Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

 Aberrations: Non-Perfect Optical System
* Point source image defects:

.-

|deal Coma Astigmatism Mixed
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Aberrations result from a Non-Perfect Optical System

 Definition of a perfect optical system:

1. Every ray or a pencil of rays proceeding from a single object point must, after
passing through the optical system converge to a single point of the image. There
can be no difference between chief and marginal rays intersection in the image
plane! Ray trace of simple converging lens: ray 1 = marginal ; ray 2 = chief; and
ray 3 = focal
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Definition of a perfect optical system:

2. If the object is a plane surface perpendicular to the axis of the optical system, the
image of any point on the object must also lie in a plane perpendicular to the axis.
This means that flat objects must be imaged as flat images and curved objects as
curved images.
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k;':: :::— ~—e image
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c‘h.r'o}x-ra I R N
object SRR

» Image point is located at the common intersection of all rays which
emanate from the corresponding object point

* The two rays passing through the two focal points and the chief ray
can be ray-traced directly
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Definition of a perfect optical system:

* 3. An image must be similar to the object whether it’s linear dimensions are altered or not.
This means that irregular magnification or minification cannot occur in various parts of the
image relative to the object. IDEAL CASE BELOW:

PSF mowves linearly and does not change shape

s A P,

“ | MR N

=

System is said to be Space Invariant, and

a2 — ——dp — —;‘1-f(!1:

Z0

Where M — =z /=z> is the magnification of the system.

* Ray tracing using monochromatic light with image and ebject located on the optical axis and
paraxial rays ( close to optic axis) typically meet this perfect image criteria.
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

e Aberrations results from:

1. Defects due to nature (design):

 a. Dispersion: refractive index of galss varies with wavelength.
(remember Shorter wavelength refracted more hence shorter focal
length.)

e b. Spherical space of lens surfaces

« 2. Defects due to fabrication: incorrect element spacing,tilted
elements, rough glass surfaces, inhomogeneous glass (refractive
index), glass stress, and incorrect element curvature or thickness.

* 3. Defects due to application: Thermal effects (lens heating), pressure
changes, flare, and contamination (resist out-gassing or gas type
change).
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

Aberrations are defined as deviations in the image as a consequence of
the light rays not obeying the 3 “perfect image” rules. The image
location is not predicted by the classic ray trace procedure ( applying
Snells law at each surface). There is a wavefront deviation or optical
path length difference (OPD) in the diffracted wavefronts forming the
image

Aberration descriptions: mathematically described as wavefront
deviations: for monochromatic aberrations

Zernike Polynominals: 37 terms from an infinite series; the magnitude
of the coefficients (Z1 to Z37) values determine the aberrations in an
optical system

Seidel Aberrations: ‘3" order approximation to Zernike terms

Basic aberrations include: Defocus( Z4), Astigmatism(Z5 Z6); Coma
(Z77 Z8) , Spherical (Z9) and field curvature and distortion.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« KEY ABERRATION IDEA: OPD = Optical path length

difference between the wavefront emerging from the lens aperture and
the ideal reference wavefront.(I.e. Perfect non-aberrated wavefront)

» Lens introduces a path length difference or phase shift!

Paositive OPD
— Fositive

Aberration

+Z

Gaussian
Image Plane

Ideal
Unaberrated
Wavefront

 How this phase shift effects the image is the aberration!
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Aberrations exist due to the idea that the wavefront emerging from the

lens aperture (exit pupil) is deformed in shape and causes an OPD between
emerging wave and reference wave.

 Aberrations are measured in wavelength OPD units.

Actual Wavefront ctual PSF
Wix,v) ,
|deal Wavefront Ideal PSF

9/11/2004 Optics/Aberrations Steve Brainerd 8



Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Aberrations exist due to the idea wavefront being deformed in shape and
causing an OPD between emerging wave and reference wave.

e Aberrations are measured in wavelength OPD units
e Lens produces a path length difference or phase shift

e Phase

With NO lens, Phase Shift between , F, — P, is
2n : ..
D =xkA where Kk = N *Propagation constant in air
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

e  Phase function of lens: @= phase error

fw

with lens in place, at distance /& from optical,

O=x|0+0+nA—0 —&>
|j 2 tThlL “J_ 2)
AlT Tlcdss

which can be arranged to give

® =xnA—x(n—1)(0; +07)

where 0, and 6> depend on /, the ray height.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Optical aberrations

* Monochromatic :Field Curvature, spherical,
astigmatism, coma, distortion

» Polychromatic : Chromatic and lateral color
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/anatomy/fieldcurvature.html

e Monochromatic :Field Curvature Aberration:
Focus plane 1s curved.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Monochromatic :Field Curvature: Focus plane is curved. This natural
curved focus plane is called Petzel surface.

