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Introduction to the Series 
 

Welcome to the SPIE Field Guides—a series of publications 
written directly for the practicing engineer or scientist. Many 
textbooks and professional reference books cover optical 
principles and techniques in depth. The aim of the SPIE Field 
Guides is to distill this information, providing readers with a 
handy desk or briefcase reference that provides basic, essential 
information about optical principles, techniques, or 
phenomena, including definitions and descriptions, key 
equations, illustrations, application examples, design 
considerations, and additional resources. A significant effort 
will be made to provide a consistent notation and style 
between volumes in the series. 
 
Each SPIE Field Guide addresses a major field of optical 
science and technology. The concept of these Field Guides is a 
format-intensive presentation based on figures and equations 
supplemented by concise explanations. In most cases, this 
modular approach places a single topic on a page, and provides 
full coverage of that topic on that page. Highlights, insights 
and rules of thumb are displayed in sidebars to the main text. 
The appendices at the end of each Field Guide provide 
additional information such as related material outside the 
main scope of the volume, key mathematical relationships and 
alternative methods. While complete in their coverage, the 
concise presentation may not be appropriate for those new to 
the field. 
 
The SPIE Field Guides are intended to be living documents. 
The modular page-based presentation format allows them to 
be easily updated and expanded. We are interested in your 
suggestions for new Field Guide topics as well as what 
material should be added to an individual volume to make 
these Field Guides more useful to you. Please contact us at 
fieldguides@SPIE.org. 
 
    John E. Greivenkamp, Series Editor 
   Optical Sciences Center 
   The University of Arizona 
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Field Guide to Optical Lithography

The material in this Field Guide to Optical Lithography
is a distillation of material I have been putting together
for the last 20 years or so. I have been subjecting stu-
dents in my graduate-level lithography course at the Uni-
versity of Texas at Austin to my disorganized notes for 14
years, and have published some similar material in my first
book Inside PROLITH and my column in Microlithography
World called “The Lithography Expert.” However, the chal-
lenge here was not in creating the material for the book
but rather deciding what material to leave out and how to
make what remained as condensed as possible. As people
who know me can attest, I am rarely lacking for words and
brevity is not my strong suit (I am a lousy poet). I hope,
however, that the kind reader will forgive me when one
page on a topic of interest does not satisfy—it is an un-
avoidable consequence of the Field Guide format, and my
own limitations as an overly verbose writer.

I thank Jeff Byers, William Howard, and Rob Jones for
their help in reviewing the draft manuscript of this Field
Guide. My many mistakes kept them quite busy.

This Field Guide is dedicated to my wife Susan and our
daughter Sarah, who have taught me that there is indeed
something more fun in this world than lithography.

Chris Mack
chris@lithoguru.com
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S Solvent concentration
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Tm Fourier transform of the mask transmittance
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U Phasor representation of the sinusoidal e-field
v Process variable
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x Normalized concentration of reacted sites in a
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plified resist
Z Zernike polynomial coefficient

α Maximum angle of diffraction captured by a lens;
absorption coefficient

δ Dirac delta function; defocus distance
ε Dielectric constant
θ Angle; polar angle of pupil position; photoresist
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The Lithography Process 1

Definition: Semiconductor Lithography

The fabrication of an inte-
grated circuit (IC) requires a
variety of physical and chem-
ical processes performed on a
semiconductor (e.g., silicon) sub-
strate. In general, the vari-
ous processes used to make an
IC fall into three categories:
film deposition, patterning, and
semiconductor doping. Films of
both conductors (such as polysil-
icon, aluminum, and more re-
cently copper) and insulators (various forms of silicon diox-
ide, silicon nitride, and others) are used to connect and
isolate transistors and their components. Selective doping
of various regions of silicon allows the conductivity of the
silicon to be changed with the application of voltage. By
creating structures of these various components, millions
of transistors can be built and wired together to form the
complex circuitry of a modern microelectronic device. Fun-
damental to all of these processes is lithography, i.e., the
formation of three-dimensional (3D) relief images on the
substrate for subsequent transfer of the pattern to the sub-
strate.

