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Algorithmic improvement: PhaseLift

Non-imaging approach: scatterometry SHARP EUV imaging system

Coded aperture: phase-shifting DC Future GoalsInitial studies using PhaseLift

Hardware improvement: coded apertureTraditional phase-retrieval

ObjectivesMotivation The Problem

• EUV photomasks reflect light with both 

attenuation and phase delay 

• The phase impacts imaging, especially 

with regard to aberrations (defocus)

• Both the real and imaginary parts of the 

complex electric field must be known 

accurately before SMO

• Measure the real and imaginary parts 

of the mask reflection function to the 

highest possible accuracy

• Explore the potential and limitations of 

scatterometry vs traditional imaging vs 

coded-aperture imaging

• Optical phase cannot be directly 

observed, but can be recovered 

computationally

• We explore several hardware and 

software solutions for line-space 

gratings that can be implemented at 

CXRO

• Solve for phase from multiple intensity 

images using nonlinear least-squares

• Susceptible to error in initial guess
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• 𝐼𝑖 – measured intensity image
• 𝐸 – mask’s complex field

• 𝐻𝑖 – Imaging system PSF

• Multiple images w/different 𝐻𝑖 needed

• Self-referencing interferometry: 

• If you can phase-shift only the DC 

(carrier), phase can be solved directly:

𝐼𝜙𝑖
𝑥𝑗 = 1, cos𝜙𝑖 , sin𝜙𝑖

𝑎1,𝑗
𝑎2,𝑗
𝑎3,𝑗

𝑎2,𝑗 ∝ Re 𝐸 𝑥𝑗 , 𝑎3,𝑗 ∝ Im 𝐸 𝑥𝑗

• Implementation with coded-apertures 

• Insight into coded-aperture design

• Computationally intensive, but not 

susceptible to error in initial guess

• Images are linear in rank-1 matrix 𝐸𝐸∗:

𝐼𝑖 = diag 𝐹∗diag ෩𝐻𝑖
෨𝐸 ෨𝐸∗diag ෩𝐻𝑖

∗ 𝐹
= ℒ𝑖 ෨𝐸 ෨𝐸∗ = ℒ𝑖 X
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• SHARP: custom zone-plate (ZP) objectives

• Set of coded ZPs for phase retrieval

• 0 order passes through phase-shifted 

region, scattered light imaged normally

1D ZPs: line-

space gratings

2D ZPs: arbitrary 

patterns (future)

Illumination 

angle

Defocus Standard or 

coded 

objective

• Key result: coded aperture improves 

accuracy over defocus for larger pitch
𝑛𝑧 = 11
𝑛𝜙 = 1

𝑛𝑧 = 11
𝑛𝜙 = 4

𝑛𝑧: number of z planes

𝑛𝜙: number of coded apertures

y-axis: reconstruction error

• Fabricate set of DC phase-shifted 

zone-plates

• 1D, 2 orientations for H/V features

• Conduct experiments at ALS using 

measurement modalities discussed

Scatterometry analysis

Blank multilayer:

Measure reflectivity

Grating target: 

Measure diffraction

Multilayer phase retrieval, either: 

1. Fit directly to layer thicknesses

2. Extrapolation + Kramer’s-Kronig

3. Neural net “learned” Kramer’s-Kronig

𝐫 𝜃0 ≈ 𝐭 ∘ ℱ−1 ǁ𝐭 ∘ 𝐫𝐌𝐋[𝜃0]

Absorber transmission estimation via 

transmission-reflection-transmission 

model: regression for 𝐭 given estimate for 

𝐫𝐌𝐋 and measured ℱ 𝐫 𝟐

ℱ 𝐫 𝟐

𝐫𝑴𝑳
𝟐

𝐫: Reflected field

𝐭: Absorber transmission

𝐫𝐌𝐋: Multilayer reflection 
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Small trace promotes 

low-rank solutions

Data consistency term 

(least-squares)

Multilayer reflectivity 

vs angle, wavelength

Diffraction efficiency vs 

diffraction order, wavelength

𝜙 = 𝜋/2

𝜙 = 3𝜋/2

𝜙 = 𝜋

𝜙 = 0
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