» off-axis rays focus on a curved , not plane, surface

on-axis rays focal (Petzval) surface
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Field Curvature:This image defect is the natural result of using lenses
that have curved surfaces. When visible light is focused through a
curved lens, the image plane produced by the lens will be curved. A
simple lens focuses image points from an extended flat object, such as
a specimen on a microscope slide, onto a spherical surface resembling
a curved bowl. The nominal curvature of this surface is the

reciprocal of the lens radius and is referred to as the Petzval

Curvature of the lens.

On axis and

Microlithography

Aberration Image Wavelength | aperture A Image I-_Ielght Total impact A Measurement |Units spec modern Correction
Character . Y off-axis Fct. -Y
impact Tool specs
: Petzval surface Yes increases Focal plane .
Field that is not flat | Monochromatic OFF AXIS with the square of Y2 deviation across 100nm Spaced doublet; plan
Curvature plane the image height Y the field. acrhomat
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/anatomy/fieldcurvature.html

* Field Curvature: Correction for flat field

Objective Correction for Field Curvature

Achromat Plan Achromat

Lens

Lens Doublet

Doublet
Group

Lens
Doublet
Group

Meniscus
Lens

Lens
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/anatomy/aberrationhome.html

* Spherical: The most serious of the monochromatic defects that occurs with
objectives, spherical aberration, causes the image to appear hazy or blurred
and slightly out of focus. The effect of spherical aberration manifests itself
in two ways: the center remains more in focus than the edges of the image
and the intensity of the edges falls relative to that of the center. This defect
appears in both on-axis and off-axis image points. Simple explanation: lens is
spherical (non parabolic) and outer rays focus “short”.

9/11/2004 Optics/Aberrations Steve Brainerd 16



Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/java/aberrations/spherical/index.html

* Spherical: measured as LSA and TSA

Longitudinal and Transverse Spherical Aberration

Paraxial
Focus

(3)

Peripheral Circle
Rays of Least
Confusion

Transverse
Spherical
Aberration

Longitudinal
Eli_?ﬂe Figure 1 Spherical
Aberration
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Sph I e o cancer | on wi
p Crical. Able to “cancel” some of the Spherical Aberration with defocus
F A |
/2 <m/2
On axis and . . Microlithography
Aberration Image Wavelength | aperture A Image l-_lelght Total impact A Measurement |Units spec modern Correction
Character impact Y off-axis Fct. -Y Tool specs
] V""I”"’:ﬁon in'th Bending , high index
. ocal plane wi . . .
Spherical radial beam | Monochromatic ON AXIS asPheerlcs, gradient
position index, doublet
Increases as
LSA square of aperture A2
diameter
Increases as cube
TSA of aperture Al
diameter
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
Modern Optical Engineering; Warren Smith ISBN 0-07-059174-1 McGraw-Hill

Astigmatism: vertical and horizontal objects have different foci due to

lens curvature f

Tangential Sagittal
Tangential Image
(Focal Line)
Optical System
: Sagittal Image
Tangential _ - :
Fan of Rays - (Foacl Lme?
Optical Axis
Principal Ray

Sagittal
\ Fan of Rays

Object Point
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/anatomy/aberrationhome.html

« Astigmatism: vertical and horizontal objects have different foci due to
lens curvature: Common fabrication error to make surfaces slightly
cylindrical instead of perfectly spherical. In which case orthogonal
wavefronts leaving the surface will have different radii

Ray Trace Diagram SagittalFocalSurface

Image Plane angenti, Petzval Surface

Airy
I Pattern TangentialFocalSurface

.
Image Plane r—
F4
Point ?7'[ Gaussian
Fnciion X Image Plane
—0Objective
p Optical Axis —] I:: 1
Image — Object Point ! | 3

Plane
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/anatomy/aberrationhome.html

Astigmatism: Complete removal of astigmatism is difficult, but can occur in
optical systems when the two curves, S and T, become flatter and coincide

(Figure 3(c)), and the image is then formed in a region near the Petzval surface
(P).

Correction of Astigmatism

Finura 3
Focal plane moving from “on-axis” =0
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

o  Astigmatism:
Tangential Sagittal
On axis and . : Microlithography
. Image Image Height | Total impact A . .
Aberration Character Wavelength aperture A Y off-axis Fct. Y Measurement |Units spec modern Correction
impact Tool specs
diffeir?:r:/ts ilr';nes Yes increases V focus - H Bending (spherical lens)
Astigmatism do ot Eave Monochromatic OFF AXIS | with the square of Y? focus across the 50 nm ;Spaced doublet with
common foci the image height Y field stop
22
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

¢ COma Also called off-axis spherical aberration :off axis singular object point
imaging as multiple points

* Tangential Coma of the lens Coma;=H”,z-H’,

Comay l B

Airy

Pattern
/B/ ‘
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

e COma: Comatic aberrations are similar to spherical aberrations, but they

are mainly encountered with off-axis light fluxes and are most severe when the
microscope is out of alignment. When these aberrations occur, the image of a
point is focused at sequentially differing heights producing a series of
asymmetrical spot shapes of increasing size that result in a comet-like (hence,
the term coma; Figure 1) shape to the Airy pattern.