The word lithography comes from the Greek lithos, mean-
ing stones, and graphia, meaning to write. It means quite
literally writing on stones. In the case of semiconductor
lithography, our stones are silicon wafers and our patterns
are written with a light-sensitive polymer called photore-
sist. To build the complex structures that make up a tran-
sistor and the many wires that connect the millions of tran-
sistors of a circuit, lithography and pattern transfer steps
are repeated at least 10 times, but more typically are done
20 to 30 times to make one circuit. Each pattern being
printed on the wafer is aligned to the previously formed
patterns and slowly the conductors, insulators, and selec-
tively doped regions are built up to form the final device.



2 Optical Lithography

Overview of the Lithography Process

Optical lithography is a photographic process by which
a light-sensitive polymer, called a photoresist, is exposed
and developed to form 3D relief images on the substrate. In
general, the ideal photoresist image has the exact shape of
the designed or intended pattern in the plane of the sub-
strate, with vertical walls through the thickness of the re-
sist. Thus, the final resist pattern is binary: parts of the
substrate are covered with resist while other parts are com-
pletely uncovered. This binary pattern is needed for pat-
tern transfer since the parts of the substrate covered with
resist will be protected from etching, ion implantation, or
other pattern transfer mechanism.

The general sequence
of steps for a typical
optical lithography
process is as follows:
substrate prepara-
tion, photoresist spin
coat, prebake, expo-
sure, post-exposure
bake, development,
and postbake. A re-
sist strip is the final
operation in the litho-
graphic process, after
the resist pattern has
been transferred into
the underlying layer
via etching or ion im-
plantation. This se-
quence is generally performed on several tools linked to-
gether into a contiguous unit called a lithographic clus-
ter.
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Processing: Substrate Preparation

Substrate preparation is intended to improve the adhesion
of the photoresist material to the substrate. This is accom-
plished by one or more of the following processes: sub-
strate cleaning to remove contamination, baking to re-
move water, and the addition of an adhesion promoter
to keep water from coming back. Substrate contamina-
tion can take the form of particulates or a film and can
be either organic or inorganic. Particulates result in de-
fects in the final resist pattern, whereas film contamination
can cause poor adhesion and subsequent loss of linewidth
control. One type of contaminant—adsorbed water—is re-
moved most readily by a high-temperature process called a
dehydration bake.

A dehydration bake, as the name implies, removes water
from the substrate surface by baking at temperatures of
200◦C to 400◦C, usually for 30 to 60 minutes. The substrate
is then allowed to cool (preferably in a dry environment)
and coated as soon as possible. A typical dehydration bake,
however, does not completely remove water from the sur-
face of silica substrates (including silicon, polysilicon, sili-
con oxide, and silicon nitride). Surface silicon atoms bond
strongly with a monolayer of water forming silanol groups
(SiOH). The preferred method of removing this silanol is by
chemical means.

Adhesion promoters are used to react chemically with sur-
face silanol and replace the -OH group with an organic
functional group that, unlike the hydroxyl group, offers
good adhesion to photoresist. Silanes are often used for this
purpose, the most common being hexamethyldisilizane
(HMDS). The HMDS can be applied by subjecting the
substrate to HMDS vapor, usually at elevated tempera-
ture and reduced pressure for about 60 s (called a vapor
prime). Performing the dehydration bake and vapor prime
in the same oven gives optimal performance. These vapor
prime ovens are typically integrated into the photoresist
coat/bake tracks.
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Processing: Photoresist Spin Coating

A thin, uniform coating of photoresist at a specific, well-
controlled thickness is accomplished by the process of
spin coating. The photoresist, rendered into a liquid
form by dissolving the
solid components in
a solvent, is poured
onto the wafer, which
is then spun on a
turntable at a high
speed to produce the
film. To achieve the
desired thickness and
uniformity, there is a
choice between static
dispense (wafer sta-
tionary while resist is dispensed) or dynamic dispense
(wafer spinning while resist is dispensed), spin speeds and
times, and accelerations to each of the spin speeds. Also, the
volume of the resist dispensed and properties of the resist
(such as viscosity, percent solids, and solvent composition)
play an important role. Practical aspects of the spin oper-
ation, such as exhaust, temperature and humidity control,
and spinner cleanliness also have significant effects on the
resist film.

