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Abbe’s method,seesource points in-
tegration

aberration
astigmatism, 141
balancing, 139
coma, 142
defocus,seedefocus
displacement theorem, 135–136
piston, 141
Seidel theory, 133
shamrock, 142
spherical, 143
tilt, 141

absorption coefficient, 14
aerial image, 107
Airy pattern, seediffraction, Fraun-

hofer, circular aperture
alternating phase-shifting mask,seeres-

olution enhancement, alter-
nating phase-shifting mask

angular frequency,seefrequency, an-
gular

aquatic image, 107
astigmatism,seeaberration, astigma-

tism
attenuated phase-shifting mask,seeres-

olution enhancement, atten-
uated phase-shifting mask

attenuation index,seeextinction co-
efficient

auto-coherence function,seecoherence,
spatial, auto-coherence func-
tion

auto-correlation function, 73

balancing,seeaberration, balancing
Bessel function, 47
bias

mask
order equalization, 95

process, 94, 170
binary intensity object, 78
birefringence,seerefraction, double

form, 195
stress, 195

Brewster angle, 115

canonical coordinates, 67
characteristic impedance, 8
characteristic matrix, 120

transverse electric, 120
transverse magnetic, 121

circle function, 207
circular polarization,seepolarization,

circular
coherence

spatial, 58–64
auto-coherence function, 59
coherent, 60
complex degree of coherence,

seecomplex degree of coher-
ence

incoherent, 60
mutual intensity,seemutual in-

tensity
partially coherent, 60

temporal, 58
coherence length, 17
coherence time, 17, 197

249
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quasi-monochromatic light, 14–
18

coherence length,seecoherence, tem-
poral, coherence length

coherence time,seecoherence, tem-
poral, coherence time

coherency matrix,seepolarization, co-
herency matrix

coherent decomposition, 157–159
coma,seeaberration, coma
complex correlation factor,seepolar-

ization, complex correlation
factor

complex degree of coherence, 60, 61
Köhler illumination, 66
quasi-monochromatic light, 60

condenser lens, 65
conductivity, 3
constitutive relations, 3
continuity equation, 2
contrast, 87
coupling image, 107

defocus, 141, 179–181
Rayleigh’s unit, 180

degree of first-order modulation, 85
alternating phase-shifting mask,

88
attenuated phase-shifting mask, 86
off-axis illumination, 85

degree of polarization,seepolariza-
tion, degree of

dielectric constant,seepermittivity
dielectric tensor, 191
diffraction

Fraunhofer, 41–44
annular aperture, 46–49
circular aperture, 46–49, 93
rectangular aperture, 45–46
relationship with transfer func-

tion, 55
scaling, 49

Fresnel, 35–39

pattern,seepoint spread function
Rayleigh-Sommerfeld, 39–41

diffraction focus, 135
direction cosines, 103
dispersion, 17
displacement theorem,seeaberration,

displacement theorem
divergence theorem, 18
dose to clear, 167, 185
dose to harden, 167
dose to print,seeexposure dose
dose variation, 182–183
double refraction,seerefraction, dou-

ble

edge roughness,seemask-edge rough-
ness or line-edge roughness

effective source, 68
eikonal, 20
eikonal equation, 20
elliptic polarization,seepolarization,

elliptic
energy density, 4

geometrical optics, 20
ergodicity, 197
evanescent wave, 116
exposure dose, 167, 185
extinction coefficient, 13

feature, 165
flare, 183–186
flare-amplification factor, 186
fluctuation, 165
focal length, 26
focal plane, 26
focus,seedefocus; diffraction focus
Fraunhofer diffraction,seediffraction,

Fraunhofer
frequency, 10

angular, 10
Fresnel diffraction,seediffraction, Fres-

nel
Fresnel’s formulae, 111–112
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fringe visibility, seecontrast
Fringe Zernike,seeZernike polyno-

mial, Fringe Zernike conven-
tion

Gauss’s law, 18
Green’s function, 34
Green’s theorem, 49
group velocity,seevelocity, group

half-pitch
minimum, 75, 89–90

alternating phase-shifting mask,
89

coherent illumination, 80
general, 77
off-axis illumination, 84
partially coherent illumination,

83
harmonic wave,seewave, harmonic
Hartmann test, 146–147
Hopkins’ approach,seetransmission

cross-coefficient
Huygens-Fresnel principle, 37

illumination
critical, 65
Köhler, 65–67

immersion lithography, 126–127
incoherent,seecoherence, spatial, in-

coherent
inherent variation, 165
intensity

definition, 5
normalization, 55–56

internal reflection,see total internal
reflection

k1, 94
lithography difficulty, 165
mask-error factor, 171
proximity effect, 170

k1half-pitch, 90
lithography difficulty, 165

mask-error factor, 171
proximity effect, 170

k2, 181
Köhler illumination,seeillumination,

Köhler
Kirchhoff’s approximations, 36

latent image, 126
law of reflection, 109
law of refraction,seeSnell’s law
line spread function, 172
line-edge roughness

photoresist, 189
linear polarization,seepolarization,

linear
Lorentz force equation, 3, 97

magnification
angular, 28

immersion, 127
lateral, 26

immersion, 127
longitudinal, 28

immersion, 127
mask-edge roughness, 175
mask-error enhancement factor,seemask-

error factor
mask-error factor, 170–173
material equations,seeconstitutive re-

lations
Maxwell’s equations, 2

integral form, 2
mean-square wavefront deformation,

137
meridional plane, 103
Michelson interferometer, 144
minimum dimension, 75, 90–94
minimum half-pitch,seehalf-pitch, min-

imum
minimum pitch,seehalf-pitch, mini-

mum
mutual coherence function, 59

quasi-monochromatic light, 60
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mutual intensity, 61