N Fones
Ray Trace Diagram 1234

Image Plane

Off-Axis Comatic Aberration

Ai
Zone1 —4+—B Zone 1 Part::rej:n

Zone 2
Zone 3 52:-;1&2 - Zone 3 -

Point
Spread
Function

B \ 6hjE[:‘til.!E
Ovbtical oY il Optical Axis
xis . Object Point
A P Image
Coma Blur Figure 1 Plane
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Image with coma (x, plane):

Tangential
Coma

N

Sagittal
Coma

Il

image Plane
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Coma can be corrected by using a combination of lenses that are positioned
symmetrically around a central stop. In order to completely eliminate coma, the Abbe
sine condition must be fulfilled:

*The magintude of Coma, like spherical
aberration, 1s heavily dependent upon the shape
of the lens. A strongly concave positive
meniscus lens will demonstrate substantial
negative comatic aberration, whereas plano-
convex and bi-convex lenses produce comas

N,h,sin 6, = N,h,sin 6,

h1T/

h, that range from slightly negative to zero.
Optical Objects imaged through the convex side of a
=yt :
ysiem plano-convex lens or a convex meniscus lens
will have a positive coma.
On axis and . . Microlithography
Aberration Ctlgzgc(:er Wavelength | aperture A IYW:#’-:mH:IIg:’: Total [rr;pactA Measurement |Units spec modern Correction
impact ) Tool specs
Variation in
magnification In(zregg:s Yes increases left right Bending ,spaced
Coma with aperture | Monochrometic | " | linearly with the AZY linewidth delt 50 nm doublet with central
(distance from a ; Pel image height Y S elias st
optical axis diameter op
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/java/aberrations/distortion/index.html

e Distortion : off axis non-uniform magnifcation error across
image field. Results in image placement errors.

IR

9/11/2004

No Distortion

i

— W R e —

Wy >0 wsrr <0
Barrel Distortion Pincushion Distortion
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/java/aberrations/distortion/index.html

e Distortion : The origin of geometrical distortion lies in a difference between the

transverse magnification of a lens and the off-axis image distance. When this distance
deviates from that predicted by paraxial theory for constant transverse magnification,
distortion can arise due to differences in focal lengths and magnifications through
various parts of the lens. In the absence of other aberrations, geometric distortion is
manifested by a mis-shaped image, even though each image point is in sharp focus, as
discussed above. Quantitatively, distortion can be described by the following equation:

« DM=M,-M)M

« where M is the axial lateral magnification and M(]) is the off-axis magnification at the
image plane. If the lateral magnification increases proportionally with the off-axis
distance of the object, distortion is positive, producing a pincushion effect (Figure 1). In
this instance, each image point is displaced radially outward from the center, with the
peripheral image points being displaced the greatest distance. Alternatively, when
magnification is decreased with the off-axis object distance, distortion is negative and a
barrel aberration is observed. Barrel distortion corresponds to a situation where the
transverse magnification decreases with axial distance and each image point moves
radially towards the center of the image.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://micro.magnet.fsu.edu/primer/java/aberrations/distortion/index.html

e Distortion :

Lens Distortion Versus Radius

. 2 p—
* Correction:
. Pincushion
* Spaced doublet with central stop 1t
£ | Lens
» Also corrects Coma and astigmatism 5 L= gl I ————_
& & E Eg;tjugate
ange
(d a (AM
Ak
.2 1 1 1 [
0 ] 10 15 20
Lens Radius (Millimeters)
Figure 1
On axis and . . Microlithography
. Image Image Height | Total impact A . .
Aberration Character Wavelength a|?ertureA Y off-axis Fet. Y Measurement |Units spec modern Correction
impact Tool specs
Radial
displaqemehtof Yes increases . . . .
Distortion off-axds pofmtlzI Monochroratic OFF AXIS with the cube of v Registration | Maximum error 20| Spaced doublet with
causing afie the image height Y errors nm stop
magnification
error
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e Polychromatic : Chromatic( result of
dispersion 1. lens 1s like a prism)

Chromatic Aberration
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Polychromatic : Lateral of traverse Chromatic
aberration (Magnification changing with
wavelength.)

i ‘rcrﬁnsvertge
T romatic

7
#
Y4

Aperture

ImagePlane
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10. Imaging Aberrations, Defocus, and Zernike Polynomials

* Polychromatic : Chromatic correction Achromatic lens

. Doublet

—"',q_\:::