The photoresist spin
speed curve is an
essential tool for set-
ting the spin speed
to obtain the desired
resist thickness. The
final resist thickness
varies inversely with
the square root of
the spin speed and is
roughly proportional
to the liquid photore-
sist viscosity.
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Processing: Post-Apply Bake

After coating, the resulting resist film will contain 20–
40% solvent by weight. The post-apply bake process, also
called a softbake or a prebake, involves drying the pho-
toresist after spin coating to remove this excess solvent.
There are four major effects of removing solvent from a pho-
toresist film: (1) film thickness is reduced, (2) post-exposure
bake and development properties are changed, (3) adhe-
sion is improved, and (4) the film becomes less tacky and
thus less susceptible to particulate contamination. Typical
prebake processes leave 3–8% residual solvent in the resist
film, sufficiently small to keep the film stable during sub-
sequent lithographic processing.

For DNQ/Novolak resists, at temperatures greater than
about 70◦C the photosensitive component (DNQ) will be-
gin to decompose. For chemically amplified resists, resid-
ual solvent can significantly influence diffusion and reac-
tion properties during the post-exposure bake, necessitat-
ing careful control over the post-apply bake process. For-
tunately, these modern chemically amplified resists do not
suffer from significant decomposition of the photosensitive
components during prebake.

The most popular bake method uses a hot plate in what is
called proximity baking. The wafer is brought into close
proximity (about a 100 µm gap) to a hot, high-mass metal
plate. Due to the high thermal conductivity of silicon, the
photoresist is heated quickly to near the hot plate temper-
ature (in about 20 seconds).

When the wafer is removed from the hotplate, baking con-
tinues as long as the wafer is hot. The total bake process
cannot be well controlled unless the cooling of the wafer is
also well controlled. As a result, hotplate baking is always
followed immediately by a chill plate operation, where the
wafer is brought in close proximity to a cool plate (kept at
a temperature slightly below room temperature).
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Processing: Alignment and Exposure

Contact and proximity lithography are the simplest
methods of exposing a photoresist through a master pat-
tern called a photomask. Contact lithography offers high
resolution, but mask damage and resulting low yield make
this process unusable in production environments. Proxim-
ity printing reduces mask damage by keeping the mask a
set distance above the wafer (e.g., 20 µm). Unfortunately,
the resolution limit is increased to greater than 2–4 µm.
By far the most common method of exposure is projection
printing, where an image of the mask is projected onto the
wafer by a lens system.

The major classes of projection lithography tools are scan-
ning and step-and-repeat systems. Scanners project a
slit of light from the mask onto the wafer as the mask
and wafer are moved simultaneously by the slit. Step-
and-repeat cameras (called steppers for short) expose the
wafer one rectangular section (called the image field) at
a time. A hybrid step-and-scan approach uses a fraction
of a normal step-
per field (for ex-
ample, 25 mm ×
8 mm), then scans
this field in one di-
rection. The wafer
is then stepped
to a new location
and the scan is re-
peated.
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Processing: Post-Exposure Bake

Monochromatic light, when projected onto a wafer, strikes
the photoresist surface over a range of angles, approximat-
ing plane waves. This light travels down through the pho-
toresist and, if the substrate is reflective, is reflected back
up through the resist. The incoming and reflected light in-
terfere to form a standing wave pattern of high and low
light intensity at different depths in the photoresist. Af-
ter development, this pattern is replicated in the photore-
sist, causing undesirable ridges in the sidewalls of the re-
sist feature. One method of reducing the standing wave ef-
fect is called the post-exposure bake (PEB). The high
temperatures used (100–130◦C) cause diffusion of the pho-
toproducts within the photoresist, thus smoothing out the
standing wave ridges. It is important to note that the detri-
mental effects of high temperatures on photoresist during
post-apply baking also apply to the PEB. The rate of diffu-
sion is dependent on the prebake conditions—the presence
of solvent enhances diffusion during a PEB.

