
9/28/03 Brainerd/photoclass/ECE580/Optics/
Optics

1

Basic Optics : Microlithography
Topics Book pages171- 183

• 1. Electromagnetic Radiation
• 2. Refractive Index and refraction
• 3. Optical Path length
• 4. Lens Basics
• 5. Geometrical Optics
• References
• * Elements of Modern Optical Design, Donald C. O’Shea, John Wiley and Sons 1985 
• ISBN 0-471-07796-8 
• Optics, Eugene Hecht,  Addison-Wesley Publishing Co., 1987, ISBN 0-201-11609-X
• * Fundamentals of Optics, Jenkins and White, McGraw-Hill 1976; ISBN 0-07-032330-5
• Websites:
• http://www.ece.arizona.edu/~dial/ece425/notes8.pdf
• http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html
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Basic Optics : Microlithography Topics
http://www.iue.tuwien.ac.at/publications/PhD%20Theses/kirchauer/node17.html#fig::PRprosys

Need to know basic optics to understand how light 
propagates through optic system to form an image in
photoresist.
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Basic Optics : Microlithography
1. Electromagnetic radiation
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Basic Optics : Microlithography
1. Electromagnetic radiation

• Light Sources 

• Light used in lithography is monochromatic with wavelengths of 436 nm and 365 nm ranging in the 
ultraviolet (UV), 248 nm and 193 nm belonging to deep UV (DUV), and 13 nm and below settled in 
the extreme UV (EUV). The monochromaticity stems from the fact that high quality optics can only 
be fabricated for a single wavelength. The type of the light source depends on the used wavelength: 

• High-pressure arc lamps. A typical arc lamp is filled with mercury (Hg) or mercury-xenon (Hg-Xe) 
mixtures at a pressure of 30-40 atm. The distribution of the emitted spectrum depends on the partial 
pressures of Hg and Xe as well as of the total pressure of the discharge plasma. The dominating 
wavelengths range in the UV domain. The most prominent ones are the G-line at 436 nm used for 
features sizes down to 0.8 m, and the I-line at 365 nm with a maximal resolution of 0.35 m. At the 
moment I-line printing is the state of the art technology in industry. Other wavelengths of the 
spectrum have to be filtered out. Thereby the beam intensity is reduced and the exposure time is 
increased. 
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Basic Optics : Microlithography
1. Electromagnetic radiation

• Light Sources

• Excimer lasers. For DUV lithography excimer lasers are the most powerful and brightest light 
sources. A noble gas, e.g., Krypton (Kr) or Argon (Ar), is excited and reacts with a molecule 
composed of two identical atoms like Fluorine (F).b Laser emission occurs through transitions from a
metastable excited state to an unstable ground state. Excimers have a bandwidth of about 1 nm and 
emit strongly in a multimode fashion with relatively poor spatial coherence. This is a crucial 
advantage for lithography applications, because it avoids or at least relaxes the problem of ``speckle.'' 
Speckle means printing of a random pattern caused by phase variations of a narrow linewidth laser 
due to a nonideal optical system. The high-power pulses of excimer lasers allow extremely short 
exposure times (10-20 ns), which increases the throughput. The two most attractive wavelengths are 
248 nm and 193 nm emitted from a KrF- and ArF-laser, respectively. 

• ... Fluorine (F).b

– A molecule with two atoms of the same element is called dimer. The 
name ``excimer'' combines the two words ``excited'' and ``dimer.'' 
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Basic Optics : Microlithography
1. Electromagnetic radiation
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Basic Optics : Microlithography
1. Electromagnetic radiation

http://micro.magnet.fsu.edu/primer/lightandcolor/frequency.html
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Basic Optics : Microlithography
1. Electromagnetic radiation
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Basic Optics : Microlithography
1. Electromagnetic radiation
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Basic Optics : Microlithography
2. Refractive Index and refraction

• Excellent Interactive Java Website: 
http://micro.magnet.fsu.edu/primer/java/scienceopticsu/refraction/index.html

• Refraction Theory describes how light bends when passing from one 
medium to another . Definitions: rare medium = smaller refractive index 
medium; dense medium = larger refractive index medium; 
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Basic Optics : Microlithography
2. Refractive Index and refraction