,:: __Apochromat

,;; = Chromatic Correction

'_:f.
Power, Shape and index of each
lens cancel the aberration of the
other.
On axis and . . Microlithography
. Image Image Height | Total impact A . .
Aberration Character Wavelength a|:.>erture A Y off-axis Fct. R Measurement |Units spec modern Correction
impact Tool specs
ern e ure Achromatic lens
. | onand off axis i ON AXIS red - blue focal ; . (refractive index deltas
Chromatic imageblur | T OYCTOMEUC || - teral OFF AXIS plane tool gasnsr::dth " | to cancel dispersive
) ) powers)
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

e Chromatic aberration effects:
http://www.finle.com/product information/publications/SPIE2000Cymer.pdf

3
NA = 0.6
= KrF
2 Slope = 0.225 pm/pm Fused Silica Lens
2
5 1
5
Eq
]
g
o -1
1]
D
m .2
-3
-15 -10 -5 0 3 10 15
Wavelength Shift (pm)
Figure 1. Measurement of best foous as a function of central wavelengrth shows a linear relationzhip with a
slope of (K225 pm,/pm for thes (66 SNA projection lens
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 Chromatic : Wavelength on exposure tools are not pure
monochromatic: hence >> multiple wavelengths exist!

From : http://www.finle.com/product_information/publications/SPIE2000Cymer.pdf

----- 0.35 pm FWHM
— 0.7 pm FWHM
— 1.0 pm FWHM

= o
-

0.7 1

> O

Normalized Intensity
> O
in

0.4 1
0.3
0.2 1
0.1 1
0
248,323 248.325 248 327 248,329 248331
Wavealength (pm)
Figure 2. Examples of different koeF excimer kiser spectrea.

9/11/2004 Optics/Aberrations Steve Brainerd 34



Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

Chromatic : Focus dependence on wavelength: Using Zernike 74
Focus ( Note this reference uses calls it Z.3.)

From : http://www.finle.com/product information/publications/SPIE2000Cymer.pdf

As an example, the response of wavelength as a focus shafe can be modeled usmng the thaed
frmpe Zermbke polynomeal term (see reference 4 for a complete descopnon of the Zermke

polrmomial used here). The cocfficient of this Zermike term 2, can be related to a focus shaft AS by

NA” = (slope)Ad h_ i
44

] (&}

(1)

Z, = AS

where 4g 15 the central wavelength of the dlummation spectrum. Thus, of the focus shaft as a function
of wavelength s known, a value of £ tor each wavelength i the dluminaton specrrum can be

::-::u|1||:uu'r:'-;| fronm the n:'L]uzlrmu i1}
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e Chromatic : Focus dependence on wavelength:
From : http://www.finle.com/product_information/publications/SPIE2000Cymer.pdf

1.2
1
"E'ﬁ- 0.8
c
(1]
=l
=
@ 0.6
o
E
= 04
R
&
< o2 T _E:::Zr'.;fﬂﬂi:um 0.5
.5 pm
Bandwidth (FWHM) = 1.2 pm
—5— Bandwidth (FWHM) = 2.1 pm
|:| T T T T T
=400 =300 =200 =100 0 100 200 300 400
Horizontal Position (nm)
]."igllrt! 3. Degradanion of the aenal image of & 180 nm ling (3K am it ) warh increasing kser handwidth for

a chromane abercanon vesponse of 0.2235 pm pm
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10. Imaging Aberrations, Defocus, and Zernike Polynomials

e Chromatic : Process latitude dependence on excimer laser
bandwidth wavelength:

From : http://www.finle.com/product_information/publications/SPIE2000Cymer.pdf

——FWHM = 0 pm
—a— FWHM = 0.35pm
_____ FWHM = 0.7pm
5 e i —=—FWHM = 1.2pm [
= —#— FWHM = 2.1pm
2 ; g HM = 3.3pm

Exposure Latitude (%)
- .

0 0.2 0.4 0.6 0.8 1 1.2 14
DOF (microns)

l."i"_-:u.“: .:. .""'.':'..\".-'.'.I::u l:ll |:'.|.' :.l:l\.'.." CROOSUEE DOOCESS Window TO 5561 I..II'I.I'.'\.II\.I:I:. Ib”\:III:'.I".'I.'I I:'ll\. TTE |||. :I:I'

lenis is ser ar (ko and partial coherence factor o ar (0175,
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Basic Optics : Microlithography