For a conventional resist, the main reason for the PEB is
to remove standing waves. For chemically amplified re-
sists the PEB is an essential part of the chemical reactions
that create a solubility differential between exposed and
unexposed parts of the resist. For these resists, exposure
generates a small amount of a strong acid that does not
itself change the solubility of the resist. During the post-
exposure bake, this photogenerated acid catalyzes a reac-
tion that changes the solubility of the polymer resin in the
resist.
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Processing: Development

Once exposed, the photoresist must be developed. Most
photoresists use aqueous bases as developers. In particu-
lar, tetramethyl ammonium hydroxide (TMAH) is used at
a concentration of 0.26 N. Often, surfactants are included
in the developer to improve wafer wetting during develop-
ment. The characteristics of the resist-developer interac-
tions determine to a large extent the shape of the photore-
sist profile and, more importantly, the linewidth control.

The method of apply-
ing developer to the
photoresist is impor-
tant in controlling the
development unifor-
mity and process lati-
tude. During spin de-
velopment wafers are
spun, using equipment
similar to that used for
spin coating, and de-
veloper is poured onto the rotating wafer. The wafer is also
rinsed and dried while still spinning. Another technique,
spray development, has been shown to have good results
using developers specifically formulated for this dispensing
method. Using a process identical to spin development, the
developer is sprayed (rather than poured) onto the wafer
by using a nozzle that produces a fine mist. This technique
reduces developer usage and gives more uniform developer
coverage. Another in-line development strategy is called
puddle development. Again using developers specifically
formulated for this process, the developer is poured onto a
stationary wafer that is then allowed to sit motionless for
the duration of the development time. The wafer is then
spin rinsed and dried. Note that all three in-line processes
can be performed in the same piece of equipment with only
minor modifications, and combinations of these techniques
are frequently used.
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Processing: Pattern Transfer

A postbake (also called a hard bake) is used to harden the
final resist image so that it will withstand the harsh en-
vironments of pattern transfer. High temperatures (110–
150◦C) crosslink the polymer resin in the photoresist, thus
making the image more thermally stable. If the tempera-
ture used is too high, the resist will soften and flow, caus-
ing degradation of the image. While postbake is common for
Novolak-based resists, 248-nm resists are only a little im-
proved by a postbake, and these bakes are never used for
193-nm resists. Exposure to high-intensity deep-UV light
can be used to crosslink the resin at the surface of the re-
sist forming a tough skin around the pattern, allowing the
photoresist to withstand temperatures in excess of 200◦C.
Plasma treatments and electron beam bombardment have
also been shown to effectively harden photoresist. For 193-
nm resists, no treatment or plasma treatments are the
most common.

After the postbake, the hardened resist is often subjected
to a resist etching step called a descum etch. During
descum, a thin layer (about 20 nm) of the photoresist is
removed. This is principally done to open areas of the
wafer that have been unintentionally covered with small
amounts of resist “scum.” Because photoresists are largely
made of organic compounds, descum is often accomplished
using an oxygen-containing plasma, and is thus similar to
resist stripping or ashing.

After the lithographic printing is complete, the resulting
patterns must be transferred into the substrate. There are
three basic pattern transfer approaches: subtractive trans-
fer (etching), additive transfer (selective deposition), and
impurity doping (ion implantation).

