposure power relationship for a given Bi/In 
film, and the resulting calibration plot for the electro-optic shutter (function generator) voltage vs. bitmap grayscale 
based upon those results.  

Variations in the laser power entering the electro-optic shutter, the characteristics of the electro-optic shutter, the 
properties of the bimetallic film being exposed, and/or the power distribution of the patterning-laser can affect the 
resulting grayscale photomask and must either be minimized or accounted for.  Through beam-shaping techniques, 
transparency variations caused by the power distribution of the laser can be minimized.  To remove variations caused by 
the laser power and the electro-optic shutter, feedback for the laser beam’s intensity at key points in the patterning 
system can be fed into the system’s controller allowing the creation of a closed-loop system.  Lastly, to deal with the 
variations in the optical properties of the bimetallic film, feedback regarding the optical properties of the mask can be 
added.  The next section examines in more detail the transparency variations present in bimetallic photomasks and is 
followed by a comparison of two feedback methods being examined for measuring the bimetallic film’s optical 
properties: an OD profilometer using components of the patterning system and a microscope camera adjusted for 
transparency measurements.        
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Figure 4. Examples of the relationships needed to produce an accurate bimetallic grayscale photomask using direct-write laser 
exposure.  (a) Exposure power vs. electro-optic shutter voltage. (b) Mask OD vs. exposure power for a 45nm/45nm Bi/In 
bimetallic thin-film. (c) Electro-optic shutter voltage vs. bitmap grayscale based upon relationships shown in (a) and (b). 
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3. TRANSPARENCY VARIATIONS IN BIMETALLIC GRAYSCALE MASKS 
Now let us look at the details of each process to combat these grayscale variations in the masks.  One source is the 

changes in the properties of the bimetallic film at different locations making some areas more difficult to oxidize than 
others, as seen in Figure 5(a).  Another source is the power characteristics of the laser beam combined with the raster-
scanning motion of the patterning system creating repeated transparency variations due to the non-uniform oxidation of 
the mask, as shown in Figure 5(b) and Figure 6.  Lastly, drifts in the laser exposure power during the patterning process 
can affect the oxidation level of the mask, as demonstrated in Figure 5(c).  No single solution will combat all of these 
variations at the same time; therefore we examine each variation uniquely.    

Since these films are vary thin (100 nm) transparency variations resulting from the properties of the bimetallic film 
are more difficult to control during deposition.  One possible solution is to provide feedback for the optical density 
change written in the photomask at patterning time.  To this end, two methods were evaluated for their ability to measure 
the opacity of bimetallic grayscale photomask patterns.  One method uses a microscope camera whose images are 
converted from light intensity values into OD.  The other method utilizes the mask-patterning system on a sub-threshold 
power setting and two photodiode sensors to create an OD profilometer.  The design and experimental results for both 
methods are subsequently presented along with their advantages and limitations.  Once able to measure the optical 
characteristics of the film while patterning, the control system could then manipulate the electro-optic shutter and 
account for the film’s initial characteristics.  

To combat the transparency variations caused by the non-uniform power distribution of a typical laser beam, beam-
profile shaping techniques have previously been shown to reduce their effects [6].  As shown in Figure 6, using a more 
uniform “top-hat” distributed beam (nearly flat laser power across the beam) removes most of the transparency 
variations since the exposure becomes consistent within the area of the laser spot.  Continuing the previous research, a 
Tin on Indium (Sn/In) film had been patterned to act as a beam-shaping mask for the laser with the objective of 
modifying the laser beam’s typical Gaussian power density into a more uniform “top-hat” distribution [8].    The 
resulting beam-shaped laser, along with an aperture-shaped and an unaltered beam were then used to pattern their own 
grayscale masks.  In this work we describe an OD profilometer to measure the results from the beam-shaping 
experiment, a comparison of the masks produced by the three shaped laser beams is performed.   

Lastly, for variations resulting from the changes in the laser exposure power, the same photodiode sensors we will 
use for the OD profilometer can also be used to monitor the intensity of the laser beam as it exposes the mask.  With 
feedback regarding the exposing beam’s power, the electro-optic shutter can then be adjusted to correct for fluctuations 
in both the laser beam’s power as well as changes in the characteristics of the electro-optic shutter. 
 