Imaging Aberrations: Summary

On axis and . . Microlithography
. Image Image Height | Total impact A . .
Aberration Wavelength aperture A . Measurement (Units spec modern Correction
Character . Y off-axis Fct. -Y
impact Tool specs
Field Petzval surface Yes increases Focal plane
c that is not flat | Monochromatic OFF AXIS with the square of Y2 deviation across 0.2um Spaced doublet; plan acrhomat
urvature plane the image height Y the field.
fot\:/:lna:zﬁz :/r\;ith Bending , high index
Spherical p Monochromatic ON AXIS aspheerics, gradient index,
radial beam
. doublet
position
Increases as
LSA square of aperture A2
diameter
Increases as cube
TSA of aperture Al
diameter
Rays in .
; ; . Yes increases V focus - H
Astigmati
st Q:n atis aiferont PSS! Monochromatic | OFF AXIS | with the square of Y? focus across the 0.10 um Spaced doublet with stop
common foci the image height Y field
n:;agnn?:ilggtilgn OFF AXIS Yes increases
Coma with aperture | Monochromatic | I:tr:;e:fsaesearts ro| linearly with the A%Y " lefétgg;tlt 0.05um Bending ,Csepnz:;:;ds?;ublet with
(distance from qu : pertu image height Y Inew! eltas P
) ) diameter
optical axis
Radial
displacement of Yes increases
Distortion OH-a.XIS p0|.nts Monochromatic OFF AXIS with the cube of Y3 Registration Maximum error 20 Spaced doublet with stop
causing a field . . errors nm
. the image height Y
maghnification
error
modern exposure i i
. | on and off axis . ON AXIS red - blue focal . P Achromahc lens (refractive
Chromatic . Polychromatic tool bandwidth - 0.5 index deltas to cancel
image blur Lateral OFF AXIS plane ; i
pm! dispersive powers)
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

Typical wavefront shapes at the entrance pupil for the primary aberrations. This
can be observed in Prolith by inputting various aberrations

 No Aberrations : wavefront shape
 Can model in Prolith with Zernike input files lists magnitudes fro the 37 terms

EEile Wiews Graphs Setz Window Help

mE= = T R I N I = ey

Objective Lens:

Hurmination System: —
Pupil Filter:

Source Shape: MNumerical Aperture: [0 500 j
Cornventional - Partially Coherent j
Uze a dizk-zhaped light zource whoze Abberations:
diarmeter iz bigger than zero, but gmaller than Flare: {0000 j
that of the objective lens opening. The partial
coherence [sigma) defines the zize of the disk.
Dizplay Graph of:
Fartial Coherence (0,200 Source Shape [Intensity]
[ Swystem is Gaussian Shaped = = =
PP i o
s o
Hlurnination S pectrunm: !0.- b: @
a B
NONE =]
A (=%

whavelength [nm): |265.000 0;, =
B andwidth [rim]: |0.0000 ° &

Ty, iy oS
wavelenath [him)
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Prolith : coma wavefront errors Z7 Z8

Objective Lens Abberations:

Flare: [0.000 |Coma_50 |
Dizplay Graph of:
Objective Lens Abberations j
—L--'“}-:F"HP = . ‘::-h-"
-ﬂﬁ -ﬂ*
o By
a*? D
ot g
o Pay
,n:’:_, ;:t'u-
- ] -n L}
.-:ll | ~n 7|'.|
Ly -..qq:r
e ey
r":ﬁ:p " e g
iy AN =
% o
q"_.-' i, SR,
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10. Imaging Aberrations, Defocus, and Zernike Polynomials

Prolith : defocus wavefront errors Z4

Objective Lens:

Pupil Filter:
Mumencal Aperture: |0.500 | NONE j
Objective Lens Abberations:
Flare: {0.000 |DEFOC_50 =]
Dizplay Graph of:
Objective Lensz Abberations ﬂ
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

Prolith : Spherical wavefront errors Z9

Objective Lens:

Pupil Filter:
Murmerical Aperture: |0.500 | NONE ﬂ
Objective Lens Abberations:
Flare: |0.000 |SPHER_50 Rd
Dizplay Graph of:
Objective Lens abberations ﬂ
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

Prolith :multiple aberrations wavefront errors

Objective Lens:

Pupil Filter:
Mumenical Aperture: (0500 | NONE j
Objective Lens Sbberations:
Flare: |0.000 | TrPICAL =]
Diigplay Graph of;
Objective Lens Abberations ﬂ
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

The shape of these wavefronts is very complex. To analyze these and
potentially correct the errors it is useful to fit the wavefront to a
polynomial with each term (coefficient) representing a specific aberration.
Two common Polynomials models ( page 219 of text):

SEIDEL: 1856 Philip Ludwig von Seidel in Germany (3" order
approximation to Zernike terms with power laws for variations across the pupil
field.