Etching is the selective removal of material from a sur-
face, and is the most common pattern transfer approach.
A uniform layer of the material to be patterned is deposited
on the substrate. Lithography is then performed such that
the areas to be etched are left unprotected (uncovered)
by the photoresist. Etching is performed either with wet
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Processing: Pattern Transfer (cont’d)

chemical baths, or by plasma processing. Because plasma
etching takes place in a dry environment, it is often called
dry etching. In chemical etching (wet or dry), material is
removed by direct chemical reaction between the etchants
and the substrate. Chemical etching, unfortunately, is
isotropic; it removes material from the surface uniformly
in all directions—even from under the photoresist. Dry
sputter etching was developed to alleviate this problem.
The wafer is placed on an electrode in the plasma reactor
where ions extracted from the plasma are directed toward
it at high energy and nearly vertical angles. Material is re-
moved from the surface through mechanical collisions and
is thus highly anisotropic, though not very selective. Using
reactive gases in the plasma reactor gives a combination of
chemical and mechanical etching. This is called reactive
ion etching (RIE), and it gets the best of both behaviors—
selectivity from chemical reactions and anisotropy from
sputtering.

For additive processes, the lithographic pattern is used
to open areas where the new layer is to be grown (by elec-
troplating, in the case of copper). Stripping of the resist
then leaves the new material in a negative version of the
patterned photoresist.

Finally, doping involves the addition of controlled amounts
of contaminants that change the conductive properties of
a semiconductor. Ion implantation uses an accelerated
beam of dopant ions directed at the photoresist-patterned
substrate. The resist blocks the ions, but the areas unpro-
tected by resist are embedded with ions, creating the selec-
tively doped regions.
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Maxwell’s Equations: The Mathematics of Light

Light is an electromagnetic wave with coupled electric
and magnetic fields (E and H) traveling through space.
These fields can interact with a material to give rise to four
other quantities: the electric displacement D, the magnetic
induction B, the electric current density J, and the elec-
tric charge density ρ, as described by Maxwell’s Equations
(shown here in CGS units):

�∇ × �H − 1
c

Ḋ = 4π

c
�J �∇ × �E + 1

c
Ḃ = 0

�∇ · �D = 4πρ �∇ · �B = 0
where c is the speed of light in vacuum and the dot notation
is used for the time derivative. The first two equations show
how a time-varying electric field (or displacement) causes a
change in the magnetic field (or induction). The second two
equations show how static charge affects the electric field
and that there are no magnetic charges. The properties of
the materials involved provide relationships between the
current density and the electric field, the electric displace-
ment and the electric field, and the magnetic induction and
the magnetic field. If the material that the electromagnetic
radiation is propagating through is isotropic, and is mov-
ing slowly relative to the speed of light, and the fields in-
volved are time-harmonic, then the three material equa-
tions become

�J = σ �E, �D = ε�E, �B = µ �H
where σ is the conductivity of the material, ε is its dielec-
tric constant, and µ is the magnetic permeability. Over
the range of electric and magnetic field strengths of interest
here, these three material properties can be considered con-
stants. In general, the materials of interest to the lithogra-
pher are non-magnetic, and µ = 1. Also note that for trans-
parent materials (also called dielectrics), σ = 0. Thus, ab-
sorption in a material is related to the generation of current
density under the influence of an electric field (i.e., conduc-
tion).
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The Plane Wave and the Phasor

A general harmonic electric field E (due to monochromatic
light of frequency ω) at any point P and time t can be de-
scribed by a deceptively simple sinusoidal equation:

E(P, t) = A(P) cos
(
ωt + �(P)

)
where A is the amplitude and � is the phase, both of which
are position dependent, in general. As an example, consider
a “plane wave” of light traveling in the +z direction. The
term plane wave refers to the shape of the wavefront, i.e.,
the shape of the function �(P) = constant. Thus, a plane
wave traveling in the +z direction would require a con-
stant phase in the x-y plane. Such a plane wave would be
described by the equation

E(P, t) = A cos
(
ωt − kz

)
where k is a constant called the propagation constant
or the wave number. Plane waves are especially impor-
tant in optics because more complex wave functions can be
expressed as a superposition of different plane waves.

