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EE243 Advanced Electromagnetic Theory

Lec # 24 Imaging as Diffraction
• Fresnel Zones and Lens
• Plane Wave Spectra, Lens Capture and Image
• Resolution and Depth of Focus
• N-wave imaging
• Resolution Enhancement: 

• Off axis Illumination
• Phase-Shifting Masks

Reading: (This lecture is self contained and is based on 
excerpts from Born and Wolf Chapters 8 and 9 plus 
Chapter by Smith in Sheats and Smith)
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Overview
Optical imaging is an application of diffraction in which the 

planewaves that make up the spatial diffraction spectrum 
are capture and reprocessed.

• The equivalence theorem allows a planewave
representation to be built from E and H tangential on a 
plane.

• Waves that travel at angles captured by the lens are 
redirected and rephased by the lens to arrive at the focal 
point with the phase at which they left object plane. 

• Resolution enhancement modifies planewave spectrum
• The intra-wave phase is all important

– Describes image behavior in space about the focal plane
– Accounts for lens imperfections (Aberrations)
– Used to develop interferometric instrumentation
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Fresnel Zones

Object
(Point Source or 
illuminated Mask)

Image
(Mathematical 

Surface)

Huygen’s
Sphere

Field at a point can be viewed as adding and subtracting contributions from λ/2 
phase Zones

A Fresnel lens consists of small ring lenses that map ray direction from small to 
large circle and flip phase of negative zones (so all add)

Zone 1

Zone 2
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Imaging as a Form of Diffraction

• Object sends out planewave spatial spectrum (rays)
• Lens is in far field (Fourier Transform) and low pass filters the 

spatial harmonics
• Lens redirects plane wave directions (change θObject to θImage) to 

converge and to each have its original phase at zo the image plane z 
= 0. 

• Image is in far field of lens (Fourier Transform) and is thus the 
inverse transform of spatial spectrum after low pass filtering

Object
Mask Lens

Image
Plane

θObject
θImage

x

y

z

xo

yo zo
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Planewave Expansion

• Start from Transverse components of E and B on plane
• Make planewave spectrum expansion between mask and lens 

(assume periodic and switch to ejwt)
• Lens then low pass filters and apodizes/phases transmitted 

spectrum
• Propagation to image plane is thus the Fourier Transform of the 

filtered/phased spectrum 

( ) ( )

( ) ( )( )[ ] adEnkeBneeikkFe

kkF
r

exE

ss
S

xki

ikr

s

′×′×⋅+×′⋅=⋅

→′

∫ ⋅ **
0

*

0

ˆ)(ˆ
4

,ˆ

,

1

ω
π

Jackson 10.7

( ) ( )∑ +−=
n

znokxkj
nTOTAL

oonoeEE )cossin( 00 θθ

( ) ( ) ( ) ( )∑
−=

+−Φ=
N

Nn

znikxkjj
ninTOTAL

iinini eeAEE )cossin( 00 θθθθ

Example for a 
mask with period 
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Electric Field as Sum of Plane Waves
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Three wave case for on-axis illumination of mask with period P
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Optical System Point Spread Function
• The small pinhole due to its size diffracts uniformly 

over all angles.
• This diffraction uniformly fills the lens pupil.

• The lens re-phases the remaining emerging rays so 
that they re-converge at the wafer with the same 
relative phases and uniform magnitude.

• The electric field at the waver is thus the inverse 
Fourier transform of a disk = Airy Function.

• The intensity is the time average of the square of 
the electric field = (Airy function)2

• The pattern shape is independent of the shape of 
the pin hole with diameter 1.22λ/NA.

• The peak E is proportional to pin hole area the peak 
I is proportional to Area2 or (dimension)4.

Lens

Wafer

Mask
Pin hole

Image of a pin hole 
(Diffraction limited)

Relationship for 
electric fields
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Resolution in Projection Printing

NAd
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Minimum separation of a 
star to be visible.

f = focal distance
d = lens diameter

Point spread function

Null position

PDG Fig. Ch 5F# = f/d
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Optical Projection Printing Parameters

Wavelength λ = 248 nm)

Partial Coherence 
Factor σ = (NAc/NAo) 
= 0.3

Numerical Aperture 
NA = sin (θ) = 0.5

#0 Key Parameters: λ, NA, σ
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Resolution ~ Transverse Variation

λ = 248 nm

λTRANS = λ/sinφ = 3.22λ = 800nm

φ

Wave graphic by Ongi
Englander and Kien Lam

The most useful rays in 
forming an image are 
those with the same pitch 
as the pattern

Larger angles 
give higher 
resolution

#1 Resolution = P/2 = 
λ/(2 sinφ) = 0.5(λ/NA))

Assumes one wave is on-
axis and the other off-axis
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Depth of Focus in Projection Printing

Result must be modified for
a) High NA, and
b) Two waves at arbitrary angles. PDG Fig. Ch 5

#2 Depth of Focus = λ/(2NA2)
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Parameters for Microlab Projection Printers

59901253507.2300.70.250.5248ASML-
DUV

10350028590013190.80.50.32365GCA-i

105500390125011160.80.70.28436GCA-g

45500390125011160.80.70.28436
405

Canon-
gh

ΜTFR
nm

λ/(4NA)
nm

k1λ/NA
nm

θILL

deg
θLEN

deg
k1σNAλ

nm
Tool

TFR = Total focus range = 2 x Rayleigh Depth of Focus = 2DOF

M is the demagnification factor

Working Resolution

NA
kLLINEWIDTH

λ
1= ( )22 2 NA

kDOF λ
=
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Immersion Lithography

• Concept
– Imaging in a liquid medium with refractive index n offers 

an a factor of n reduction in resolution
– nWATER @ 193 nm = 1.44 to 1.46
– nFUTURE @ 193nm = 1.2 to 1.5?