(a) 

 

(b) 

 

(c)

 
Figure 5.  Examples of transparency variations in bimetallic thin-film grayscale photomasks.  The mask is a Bi/In film patterned 

with large 1cm x 2cm rectangles using a 10.5mW beam.  (a) Patchy variations caused by changes in the bimetallic thin-film 
(5X magnification). (b) Repeated variations caused by the raster-scanning method using a laser beam with a non-uniform 
power distribution (80X magnification).  (c) Streak variations caused by drifts in the laser exposure power; the vertical bands
shown extend the length of the pattern (5X magnification). 
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Figure 6.  Effects of the laser beam’s power distribution upon the resulting photomask. (a) Typical 2 µm diameter 

Gaussian laser beam exposing a Bi/In bimetallic thin-film.  (b) Gaussian beam used to pattern a mask via raster-
scanning, causing transparency variations.  (c) 1.5 µm diameter “top-hat” laser beam exposing a Bi/In bimetallic 
thin-film.  (d) “Top-hat” laser beam used to pattern a mask via raster-scanning, causing no transparency variations. 

4. OPTICAL DENSITY PROFILOMETER 
Measurement of the bimetallic photomask’s OD at the time of patterning is a key component to providing the 

patterning system with feedback regarding the optical properties of the film.  Utilizing the photomask-patterning system, 
the OD profilometer setup adds two photodiode sensors based on a OPT101P-ND Photodiode from Texas Instruments, 
two 24-bit Analog-to-Digital (A/D) converter cards based on the AD7732 from Analog Devices, and a Xilinx FPGA 
development board that acts as the interface between the A/D converters and the mask-patterning system.  The 
experimental setup used for the OD profilometer is shown in Figure 7.   

To determine a material’s opacity, any OD measurement setup needs to be able to measure both the intensity of the 
incident light striking the material as well as the intensity of the light transmitted through it.  As seen in Figure 7, the OD 
profilometer accomplishes this through the Reference Sensor which measures the laser beam incident on the photomask, 
and the Sample Sensor which measures the intensity of the transmitted beam. 

In initially setting up the OD profilometer, the maximum power level for the scanning laser needs to be established 
since if the laser power is set too high then the photomask could be altered by the scanning beam and experience a 
reduction in its opacity.  For our experiments, we found that limiting the Argon laser to provide a maximum exposure of 
~1 mW was sufficient for measuring our bimetallic photomasks.  With the maximum power level determined, the 
photodiode sensors were then adjusted to provide the best possible resolution over the exposure range.  Figure 8 shows 
the response characteristics for both sensors where the maximum measurable output of 10 V occurs at an exposure of 
~1 mW. 
 

 
Figure 7.   OD/Transparency Profiling System Setup. 
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Figure 8.  Photodiode Sensor Voltage vs. Power Response.  Figure 9.  Sample and Reference Sensor vs. OD (488 nm). 
 
Once having setup the sensors, the next step in preparing the OD profilometer system was to calibrate it by 

measuring several reference OD samples with already known values.  These reference samples consisted of neutral 
density filters and photomasks whose OD had previously been measured using an HP 8453 UV/Visible spectrometer.  
50 µm of each sample was scanned at a velocity of 10 µm/s using several laser exposure levels up to a maximum of 
900 µW.  For each scan, the sensor values were then averaged to obtain a single reading representing the OD of the 
sample.  The resulting calibration plot for the OD profilometer is shown in Figure 9. 

Having obtained the calibration plot, the data was then verified by taking point measurements on other known OD 
samples and checking if their results corresponded with the expected values from the UV/Visible spectrometer.  Using 
this method, we determined the relative error between the values measured using the OD profilometer and those from the 
UV/Visible spectrometer was as large as 40%.  However, by averaging the measurements from several points on the 
same exposed section of the mask, the error was reduced to less than 9%.  The error reduction is explained by 
considering that the spectrometer’s measurement area is approximately 1 cm in diameter and gives an average value for 
the region being measured.  In contrast, the OD profilometer’s measurement area is the diameter of the focused laser 
beam (~1 µm for the 50X objective lens) and is more capable of measuring transparency variations in the mask: 
variations that can easily account for a 40% difference.  By averaging point measurements over an area as large as the 
spectrometer’s beam size, the resulting value from the OD profilometer approaches the value given by the spectrometer.   

From Figure 8 and Figure 9, the OD profilometer is shown to operate from 0 OD to 3 OD with a maximum 
exposure power of ~900 µW.  For high opacity (low transparency) measurements, the signal measured by the sensors 
begins to approach the noise level of the sensor resulting in the two becoming indistinguishable.  Increasing the exposure 
power acts to increase the signal level and can allow for the measurement of less transparent samples; however, 
increasing the power can also saturate the sensor or begin to oxidize the photomask being measured. 