• Refractive Index: The velocity of light slows down when in enters a denser medium. The 
wavelength λ decreases and the frequency ϖ remains constant as;

•

λ * ϖ =c  and  λm * ϖ =v   meters*cycles/sec =meters/sec =  velocity 
of hυ

•

• Refractive Index: n = c/v =λ/λm
•
• C = velocity of light in vacuum; v = velocity of light in medium of 

refractive index n; λ= wavelength in vacuum; λm = wavelength in 
medium
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Basic Optics : Microlithography
2. Refractive Index and refraction

• Light slows down when it enters a substance, so the refractive index will always be greater than 1. 
Most minerals have refractive indices between 1.32 and 2.40, with values between 1.50 and 1.80

• KEY IDEA: Refraction indices discussed here are assuming no 
Absorption I.e: n = nr = ik ( no k extinction coefficient) The real part only!

• Absorption coefficient: α = 4πk/λ
• See website for table: http://www.geology.wisc.edu/~jill/ri.html
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Basic Optics : Microlithography
2. Refractive Index and refraction

• HOWEVER!!... the refractive index of a mineral is not necessarily the same in all directions. 
characterized by the number of crystallographic axes, and the relationship of the axes to one another. 

• The internal symmetry of a mineral is a reflection of the orientation of atoms into layers.... 
the arrangement of the atoms determines how light interacts with the crystal!! 

• Two basic types of behaviour are exhibited:

1. Isotropic - same properties (refractive index) in all directions exhibit the 
same physical properties regardless of where the light enters the crystal 
material include glasses (e.g., volcanic glass) and all isometric minerals. 

2. Anistropic - different properties (different refractive index) in different 
directions 

Related to birefrigence Anisotropic minerals are divisible into two types:

uniaxial - have two refractive indices (tetragonal and hexagonal system minerals); 

biaxial - characterized by three refractive indices (triclinic, monoclinic and 
orthorhombic system minerals). 

QUESTION: Where are crystals used in photolithography?
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Basic Optics : Microlithography
2. Refractive Index and refraction

Snells law: ( Dutch 1621) defines refection at an interface 
of two mediums with different refractive indices. Very key equation 
used in optical design and ray tracing:

n1sinθ1 = n2sinθ2
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Basic Optics : Microlithography
2. Refractive Index and refraction

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html



9/28/03 Brainerd/photoclass/ECE580/Optics/
Optics

16

Basic Optics : Microlithography
2. Refractive Index and refraction

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

Do you see any problems here?
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Basic Optics : Microlithography
2. Refractive Index and refraction

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

Change refractive index effect.
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion

• Dispersion: refractive index is wavelength dependent: short 
wavelengths have higher refractive index and thus have a higher 
refraction angle. That’s why blue light is closer to the prism than red 
light.
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion

• Dispersion: refractive index is wavelength dependent: short 
wavelengths have higher refractive index and thus have a higher 
refraction angle. That’s why blue light is closer to the prism than red 
light. This dispersion explains chromatic aberration and why the
excimer lasers need tight bandwidths!
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion

• Dispersion: refractive index is wavelength dependent:
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion

• Dispersion: refractive index is wavelength dependent
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion 

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion 

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

• Dispersion: refractive index is wavelength dependent: quantified
with the Abbe numbers ( dispersive index and V-numbers)

F
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Basic Optics : Microlithography
2. Refractive Index and refraction Dispersion 

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

• Dispersion: refractive index is wavelength dependent
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Basic Optics : Microlithography
2. Refractive Index and refraction

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

Total internal reflection when angle refraction = 90o

Critical Angle: Defined as that angle where light is no longer refracted but 
reflected when light propagates from dense to rare mediums.

Snells law : nsinΦ = n’sinΦ’

Let  Φ = 90o then critical angle is

sinΦ’ sinΦc=n’/n
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Basic Optics : Microlithography
3. Optical Path length: Key Concept! 

• Optical path length OPL: Defined as the distance light would travel 
in a vacuum in the same time it takes to travel through a medium of 
thickness d with refractive index n:

• OPL  ∆= nd =λ/λm d

• OPL  ∆= nd + n’d’ + n”d”

A B
n1

n2 n3

Path in medium

Equivalent path in vacuum ∆C D
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Basic Optics : Microlithography
3. Optical path length 

• Refraction and beam shifts relationships:
• Very important idea for image displacements with 

pellicle or parallel plates (focus offset system) in optical 
path. 