• Implementation: Drop and Drag
– Dispense water from front side of lens, use the surface 

tension to make the drop follow the lens, and suck in the 
liquid on the back of the lens.
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EUV Projection (X-Ray ) Lithography
13.4 nm wavelength

NA = 0.3

0.7λ/NA = 31 nm

TFR = λ/NA2 = 149 nm

λ/2 layer pairs

Absorbing 
Mask used 

off-axis

13.5 nm Sn
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Bragg Condition

λϕ nP n =sin

P

P=L+S

L S

Chrome

Quartz

nλ

φn

Ray of Light

Wavefronts

#3 The Bragg condition 
sets the diffraction angles

Incident ray with wave fronts

Transmitted ray Diffracted ray



Copyright 2006 Regents of University of California
16

EE 210 Applied EM Fall 2006, Neureuther Lecture #24 Ver 11/19/06

Electric Field Spectrum M(u) from E(x)
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Electric Field: Sinusoids

P

s
Binary Mask with period P 
and opening space s
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Pupil Wave Traffic: Partial Coherence

SinθX

SinθY

1.0

NA

Lens Pupil
SinθMAX = NA

Cone of Incident Light

Diffracted Orders from a mask with period P

+20-2 -1 +1

Some misses pupil

Potential for 
entering the pupil

#4 Lens is a low pass 
filter of mask 

diffraction at Bragg 
angles

Shifted by sinφ = l/P
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Intensity as Square of Electric Field

Intensity = EE* gives

The energy carried by a wave and the work done on a 
material are proportional to the time average of the 
square of the electric field.

Thus the intensity is proportional to E2 when the field is real 
and EE* when phasors are used and E is complex.
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Since the Fourier transform converges to the average at a 
discontinuity, the electric field at the mask edge will be about
0.5, and the intensity at a mask edge will be about 0.25.

#5 The intensity at a mask edge is only 30% of the 
clear field intensity regardless of feature type and size.
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Contrast vs. Period

Contrast

1.0

0 1.0 2.0 3.0

Cutoff

First Order Max Third Order Max

Unbalanced 3rd

Dead Zone

λ/NA

L = S = 0.5

minmax

minmax

II
IIC

+
−

=
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Electric Field and Intensity: Defocus
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And that E-1 =E+1 for a binary (real transmission function) mask

The Rayleigh defocus z value to give λ/4 is
( )1cos14 +−

=
θ

λz

As expected the on-axis and off-axis parts are 90o out of phase.
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Polarization Effects at High NA

Parallel Orientation Perpendicular Orientation

Etotal
Etotal

Vector Addition

EX ~cosθ
IMAX ~(cosθ)2

EZ ~sinθ
IMIN ~(sinθ)2

IMAX Issue IMIN Issue
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Frequency0 Frequency0

Frequency0

Frequency0

Frequency0

Frequency0

Modified
Illumination

Phase
Mask

In-Lens
Filter

Conventional
Illumination

Binary
Mask

Lens
Capture

Resolution Enhancement Emphasizes High Frequencies

Resolution Enhancement Techniques

Bokor, Neureuther, Oldham, Circuits and Devices, 1996
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Two Ray Infinite DOF

θ1 θ2

Ray 
# 1 Ray 

# 2

Transversek
PitchPeriod

∆
==

π2

( )
( )

NA
Pitch NA

2sin2
sin λ

θ
λ θ ⎯⎯⎯⎯ →⎯= =

( )θsin2 0kkTransverse =∆

When θ1 =θ2 the contributions 
from Ray #1 and Ray #2 track 
each exactly with axial 
distance and an INFINITE 
depth of focus is produced.

kx

ky

Doubled Resolution! With infinite DOF
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Illumination Schemes

• The k1 factor is inversely proportional to the lateral 
separation of the illumination k1 = 1/(2 x separation)

Top Hat – General Shapes
k1 = 0.67
k2 = 1.3

Annular – DOF, Contacts
k1 = 0.55
k2 = 1.7

Dipole – V lines, DOF
k1 = 0.35
k2 = 3.0

Quadruple – H,V lines, DOF
k1 = 0.45
k2 = 2.0 H lines and 

contacts formed 
via a double 
exposure

1-1

1-1 1-1

1-1

Top Hat – General Shapes
k1 = 0.67
k2 = 1.3

Annular – DOF, Contacts
k1 = 0.55
k2 = 1.7

Dipole – V lines, DOF
k1 = 0.35
k2 = 3.0

Quadruple – H,V lines, DOF
k1 = 0.45
k2 = 2.0 H lines and 

contacts formed 
via a double 
exposure

Pupil

Pupil Pupil

Pupil

σIN = 0.55

σOUT = 0.85
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Quadrapole Optimization

Dipole illumination can print 
0.707 smaller lines but lines only.
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Phase-Shifting Mask Types

Alternating
(Strong)

Chromeless
(Only 0 order)

Attenuating
(Weak)

Used for 
Contacts
6% to 10% gives 
slope improvement 
of 30%. Sidelobe
issue.

Phase Edge

Requires 
second 
trim mask 
exposure.
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Attenuating Phase-Shifting Masks

Going from positive electric fields to negative electric fields 
increases edge slope and creates darker intensity near edge.

Intensity of 6% 
comes from an 
electric field of 

-0.25
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Alternating Phase-Shifting Mask

Sheats and Smith

P P

P P/2 Frequency 
doubled

Perfect Null
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Phase-Shifting Mask: Electric Fields

Sheats and Smith