From the point of view of a feedback approach, the OD profilometer’s use of the patterning system is very useful as 
it allows for OD measurements to be taken while the photomask is in the middle of its patterning process.  Research still 
needs to be performed to determine the best method of implementing a feedback approach using the OD profilometer.  A 
quick method to implement the system would be to use the current OD profilometer setup and perform pre- and post-
patterning scans of the mask such that the results for one line are used to improve and adjust the results for the next.  
Another option is adjusting the profilometer setup to measure the mask’s opacity at the exact same time that the mask is 
being patterned.  For the second option to work, the sensors’ characteristics would need to be adjusted such that they 
could operate over a larger power range while still providing sufficient resolution to measure a wide range of OD.  
Measuring the photomask at the same instant that it was being patterned would be a better option since the photomask-
patterning system would be able to immediately adjust for changes in the mask. 

5. OPTICAL DENSITY PROFILOMETER: BEAM-SHAPING RESULTS 
Although the emphasis of this paper is the development of methods for providing feedback to the mask-patterning 

system, the OD profilometer does provide a means for quantitatively measuring the opacity of the completed photomask 
pattern at the micrometer scale of the patterning laser and can provide a means of verifying the results for a given 
photomask.  Previously, three photomask patterns were made using three shaped laser beams: an unaltered Gaussian 
beam, a laser beam passed through a binary aperture, and a beam shaped by a grayscale mask designed to attenuate 
portions of the laser beam and produce a more uniform power distribution.  Visual examination of the patterned masks 
indicated the laser beam altered by the beam-shaping grayscale mask resulted in reduced transparency variations.  
Examining the results in finer detail using the OD profilometer, Figure 10 shows the profiles measured for the three 
patterns. 
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Figure 10.  OD profiles for photomask’s patterned using three shaped laser beams.  The photomask is a 40/40 nm Bi/In patterned at 
0.1W laser power with the 50X objective lens and 1 µm raster-scanning step size.  (a) Mask patterned using an unaltered beam. 
(b) Mask patterned using beam shaped by a grayscale mask designed for producing a uniform power distribution.  (c) Mask 
patterned using beam passed through a binary aperture.  (d) Measured OD profiles. 
 
From the profiles in Figure 10, the laser shaped by the beam-shaping mask does appear to have a slightly more 

uniform transparency since the transparency profile for its patterned mask demonstrates fewer variations compared with 
those patterned by the unaltered and aperture-shaped beams.  However, the results for the beam-shaping mask still show 
characteristics consistent of a film being exposed by a non-uniform (i.e. Gaussian) beam, indicating that the beam 
shaping was incomplete.  A possible explanation for the incomplete shaping by the beam-shaping mask is that it was 
designed to produce a uniform beam at a much lower power.  Once used with a higher-powered beam, the grayscale 
mask likely did not provide sufficient shaping to ensure a completely uniform power distribution.  We are investigating 
this further 

One particular advantage/disadvantage of the OD profilometer is that it can only measure OD at the wavelength of 
the Argon laser, 488 nm.  In the production of beam-shaping masks for the same laser system, this limitation is ideal 
since verifying the beam-shaping mask is then performed at the exact same wavelength as the laser.  For verifying a 
photomask’s results, however, the 488 nm measurement is not ideal since most microlithography systems operate at 
365 nm.  With this limitation in mind, the next section examines the setup for the OD camera as an alternative method of 
measuring a photomask pattern’s opacity. 

6. TRANSPARENCY CAMERA 
The OD camera is another setup examined for its ability to measure the transparency of bimetallic photomasks and 

as a possible source of feedback for the photomask-patterning system.  Microscope imaging photomasks after their 
fabrication is a common means of visually verifying the results for a given mask; however, for grayscale masks the 
image provided by a typical microscope camera does not truly reflect the opacity of the photomask.  This result is 
because most cameras are designed to measure light over a wide range of wavelengths.  Most grayscale photomasks, on 
the other hand, are designed to operate only at the 365 nm wavelength used in microlithographic process.  If the light 
transmitted through the mask contains a wide range of wavelengths, the other wavelengths might then be more or less 
attenuated by the photomask and consequently affect the intensity detected by the camera.  For a camera to provide a 
truer image of the photomask’s opacity, the light transmitted through the mask needs to be limited in terms of its 
wavelength.  A solution to this problem is to filter the light available to the camera such that a selected range of 
wavelengths are allowed to pass through the photomask.  To this end, the hardware setup for the OD camera is shown in 
Figure 11.  The setup consists of an Olympus BH2-UMA microscope with a Moticam 480 camera that are used to view 
the photomask along with a blue filter, a fiber coupled light source, and a light diffuser placed underneath the 
photomask.  The light source and diffuser combination provide a constant and uniformly distributed back-lighting 
through the photomask, while the blue filter limits the light to the 440-490 nm range.  Although 365 nm light is outside 
of this range, the 488 nm wavelength of the Argon laser is measured and allows for a comparison between the OD 
camera and the OD profilometer.  Once illuminated, the OD of the mask is then determined by the difference in intensity 
between the original un-attenuated light and the light being transmitted through and attenuated by the photomask.  Since 
the blue filter limits the type of light reaching the camera, only the intensity of the blue channel for the image is used to 
determine the photomask’s OD. 
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Figure 11.  Hardware setup for the transparency camera. 