• d=(n-1)tθ/n t

n
d
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Basic Optics : Microlithography
3. Optical path length 

• Refraction and parallel plate beam displacement :
•
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Basic Optics : Microlithography
3. Optical path length 

• Refraction and beam shifts relationships:
• Very important idea for image displacements with 

pellicle or parallel plates (focus offset system) in optical 
path.

• Displacement d=(n-1)t/n
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Basic Optics : Microlithography
3. Optical path length 

• Refraction: A lens modifies a wavefront For example 
from planar to spherical. The idea is critical to 
understanding lens aberrations!
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Basic Optics : Microlithography
4. Focal Length

http://micro.magnet.fsu.edu/primer/lightandcolor/refraction.html

Image formation with a simple lens
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Basic Optics : Microlithography
5. Geometrical Optics

• Geometrical Optics: Use rays to locate image plane
• RAYS:
• Focal ray: Ray emitted from off-axis point passing through front focal plane 

of the optical system, Focal ray emerges parallel to optical axis
• Parallel ray: Ray emitted from off-axis point traveling parallel to the optical 

axis. Parallel ray passes through the back focal plane. 
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Basic Optics : Microlithography
5. Geometrical Optics

• Geometrical Optics: Use rays to locate image Plane. 
Apply Snells law at each interface

• RAYS:
• Optical Axis: Line through center of optical system
• Paraxial ray: Rays close to optical axis
• Marginal ray: Ray emitted from off-axis point passing through edge of 

entrance pupil. It defines the numerical. Intersection of marginal ray and 
optical axis define image plane.

• Chief ray: Ray emitted from off-axis point passing through center of optical 
system (center of entrance pupil).Image height is determined by distance of 
chief ray from the optical axis at the image plane.
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Basic Optics : Microlithography
4. Focal Length

• Gauss Thin Lens Equation
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Basic Optics : Microlithography
4. Focal Length

• Gauss Thin Lens Equation Magnification
• i = image side distance from lens
• o = object distance to lens
• hi = height of image
• ho = height of object

• m = i/o = hi / ho

ho
hi
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Basic Optics : Microlithography
4. Focal Length examples
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Basic Optics : Microlithography
4. Focal Length examples



9/28/03 Brainerd/photoclass/ECE580/Optics/
Optics

38

Basic Optics : Microlithography
5. Geometrical Optics

• LaGrange Invariant: Relates marginal ray to chief rays:
• obj = object side
• img = image side
• H = object or image height
• n = refractive index of medium on object side
• u =  angle ray subtends with optical axis from edge of entrance pupil
• NA = nu

• NAobj * hobj = NAimg * himg
• This is a measure of how much information can be transmitted by the optical 

system.

• NAimg * himg is also refered to as the Etendue
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Basic Optics : Microlithography
5. Geometrical Optics
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Basic Optics : Microlithography
5. Geometrical Optics Lens Basics thick lens

Principle points: Where refraction occurs.
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Basic Optics : Microlithography
5. Geometrical Optics Lens Basics
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Basic Optics : Microlithography
5. Geometrical Optics Lens Basics: Thick Lens in air
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Basic Optics : Microlithography
5. Geometrical Optics Pupils

• Pupils and stops: 
Typically circular 
obstructions in optical 
system that limit rays. 

• Define numerical aperture, 
image height, and image 
quality ( limit aberrations).
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Basic Optics : Microlithography
5. Geometrical Optics Pupils

• Pupils and stops:



9/28/03 Brainerd/photoclass/ECE580/Optics/
Optics

45

Basic Optics : Microlithography
5. Geometrical Optics Pupils: Important in optical design
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Basic Optics : Microlithography 5. 
Geometrical Optics Pupils
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Basic Optics : Microlithography
5. Geometrical Optics Pupils
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Basic Optics : Microlithography
5. Geometrical Optics Entrance Pupil defines NA
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Basic Optics : Microlithography
5. Geometrical Optics Exit Pupil

Exit Pupil
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Basic Optics : Microlithography
5. Geometrical Optics Entrance and Exit Pupils
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Basic Optics : Microlithography
5. Geometrical Optics Pupils and stops
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