Zernike Polynomials: ( can be cartesian (X,Y) or polar (R,q) . They apply to
a wavefront at a single point. To map the entire field the polynomial needs to
be calculated at multiple points. Each term represents individually the best
least squares fit of the data. This means to remove for eaxmple focus shift or
coma from the wavefront, one just sets those terms to zero ( Z4 for focus,
78,79,714,715, 723,724,734, and Z35 for XY coma). There are 37 terms.
Need to watch order and notation of coefficients when obtaining values!!
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« SEIDEL's five aberrations

* The five (5) monochromatic aberrations
analyzed by SEIDEL in Germany, in 1856 :
1.) spherical aberration
2.) coma
3.) astigmatism
4.) curvature of field
5.) distortion
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

http://www.iue.tuwien.ac.at/publications/PhD%20Theses/kirchauer/node57.html
Seidel Aberrations
« The derivations of the previous equations for the object, image and focal
distances assumed n,0, = n,0,. However, Snell's Law 1s exact; the inclusion of
higher orders of the sine expansion produces slight alterations to the
predictions of first-order theory. Adding the next non-zero term yields the
approximation

 sin = 0-0%3!,

which 1s used to define the third-order, or Seidel, aberrations. Aberrations refer
to the difference in behavior of a real ray compared to an ideal ray. Wavefront
error and transverse ray error are two methods of describing an aberration.
Commonly used to describe the results of interferometric tests, the wavefront
error compares the actual wavefront to a perfect, spherical wave converging to
the focal point. Alternately, the transverse ray error is defined by the blur at
the image plane for a specified object point and relates easily to geometric
tests.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

Seidel Aberration Coefficients

WAVEFRONT ABERRATION COEFFICIENTS AND RELATIONSHIP TO
SEIDEL ABERRATIONS

Wavefront Seidel

Aberration Aberration

Coefficient Coefficient Functional Form Name
Waoo x5 piston
Wi Xpp Cos tilt
Wozo p? focus
Woao =38 p* spherical
Wi =13 Xop> cos B coma
Wiz =318m xip*cos® astigmatism
Waao =XSm + S xgp? field curvature
Wiy, =18y xap cos @ distortion

9/11/2004
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

Seidel Aberrations : Seidel Wavefront error equation
AW = wavefront error deviation from perfect wavefront

In polar coordinates: x =pcosf and

W(xo, p, 0) = WaooXs + Wip1xepcos8 + Wyp0p”
+ Wogop* + Wiai1xop3cos @ + W,,,x2p% cos?6

34 order is + W,yoxdp® + W, yos 0;
the highest

) Seidel aberration coefficients S,:
X, = image

W(xo, p, 0) = §81p* + $Suxop> cos 6 + $8y;x5p* cos*0

point

+%(Sm + Sw}xﬁpz + %vagﬂ cos 6.
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials

Seidel Aberrations : Seidel Wavefront error equation
AW = wavefront error deviation from perfect wavefront

Seidel  Aberrations

A. Spherical Aberration (AW = Woaop® = WMQ{II + %))
B. Coma (AW = W;;3,x,p°cos 6 = Wy31x,x(x’ +}’1}l

C. Astigmatism (AW = W,,,x{p* cos’f = Wznx x?)

D. Field Curvature (AW =W, ,0x2p? = Wy, ox3(x* + ¥*))
E. Distortion (AW = W, xgpcosf = W, xax)
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

T.A. Brunner.
Impact of Lens Aberrations on Optical Lithography.

IBM J.Res.Dev., 41(1/2):57-67, January/March 1997.

* Imaging consequences of first 11 Zernike polynomials

o Note diﬁ"?ant\lernike terminology

b 2, ) V Iame

71
7273
74
7576
77778
710 711
79

9/11/2004

Imaging consequence

0,0 |Piston Mone
(1, & 1) | T ateral translation =hift of tnage, independent of pattern
2,0y |Defocus Image degradation
(2, £ 2) | Astigmatism (hor./vert. or & 45%) | Orientation dependent shift of focus
B3, £ 1) | Tateral coma Image asyrmetry and pattern dependent shaft of nage
B3, £ 3) | Three-leaf clover (rotated 30°) Imaging anomalies with threefold symmetry
4,0) |Third-order spherical Pattern dependent focus shaft
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Basic Optics : Microlithography
10. Imaging Aberrations
Phase error W(pO) for terminlogy used here:

P(p,8) = P{p,0) exp(ik W(p,0)) k=2m/A

P(p,0) = generalized pupil function, Bp+) = ideal pupil function
k W(p,0)) = effective phase errFr w wave aberration

.

L

El | E\;i:\’"_/'w

\ /
\ ‘.’/ Wape J"r:ln".;}\
/ 71 etc... [ i:fef;gc sphere

aw+n12pmsﬂ+u~;2p:inﬂ+a1ﬁ{2pi-1]+n4-‘rgﬁzdn23+ah‘t_i cos 26 +
as /8 (30 -2)sinf+az /8 (3p* ~2)cosf+as /8 psin3I0+as /8 pPcosif +
where: P JF Y #=tan'§ are pupil coordinates.

Refl: Principles of Optics, M. Born and E. Wolf, Sixth Edition, Pergamon Press, pp 460-490.
Ref2: J. Kirk, SPIE vol. 4000, pp 2-8.