 
Initial testing of the OD camera without the blue filter revealed that an automatic white-balance algorithm was 

hardwired into the microscope camera.  The automatic white-balance poses a problem for taking OD measurements with 
the camera since the algorithm acts to change the relative intensities of the red, green, and blue channels in the captured 
image depending upon the average illumination.  As seen from the wavelength response for a Bi/In film shown in 
Figure 12, at blue wavelengths (475 nm) the film is less transparent than for longer red wavelengths (650 nm).  With the 
CCD camera using a Bayer filter (50% green, 25% red and 25% blue), the higher green and red wavelengths then 
saturate the camera more easily.  Adding the blue filter, the longer red and green wavelengths become attenuated 
resulting in a 75% removal of the information used in the white balancing; preventing it from making changes to the 
image’s intensity distribution. 

To demonstrate the success of the blue filter in defeating the camera’s automatic white-balancing, an experiment 
was done by moving a transparent (exposed) window into the field of view while measuring the light intensity.  Without 
the blue filter and having filled over 80% of the field of view with the transparent window, the camera would drop the 
intensity level of the transparent area by 15% and the opaque area by 57%.  With the blue filter in place, the drops 
reduced to 3.4% and 5.4% respectively, as seen in Figure 13.    To prevent ambient light from entering and reflecting off 
the sample, the microscope’s eyepieces were covered while taking the measurements as uncovering the eyepieces was 
found to increase the intensity levels by 10%. 

To convert the measured light intensity levels into OD values, a calibration curve relating each intensity level to a 
specific OD is required.  However, prior to determining these calibration curves, an image must be taken and the light 
source’s intensity adjusted to define the saturation level for the camera, and consequently the lowest OD (highest 
transparency) the camera can measure.  With the light source’s intensity established, the next step is to create a 
calibration curve based on measurements of reference OD values.  Two methods were examined for the production of 
these curves.  The first method consisted of measuring 2 cm x 1 cm photomask patterns using both the UV/Visible 
spectrometer and the OD camera, while the second method involved measuring smaller photomask patterns using the 
OD profilometer and the camera. 
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Figure 12.  OD versus wavelength response for a 

40nm/40nm Bi/In bimetallic film exposed using 
different laser power levels.  

 Figure 13.  Results for increasing the percentage of transparent 
material in the field of view for the camera, demonstrating 
the effect of the blue filter on the auto white-balancing. 
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Figure 14.  OD camera calibration curve created 

based on using measurements from the OD 
profilometer as a reference. 

 Figure 15.  Example transparency profiles for a 
photomask pattern measured using both the 
OD camera and the OD profilometer. 

 
Initially calibrating the OD camera with the UV/Visible spectrometer, the spectrometer’s large measurement area 

posed a problem since the only patterns it could measure accurately needed to have an area of ~3 cm2.  With a standard 
microscope slide having an area of ~19 cm2, only 6 large patterns could be made on a given slide.  To properly calibrate 
the system, several microscope slides would be needed by this approach with each slide taking at least a day to produce.  
A more time-efficient method was to instead pattern a grayscale v-groove onto a given photomask and use the calibrated 
OD profilometer to determine its OD for reference.  Measuring several v-grooves would then provide far superior 
resolution for the calibration curve at a fraction of the photomask area required by the spectrometer approach.  Figure 14 
illustrates the calibration curve obtained from using the OD profilometer, while Figure 15 provides an example of a 
photomask measured using both the OD camera and the OD profilometer demonstrating the consistency between the two 
methods.  Experimental testing for the transparency camera revealed that its widest OD range was from 0.8-2.0 OD as 
set by the intensity of the light source.  Examining the higher OD values in Figure 15, the OD camera appears to lose 
sensitivity in comparison to the OD profilometer resulting in the camera’s OD measurements becoming larger.  The 
sensitivity reduction for high OD (low transparency) areas is likely the result of the CCD’s reduced sensitivity to low-
light levels. 