Nijboer-Zernike method, 144–146
numerical aperture, 54

obliquity factor, 56–58
immersion, 127

off-axis illumination,seeresolution en-
hancement, off-axis illumi-
nation

Ohm’s law, 3
optical and process correction,seeres-

olution enhancement, optical
and process correction

optical path,seeeikonal
optical proximity correction,seeres-

olution enhancement, optical
and process correction

p-polarization,seepolarization, trans-
verse magnetic

paraxial ray, 24
partial coherence factor, 68
partially coherent,seecoherence, spa-

tial, partially coherent
periodic space, 78
permeability, 3
permittivity, 3

principal, 194
phase error, 174–175
phase velocity,seevelocity, phase
phase-contrast method, 149
phase-edge mask,seeresolution en-

hancement, phase-edge mask
phase-shifting mask,seeresolution en-

hancement
phasor, 11, 12
photoresist roughness,see line-edge

roughness, photoresist
physical optics,seediffraction
piston,seeaberration, piston
pitch,seehalf-pitch
plane of incidence, 108

plane wave,seewave, plane
point spread function, 44,see alsodiffrac-

tion
polarization, 97–102

circular, 98
coherency matrix, 99
complex correlation factor, 99
degree of, 98, 101, 177

upon reflection and transmis-
sion, 114

elliptic, 98
linear, 98
parallel, seepolarization, trans-

verse magnetic
perpendicular,seepolarization, trans-

verse electric
transverse electric, 103, 117

image, 128
transverse magnetic, 103, 117

image, 128
polarization-induced stray light, 107,

128
polarizing angle,seeBrewster angle
Poynting vector, 4

geometrical optics, 20
harmonic wave, 12
plane wave, 8

Poynting’s theorem of energy conser-
vation, 4

principal dielectric constant,seeper-
mittivity, principal

principal permittivity, seepermittiv-
ity, principal

principal propagation velocity,seeve-
locity, principal propagation

process bias,seebias, process
projection lens, 26
proximity effect, 167–170
pupil, 44
pupil function, 52,see alsotransfer

function, coherent
aberration-free, 53
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quadrant function, 158
quarter-wave plate, 243
quasi-monochromatic light,seecoher-

ence, temporal, quasi-mono-
chromatic light

radiation condition,seeSommerfeld
radiation condition

ray aberration, 140
Rayleigh’s resolution,seeresolution,

Rayleigh’s criterion
Rayleigh’s unit,seedefocus, Rayleigh’s

unit
Rayleigh-Sommerfeld diffraction,see

diffraction, Rayleigh-Sommerfeld
reciprocity, 33–34

scalar field, 34
vector field, 34

reduction system, 28
reflection, 108–109
reflection coefficient, 111–112, 122–

123
reflectivity, 113
refraction, 108–109

double, 195
refractive index, 6
relaxation time, 233
resist image, 107
resolution,seealso half-pitch

Rayleigh’s criterion, 75, 93
resolution enhancement

alternating phase-shifting mask,
87, 89

attenuated phase-shifting mask, 85–
87, 94

off-axis illumination, 83–84
optical and process correction, 188
phase-edge mask, 91

s-polarization,seepolarization, trans-
verse electric

Seidel theory of aberrations,seeaber-
ration, Seidel theory

shamrock,seeaberration, shamrock
shot noise, 188
sinc function, 45
Snell’s law, 23, 109
Sommerfeld radiation condition, 36
source points integration, 155–157
speed,seevelocity
spherical aberration,seeaberration, spher-

ical
spherical wave,seewave, spherical
stationarity, 197
Stoke’s theorem, 18
stratified medium, 116
Strehl ratio, 135

telecentricity error, 84, 177
thin lens, 24–26
thin-mask approximation,seethin-object

approximation
thin-object approximation, 159
threshold intensity, 167, 188

relation to exposure dose, 167
tilt, seeaberration, tilt
time-domain finite-difference, 160, 174
total internal reflection, 115–116
transfer function

coherent, 51,see alsopupil func-
tion

incoherent, 73
relationship with Fraunhofer diffrac-

tion pattern, 55
with obliquity factor, 57

transmission coefficient, 111–112, 122–
123

transmission cross-coefficient, 70
computation, 153–155

transmission error, 174–175
transmissivity, 113
transverse electric,seepolarization, trans-

verse electric
transverse magnetic,seepolarization,

transverse magnetic
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van Cittert-Zernike theorem, 63
Köhler illumination, 67

velocity
electromagnetic wave, 6
group, 16, 234
phase, 234
principal propagation, 194

vignetting, 65, 179

wave
equation, 5
harmonic, 9–14
plane, 6–8
spherical, 9

wave equation,seewave, equation
wave number, 10
wavelength, 10

Zernike phase-contrast method,seephase-
contrast method

Zernike polynomial, 137–140
Fringe Zernike convention, 140