_5:r| S Y i |
¥ ‘.\
.
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Basic Optics : Microlithography

10. Imaging Aberrations Fringe Zernike Polynomials

P7(P,0))= Comm2An + 1)R7(p) cosmé ,

which represents a term in the expansion of the aberration function in terms of a com-
plete set of Zernike circle polynomials,! which are orthonormal over a unit circular pupil,
where n and m are positive integers (including zero), n - m = 0 and even. The radial
polynomial

('_ 1)‘ (H _S)! pn—l;
S\ + m)/2-s]![(z - m)/2 - 5]

s=0
is a polynomial of degree n in p containing terms in p”, p»2, ..., and p™. The quantity
€ =1/V2,m =0

1 ,m=0.

Unlessn = m = (, the coefficient ¢,, represents the standard deviation of the aberra-
tion across the pupil, i.e.,

Com = Og .

The orthonormality of the Zernike polynomials implies that

1 rin 1 2w
L L *I’i.“(pﬁ)dli."-'(p,ﬂ)pdpdﬂffﬂ J , pdpdf = CaDnOner 3

where 8;; is a Kronecker delta.
Ref: V. Mahajan, Aberration theory made simple, volTT6, SPIE press.
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Basic Optics : Microlithography

10. Imaging Aberrations Fringe Zernike Polynomials:

common ordering of ordering of the Zernike coefficients is the

“fringe” set from the University of Arizona. It is a subset of 37 terms
from the infinite series.. Note some references start Z1 as X Tilt!

See page 224 of book Table 2 for the standard

order. Fringe Zernike Polynomials:

Z1
72:
73:
74:
/Z5:
Z6:
7.
/8:
7/9:
Z10
Z11

: Piston: Normalization term no effect (some references Z0)

X Tilt

Y Tilt

Defocus

3rd order Astigmatism 0 — 90°
3rd order Astigmatism 45 — 135°
X coma

Y coma

Spherical

: 3-leaf Clover

: 3-leaf Clover
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Basic Optics : Microlithography

10. Imaging Aberrations Zernike Polynomials:

Zernike Polynomials:Another ordering method vou might see:

ZERNIKE RaDIAL POLYNOMIALS

n m No. Polynomial
0 0 0 1
1 1 1 pcost
2 psin ¢
0 3 297 —1
2 2 4  plcos2¥
5  pPsin2¢
1 6 (3p? — 2)pcostV
7 (3p* — 2)psin@
0 8 6ot —6p 41
3 3 9  plcos3y
10 p’sin 36
2 11 (4p* — 3)p’cos2¢
12 (4p% — Yp2sin 20
1 13 (10p* — 12p* + 3)pcos @
14 (10p* — 12p% + 3)psind
0 15  20p° — 30p* + 12p% — 1

9/11/2004

Optics/Aberrations Steve Brainerd

54



Basic Optics : Microlithography

10. Imaging Aberrations Zernike Polynomials:

Zernike Polynomials:Another ordering method vou might see:

] m No.  Polynomial

4 4 16  p*cosdd
17 p*sindd’
i3 (3p7 — d)p’ cos 35

19 (5p* — 4)p’sin 3¢

i

220 (I5pF — 20p% + 6)p* cos 207
21 (15p* — 20p7 4 6)p?sin 2
1 22 (350 — 60p* + 30p7 — d)pcost
23 (35p° — 60p* + 30p* — 4)psin &
0 24 70p® — 140p° + 90p* — 20p% + 1
5 5 25 pPcosS¢
26 pSsin50°
4 27 (6p* — S)p*cos 40’
28 (6p% — S)p*sin40
3 29 (21p* = 30p? + 10)p* cos 30"
N 30 (21p* — 30p2 + 10)p? sin 3¢°
2 31 (56p° — 105p* + 60p? — 10)p? cos 26

32 (56p° — 105p* + 60p% — 10)p? sin 26’
1 33 (i26p® — 280p° + Zi0p* — 60p% + S)pcos (¥
34 (126p® — 280p° + 210p* — 60p? + S)psin

0 35 252p" — 630p% + 560p° — 210p* + 3007 — 1
A sl s e 172 AmrmAa 10, aten R .1 o B oaAan A4 e D R
b Ly a0 TLHp —LliLp TAL2UL - 10D LU0 — i)D" + ]
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Basic Optics : Microlithography
10. Imaging Aberrations Fringe Zernike Polynomials:
Simulations from Canon (Phil Ware)

72X-Tilt

7.3 Y=Tilt
75 34 order 90°Astigmatism 0-90° (A V-H)

74 De-focus\

77 X coma
—

Z8 Y coma

0-theta: spherical aberration (smaller CD for iso than dense patterns, best focus deviation for different sizes AAPSM)
1-theta: coma aberration (CD difference between both end of 5 bar patterns)

2-theta: astigmatism (CD difference between two different orientations 0-90, 45-135)