With the OD camera being extremely dependant upon the consistent and uniform intensity of the light source, a 
recalibration is required anytime the source is accidentally moved or its intensity changed.  Furthermore, using a 
different objective lens also forces the OD camera to be recalibrated as the illumination characteristics of the image are 
altered by the change in magnification.  In our experiments, the light source was found to provide sufficient lighting for 
images to be taken with either a 5X or a 20X objective lens.  At larger magnifications, the light source fails to provide 
sufficient illumination through the sample when the blue filter and diffuser are in place.  

Having determined the calibration curve and captured images for a given photomask, a Matlab script was then used 
to take cross-sections within the blue channel of the microscope captures and convert the image’s intensity levels into 
OD values.  Analysis of two v-groove examples can be seen in Figure 16 and Figure 17. 
 

(a)

 

(b)

Figure 16.  OD camera transparency measurements for the side slope of a v-groove photomask sample.  (a) Captured 
image using the camera.  (b) Resulting intensity and OD profile measured along the illustrated line. 
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Figure 17.  OD camera transparency measurements for the center of a v-groove photomask sample.  (a) Captured 
image from the camera.  (b) Resulting intensity and OD profile measured along the illustrated line. 

 
From the view of a feedback approach for the photomask-patterning system, the OD camera provides a quick 

method of examining the optical characteristics of the film.  However, in its current setup the OD camera cannot 
effectively measure the optical properties of a bimetallic photomask while patterning due to the laser light that would b   
e reflected of the mask and captured by the camera.  However, if adjusted to measure the opacity of photomasks at only 
365 nm, the OD camera would be ideal for providing information to the photomask-patterning system as the feedback 
would be at the same wavelength used in standard microlithographic processes.  

7. OPTICAL DENSITY CAMERA VS. OPTICAL DENSITY PROFILOMETER 
Comparing the OD camera and the OD profilometer, both have distinct advantages and disadvantages.  Both 

approaches in comparison to the UV/Visible spectrometer were able to measure the transparency for much smaller 
patterns (micrometers versus centimeters) and appeared to have roughly the same accuracy as the spectrometer.  On the 
other hand, both approaches could only measure a photomask’s transparency at a limited range of wavelengths, unlike 
the broadband measurements capable with the spectrometer.  Both methods also required calibration measurements to be 
performed before becoming fully operational.   

When compared to each other, the OD profilometer was found to be more robust as the laser power used to scan the 
mask could fluctuate and be accounted for; furthermore, the OD profilometer’s calibration remained stable so long as the 
optics for the system were not adjusted or moved.  In contrast, the OD camera needed to be re-calibrated any time there 
was a change that affected the light source’s intensity.  .   

An advantage that the OD camera had over the OD profilometer was the camera’s ability to measure a photomask’s 
OD over an entire image compared to the limited line or point measurements of the OD profilometer.  The camera also 
provided a means of measuring the mask’s transparency without risking damage to the photomask, unlike the OD 
profilometer whose laser power if too high could alter the mask.  Lastly, although the OD camera setup used in our 
experiments utilized a blue filter and consequently could only measure the sample’s transparency in the 440-490 nm 
range, a different filter could allow the camera to measure transparency at other wavelengths.  For example, a narrow-
band filter for 365 nm would be ideal since most mask-aligning and microlithography systems operate at that particular 
wavelength.  One thing to mention with respect to the 365 nm selective-filter is that the spectral response of the camera 
would need to be examined to ensure its sensors could measure 365 nm light.  Furthermore, a light source capable of 
providing some form of 365 nm light would also be required and could possibly replace the filter altogether.   

With each method’s distinct advantages, both the OD camera and OD profilometer will likely be used in the future 
for the verification of bimetallic grayscale photomasks. However, with the OD profilometer’s better stability, wider OD 
range and ability to measure a photomask’s OD using the same patterning-system, the OD profilometer will form the 
initial basis for the development of our feedback approach. 

