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• Introduction:
– F2X system configuration for resist screening 

• System improvement 
– 10X-Schwarzchild Optics 
– Required optics specification for F2X

• Fabrication of 10X-Schwarzschild optics
• Mo/Si multilayer (ML) coating of the optics
• Assembly and alignment of 10X-Schwarzschild optics

– Clocking procedure with CODE V
– Visible light alignment with PSDI
– At-wavelength alignment with PS/PDI

• Imaging results with the new 10X-Schwarzschild 
• Future work and Conclusion
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Objective

The F2X (frequency doubling) system is an 
interference-based imaging tool with a 10X-
Schwarzschild optic operating at 13.4 nm 
wavelength.  The objective is to show mirror 
specifications and requirements for the F2X 
system, mirror fabrication process, Mo/Si 
multilayer coating process, and system assembly 
and alignment of the 10X-Schwarzschild optics. 
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Imaging System for F2X
10X Schwarzschild optics is used at the Advance Light Source (ALS) beamline 

12.0 to perform F2X. (20X demagnification of object grating pitch)
10X demagnification optics same type of optics as the 10X microstepper at 

Sandia National Laboratories.

or

This system demagnifies and doubles 
the grating pitch at the image plane 
creating a possible pattern range from:

200 nm to 25 nm pitch

Object grating is open-
stencil (Ni absorber on Si3N4) 
40 micron square
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Imaging Pupil of 10X-Schwarzschild optics

entire
pupil of 10x optics:

Similar to MET

X+1 X-1

X0 X-1X+1 X0

X0

X-1

X+1

10X Schwarzschild
Standard Imaging:
10X-Microstepper

10X Schwarzschild
Spatial Freq. Doubling:

F2X

Aperture Stops

X0X-1 X+1

X0X-1 X+1
X+1

X-1

NA~0.088 NA~0.27
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System upgrades are required to improve image quality

• New high-quality optic is required to 
improve image quality.

- Polishing improvement in mid spatial 
frequency regions to minimize 
speckle patterns.

• The field size is 4 µm x 4 µm square. 10x-Schwarzschild Optics
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Optics requirements
• Divided mid-spatial frequencies 

into three regions based on  
scattering contribution in the 
image plane.

– MSFE1 covers upto 4 µm in 
diameter at the image plane.

– MSFE2 covers upto 400 µm in 
diameter at the image plane.

– MSFE3 covers the rest of 
scattering

• Since the image size is 4 µm, 
most improvement is required in 
MSFE1.

primary mirror secondar mirror
Improvement 
over old 10X

final spec in RSS of 
two surfaces (nm)

proposed spec by 
ASML (nm)

Figure (nm)
upto 4.6 cycles/CA, 
upto 1 /mm

upto 4.6 cycles/CA,     
0.1 - 0.186 /mm 20% 0.45 0.57

MSFE1 (nm)
4.6 - 10 cycles/CA,       1 
- 2.2 /mm

4.6 - 10 cycles/CA,       
0.186 - 0.398 /mm 33% 0.12 0.15

MSFE2 (nm)
10 - 2760 cycles/CA,   
2.2 - 600 /mm

10 - 2760 cycles/CA,   
0.398 - 107 /mm 20% 0.20 0.20

MSFE3 (nm)
2760 - 4600 cycles/CA,   
600 - 1000 /mm

2760 - 4600 cycles/CA,   
107 - 186 /mm 10% 0.04 0.04

HSF (nm) 1000 - 50000 /mm 186 - 50000 /mm 0% 0.21 0.18

MSFT RSS (nm)
4.6 - 4600 cycles/CA,       
1 - 1000 /mm

4.6 - 4600 cycles/CA,       
0.186 - 186 /mm NA 0.23 0.25

Field size of interest
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Fabrication of 10x-Optics
• Two mirrors (primary and secondary) have been polished by ASML Optics.
• Best effort was put into improve MSF1 (Mid-spatial Frequency 1).
• Took ~ 8 months to complete the fabrication, and based on ASML Optics 

metrology data, requested specs were met.
– Later observed some highly visible tool marks on the mirror surfaces.