Although the first equation completely describes an arbi-
trary time-harmonic electromagnetic field, a more compact
representation is possible based on the assumption that the
frequency of the light does not change (a good assumption
under normal optical conditions). A sinusoid can be related
to a complex exponential by

E(P, t) = A(P) cos
(
ωt + �(P)

) = Re
{
U(P)e−iωt}

where
U(P) = A(P)e−i�(P)

and U(P) is called the phasor representation of the sinu-
soidal electric field E(P, t). Notice that this phasor repre-
sentation shows no time dependence. Since the time de-
pendence of the electric field typically does not change as
light travels, interferes, and interacts with matter, phasor
representations have become quite common in the mathe-
matical analysis of optical systems. Fields that satisfy this
assumption are called time-harmonic fields.
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Basic Imaging Theory

A generic projection system consists of a light source,
a condenser lens, the mask, the objective lens, and fi-
nally the resist-coated wafer. The combination of the light
source and the condenser lens is called the illumination
system. The purpose of the illumination system is to de-
liver light to the mask (and eventually into the objective
lens) with sufficient intensity, the proper directionality and
spectral characteristics, and adequate uniformity across
the field. The mask consists of a transparent substrate on
which a pattern has been formed. This pattern changes the
transmittance of the light and in its simplest form is just an
opaque film. The light then passes through the clear areas
of the mask and diffracts on its way to the objective lens.
The purpose of the objective lens is to pick up a portion of
the diffraction pattern and project an image onto the wafer
which, one hopes, will resemble the mask pattern.

However, the objective lens, being only of finite size, cannot
collect all of the light in the diffraction pattern. Typically,
lenses used in microlithography are circularly symmetric
and the entrance to the objective lens can be thought of as a
circular aperture. Only those portions of the mask diffrac-
tion pattern that fall inside the aperture of the objective
lens go on to form the image. The loss of diffraction infor-
mation is the ultimate limiter of image quality and resolu-
tion.
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Diffraction

Diffraction is usually thought of as the bending of light
as it passes by an edge. More correctly, diffraction theory
simply describes how light propagates. This propagation
includes the effects of the surroundings (boundaries).

A simple interpretation of the physical principle behind
diffraction is best captured by Huygen’s Principle: any
wavefront can be thought of as a collection of radiating
point sources. The new wavefront at some later time can
be constructed by summing up the wavefronts from all of
the radiated spherical waves. Joseph Fresnel formed a
mathematical theory of diffraction by turning this summa-
tion into an integral and including the phase of the light
when adding together the propagating spherical waves.
This scalar diffraction theory was put on a more rigorous
footing by the mathematician Gustav Kirchhoff, who re-
quired the diffracting waves to satisfy the Helmholtz equa-
tion and conservation of energy. Fresnel’s formulas are in
fact a simplification of Kirchhoff ’s formulation for the case
when the distance away from the diffracting plane (that is,
the distance from the mask to the objective lens) is much
greater than the wavelength of light. Finally, if the distance
to the objective lens is very large, or if the mask is illumi-
nated by a spherical wave which converges to a point at the
entrance to the objective lens, Fresnel diffraction simplifies
to Fraunhofer diffraction.
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Fraunhofer Diffraction: Examples

For Fraunhofer diffraction, the diffraction pattern (i.e.,
the electric field distribution as it enters the objective lens)
is just the Fourier transform of the mask pattern (the
electric field transmittance of the mask).

Two mask patterns—one an isolated space, the other a se-
ries of equal lines and spaces—result in mask transmit-
tance functions, tm(x), that look like a square pulse and a
square wave, respectively. The Fourier transforms are

Isolated space: Tm(fx) = sin(πwfx)

πfx

Dense space: Tm(fx) = 1
p

∞∑
n=−∞

sin(πwfx)

πfx
δ

(
fx − n

p

)

where δ is the Dirac delta function, w is the spacewidth,
and p is the pitch (the linewidth plus the spacewidth), and
fx is the spatial frequency, a scaled diffraction plane coordi-
nate. The isolated space gives rise to a sinc function dif-
fraction pattern, and the equal lines and spaces yield dis-
crete diffraction orders.