8. BIMETALLIC FILM TRANSPARENCY FEEDBACK: SPECIFICATIONS AND DESIGN 
For grayscale photomasks the most important parameters are their maximum-to-minimum absorption ratio and 

number of reproducible gray levels determines their accuracy in the microlithographic production of 3D structures.  With 
the direct-write laser photomask-patterning system shown in Figure 2, there is no form of feedback into the controller 
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regarding the optical properties of the mask area being patterned or the intensity of the patterning laser.  It is an open-
loop system, and as illustrated by the photomasks in Figure 5, is limited in how well it can control the grayscale of the 
resulting photomask.  To produce commercially-viable high accuracy bimetallic grayscale masks, a closed-loop 
approach is clearly required.   

The design of such a system requires the real-time observation of the OD for the bimetallic film as it is patterned, 
the real-time measurement of the patterning laser’s intensity, and the adjustment of the electro-optical shutter’s 
modulation based upon both the desired OD parameters as well as the measured values.  Attempting to design a system 
to meet these requirements, three photodiode sensors were added to the patterning system to measure the intensity of the 
laser beams entering and exiting the electro-optic shutter, as well as the intensity of the beam transmitted through the 
mask being patterned.  The theoretical photomask-patterning feedback system is shown in Figure 18. 

   

 
Figure 18.  Direct-write laser photomask-patterning system with optical and laser power feedback. 

 
The system layout shown in Figure 18 is similar to the OD profilometer setup shown in Figure 7 but includes an 

additional sensor for monitoring the input power into the electro-optic shutter as well as a Digital-to-Analog Converter 
(DAC) connected to the modulation input of the function generator.  Through the DAC, the FPGA board will be able to 
take the desired mask properties passed in from the Laser Table Control Computer and based upon measurements taken 
from the three sensors control the electro-optic shutter to produce the desired properties on the mask.   

For the feedback system to function properly, the design of the optics and sensors is critical since they must be able 
to measure and handle the laser intensity across a broad range of power.  Particularly for the Sample Sensor, its range of 
exposure power extends from about 1uW for a low-powered beam passing through a 3 OD mask to about 300 mW for a 
high-powered beam striking the sensor without a mask.  The operating frequency of the feedback will also affect the 
operation of the system since the speed of the X-Y table will need to be adjusted to provide sufficient time for the system 
to adapt to changes in the photomask.  Reducing the table’s velocity, however, comes at the price of increasing the time 
required to produce a given mask.  If measuring the mask’s OD while patterning proves to present some unexpected 
obstacles, techniques such as pre- and/or post-scanning the patterning area can also be used for the feedback, but again 
this increases the patterning time.   

A last item that would also need to be accounted for by the feedback system is the change in the characteristics of 
the electro-optic shutter with respect to time.  These changes appear as variations in the exposure power of the patterning 
laser beam and are traced back to variations in the bias voltage associated with the shutter.  To account for these 
variations, a pre-patterning calibration sweep can be performed by blocking the laser beam after the Reference Sensor’s 
beam-sampler, and sweeping both the Argon laser’s power level and the function generator’s voltage while measuring 
the Input and Reference Sensors.  The measurements would then determine the electro-optic shutter’s characteristics just 
prior to patterning a section of the photomask and the relationships illustrated in Figure 4 could be adjusted with the 
newly determined characteristics.  Experiments would determine how often this characterization sweep would need to be 
performed as its implementation would also slow the patterning process.  In any case, our future work will continue to 
focus on improving the control techniques used in the production of bimetallic grayscale photomasks. 
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9. CONCLUSION 
The accuracy of bimetallic thin-film grayscale photomasks are currently limted by three types of transparency 

issues: variations caused by the changes in the characteristics of the film, variations caused by the non-uniform power 
distribution of the patterning beam, and variations caused by the drifts in the laser’s power level.  For direct-write mask-
patterning systems to produce better bimetallic grayscale photomasks, feedback regarding the optical characteristics of 
the film and the power level of the laser are required.  Two methods of measuring the OD of grayscale photomasks were 
examined consisting of an OD profilometer setup using the mask-patterning system and an OD camera setup.  Both 
proved capable of measuring OD at the micrometer scale of the photomasks, but the OD profilometer demonstrated a 
better robustness by not requiring a recalibration on every use.  Through the experiments performed on the OD camera, a 
technique was found for disabling the automatic white-balance abilities of a CCD camera through the use of a blue filter.  
Future research to be conducted in the fabrication techniques for grayscale masks will be focusing on the implementation 
of sensors to provide feedback for the opacity of the film as it is being oxidized along with control enhancements for 
stabilizing the power of the patterning direct-write laser beam.  With these methods the current achievable limit of 64 
gray levels should be expanded, hopefully to the 256 accuracy industry wants. 
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