 Figure MSF1 MSF2 HSF 
Primary Instruments  

PMI 
Zoomed PMI, 

10x PMM 
 

50x PMM 
 

AFM 
Secondary Instruments  

PMI 
PMI, Zoomed PMI, 10x 

PMM 
 

50x PMM 
 

AFM 
 

Metrology table

Final data
Cycles/aperture Spec Prrmary Secondary RSS spec RSS Achieved

(nm rms) (nm rms) (nm rms) (nm rms) (nm rms)***
Figure** 1 - 4.6 0.4 0.412 0.4 N/A N/A

MSF1 4.6 - 10 0.1 0.039 0.040 0.145 0.08
MSF2 10 - 2760 0.14 0.076 0.062 0.2 0.18
MSF3 2760 - 4600 0.02, 0.03 0.039 0.031 0.04 0.05
HSF 4600 - 50000/mm 0.1, 0.15 0.112 0.119 0.021 0.16
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Fabrication steps and Metrology

Machine to 
in-process 

shape

Machine to 
in-process 

shape

Manufacturing Steps

Grind and
polish optical 

surface

Grind and
polish optical 

surface

Figure polish:
spherical polish,

and CCOS

Figure polish:
spherical polish,

and CCOS
MetrologyMetrology

Final machiningFinal machining Final
metrology

Final
metrology

10X-2002 EL2 - Metrology Instrument PSD Overlay 
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10X-2002 EL2 Composite and Polyfit PSD Plots
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Mo/Si Coating of the Optics
• 40 bilayers have been coated at Lawrence Livermore National Lab, and 

reflectivity and uniformity were measured at the Advanced Light Source.

• Multilayer-added figure errors are well within the 0.1 nm rms spec
• EUV reflectance values are consistent with substrate roughness
• Wavelength results are well within the spec of ±0.1 nm from target (13.350 nm) 

and the spec of ±0.05 nm optic-to-optic matching
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All 10X camera optics achieved excellent reflectance 
uniformity across their surface, indicating uniform 

substrate finish
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Assembly and alignment:
Code V – Clocking the Interferograms
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Full mirror
interferograms
(corresponds to 
NA of 0.29)

Small area of
combined optic
(corresponds to
NA of 0.08)

Clocked Sub-aperture
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• LLNL’s PSDI was used to align the optics at visible light.
• Initial alignment was performed using a star test.
• Alignment were carried over three sub apertures of the optics.

Assembly and alignment:
Visible light interferometry (lensless PSDI)

LENSLESS INTERFEROMETRY
SMD CAMERA 163 MM FROM PINHOLE

-1.5 -1 -0.5 0 0.5 1 1.5

-1.5

-1

-0.5

0

0.5

1

1.5

0° subaperture masked by 80%
N=2 fringe print-through eliminated
0.36 nm   first 36 Zernikes
0.49 nm   f < 30 mm-1

225° 135°
1.23nm

1.85nm1.15nm

1.9nm 0.74nm

0.46nm

225° 135°
1.23nm

1.85nm1.15nm

1.9nm 0.74nm

0.46nm
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• Tool marks are observed on the surfaces of the optics
possible performance degradation due to these pronounced 
marks.  

Assembly and alignment:
At-wavelength interferometry (PS/PDI)

Tool marks observed at wavelength

~1.5 mm
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• LBNL’s PS/PDI was used to align the optics at wavelength.

Assembly and alignment:
At-wavelength interferometry (PS/PDI)

EUV and visible-light wavefronts on a 
restricted, 0.07 NA sub-aperture.

EUV Visible

36 Zernike terms for EUV and visible 
light interferometry measurements.

Over 0.07 NA, the EUV-visible-light difference wavefront magnitude is 0.336 
nm within the first 37 Zernike terms. When astigmatism is removed from 
consideration, the RMS difference wavefront magnitude becomes 0.165 nm.
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New Images - Commissioning

50 nm lines/space

Shipley resist – 120 nm thick no gold coating

40 nm lines/ 60nm space

37.5 nm lines and LER = 4.3 nm 
rms (3 sigma)
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Summary 
• Fabrication

– Mirror specifications were set to eliminate speckle patterns observed at the image 
plane.

– ASML Optics met the specifications based on their metrology data, but some tool 
marks on the mirrors surfaces were observed.

• MO/So ML coating
– Uniform and highly reflective Mo/Si ML have been coated.

• Assembly and alignment
– A clocking study was used to identify the best combination and orientation for the 

mirrors.
– A star test was used for initial assembly, and the final alignment was done with a 

visible light interferometer (100pm PSDI).
– At-wavelength alignment and transmission (PS/PDI) were performed successfully.

• Preliminary imaging results show improvement, but some speckle 
patterns are still observed.  Work is on going to find the best spot in 
the optics.

• The whole process from specification to imaging took ~1 year.  The 
program successfully demonstrated a fast turn around for EUV optics 
from fabrication through assembly.