3-theta: three-leaf clover (CD difference between 0-60-120, 30-90-150)

4-theta. 5 theta: higher order aberrations.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Testing lens for Wavefront errors: interferometer (Twyman Green) :
Siedel and Zernike mathematically describe these wavefront shapes =

Quantified Aberration values!
H/ Reference Mirror
(flat)

Hg lamp |
or laser Collimated Beamsplitter
Beam
f 1] \ - o —
| ~—— Spherical
-| mirror
\ e = T ==
Small hole Lens under
test

Test Wavefront—____

)
[N Reference Wavefront

Note the Double Pass through the lens under test.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Testing lens for Wavefront errors: interferometer (Twyman Green) :
Interferograms:

Interference between reference (flat) wavefront and double pass through
test lens.

Bright Fringe — OPD = +nA
Dark Fringe — OPD ==Z(n+41/2)A

We get Contour Map of OPD. So Contour Map of
2 W (.”1 ]}

the wavefront aberration function.
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Basic Optics : Microlithography

10. Imaging Aberrations, Defocus, and Zernike Polynomials

« Testing lens for Wavefront errors: interferometer (Twyman Green) :

jole

Wavefronts with, 2A of defocus, 2A of defocus plus 3A of tilt, and
mixed aberrations.
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

Wavefront Maps and Profiles for Seidel Aberrations

x-Tilt |2— %, y-Tilt IE_ v. Forus IE_ (xz-l-yzj, x-Coma IE_ X(x2+y2), v-Coma IE_ y(xz-l-yz),
x-Astigmatism IE_ 2, y-Astigmatism IZ— y2 spherical IE_ (x2+y2]2

Aberraton = ZX+2x +z2yv+zv 2 e ez i avye2y xfavh ez ke’

Little of each

H=FProfile (Red), ¥-=-Profile ({(Greesen) Ebherration

-1
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

Wavefront Maps and Profiles for Seidel Aberrations
x—TiltID_ x, '_V—Tiltlﬂ_ v, Ful:us (x24-y2]| xCo @ 4-372} y—Cumalﬂ_ y{xz-l-yzjl

x—Asﬁgmaﬁs@ y—Asﬁg;maﬁ@ Sphe(xl|-y2)2

Alerration= Z2x +2¥ +4 (x" vy e 2x =¥z ®F st

H-Frofile (Red), ¥-Profile {Gresen)

9/11/2004 Optics/Aberrations Steve Brainerd 61



Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

Wavefront Maps and Profiles for Seidel Aberrations
x-Tilt |0 I_ ¥ Tllt v, Focus [§ I_ (x24-y2]| X x{x2+yz} y-Coma |0 I_ y{xz-l-yzjl

x- Asug;maus@ y- Asug;maus@ Sphe(xl|-y2)2

Dherration = 2t +2Y +4(x +Yj+2x(x +Yj+2(x +Yj

H-Profile ({Red), ¥-Profile ({(Green) Aberration

A / D
AN Y

=
-1 -0._5 .5 1
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

e Defocus: 74

Aberration = -2 (X +¥°)

H-Profile ([Red), ¥-Profile (Green) Lberration

- -af. 5 s
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

« YTilt:Z3

Abherration= &7

¥=-Profile (Red), ¥-Profile ({(Green)

-1

Aherration

-0_5 a 0.5 1

-
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

e 3rdgrder X Coma: Z7

. & &
Aherration= ¥ (X +¥F)

¥=-Profile (Red), ¥-Profile (Green) Aherration

1

-1

1
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

« 3" order Astigmatism : Z5

. 4
Aherration= 22X

¥-Profile (Red), ¥-Profile ({Green) Rbherration

1

,
0
ﬁ_r
-0.5
1 | | | —
-1 -0.5 0.5 1
-1 -0._5 1} 0_%

-1
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm
« 3rd order Astigmatism and 45 astigmatism : Z5 and Z6
x-Tilt ID_ x,  y-Tilt ID_ v, Focus ID_ {X2+y2} x-Coma ID_ K(xz-i-yzj yv-Coma ID_ y{x2+y2}
x-Astigmatism |4_ =, y-Astigmatism IE_ y2 Sspherical ID_ (x2+y2)2

. i i
Aberration = 2% +2¥F

¥-Profile (Red), ¥-Profile (Green) Aberration

1
\ / 0.5
0
-o.s
T = = T
1 -0.5 0.5
-1
-1 -0.5 o 0.5 1
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Basic Optics : Microlithography
10. Imaging Aberrations, Defocus, and Zernike Polynomials
http://wyant.optics.arizona.edu/seidelWavefrontMaps/seidel.htm

« 3" order Spherical : Z9

. 3 i, B
Abherration= 2 (X +¥)

¥=Profile (Red), Y-Profile ([Green) Aberration

| = | 1
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