It is interesting to consider how different these two diffrac-
tion patterns are. The isolated space results in a continu-
ous distribution of energy in the form of a sinc function.
The dense array of spaces produces discrete points of light,
whose amplitude follows the sinc function envelope.
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The Numerical Aperture

Light passing through the mask (the object plane) is dif-
fracted at various angles. Given a lens of a certain size
placed at a certain distance from the mask, there is some
maximum angle of diffraction α for which the diffracted
light just makes it into the lens. Light emerging from the
mask at larger angles misses the lens and is not used in
forming the image. The most convenient way to describe
the size of the lens aperture is by its numerical aperture,
defined as the sine of the maximum half-angle of diffracted
light that can enter the lens times the index of refraction of
the surrounding medium: NA = n sinα.

A large numerical aperture means that a larger portion of
the diffraction pattern is captured by the objective lens. For
a small numerical aperture, much more of the diffracted
light is lost. The diffraction pattern for a repeating mask
pattern is a series of discrete diffraction orders. The nu-
merical aperture controls the number of diffraction orders
that are used to form the image, and thus the quality of the
image. For a lens with magnification, there is an object side
and an image side numerical aperture, and the ratio of the
two is the magnification factor.
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Fourier Optics

The goal of imaging is to create an image that resem-
bles the mask pattern. Since diffraction gives the Fourier
transform of the mask, if the lens could give the in-
verse Fourier transform of the diffraction pattern,
the resulting image would resemble the mask pattern.
In fact, lenses are de-
signed to behave pre-
cisely in this way. Does
an ideal lens produce a
perfect image? No. Be-
cause of the finite size of
the numerical aperture,
only a portion of the dif-
fraction pattern enters
the lens. Thus, even an
ideal lens cannot pro-
duce a perfect image un-
less the lens is infinitely
big. Since in the case of
an ideal lens the image is limited only by the diffracted
light that does not make it through the lens, we call such
an ideal system diffraction-limited.

The objective lens pupil function P of an ideal lens sim-
ply describes what portion of light enters the lens: it is one
inside the aperture and zero outside.

P(fx, fy) =



1,
√

f 2
x + f 2

y < NA/λ

0,
√

f 2
x + f 2

y > NA/λ

Thus, the product of the pupil function and the diffraction
pattern (Tm) describes the light entering the objective lens.
Combining this with our description of how a lens behaves
gives us our final expression for the electric field at the im-
age plane (that is, at the wafer):

E(x,y) = F−1{Tm(fx, fy)P(fx, fy)
}
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Spatial Coherence and Oblique Illumination

Spatial coherence describes the range of angles used to
illuminate the mask. Coherent illumination means simply
that the light striking the mask arrives from only one direc-
tion. Generally it is assumed that coherent illumination on
the mask is normally in-
cident. The result is a
diffraction pattern that
is centered in the en-
trance to the objective
lens. What would happen
if we changed the direc-
tion of the illumination
so that the light struck
the mask at some an-
gle θ′? The effect is sim-
ply to shift the position
of the diffraction pattern
with respect to the lens
aperture [in terms of spa-
tial frequency, the amount
shifted is (sinθ′)/λ]. Since
only the portion of the dif-
fraction pattern passing
through the lens aperture
is used to form the image,
it is quite apparent that
this shift in the position of
the diffraction pattern can
have a profound effect on
the resulting image.

Sometimes, tilting the illumination can make the image
better (allowing another diffraction order to enter the lens),
and sometimes it will make the image worse (an order no
longer enters the lens), depending on the pitch of the pat-
tern. Thus, adjusting the tilt of the illumination to improve
printing will be pitch dependent.
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Partial Coherence

Light arriving at the mask from only one angle is called
coherent illumination. If the illumination of the mask is
composed of light coming from a range of angles, the illumi-
nation is called partially coherent. If one angle of illumi-
nation causes a shift in the diffraction pattern, a range of
angles will cause a range of shifts, resulting in broadened
diffraction orders.

One can characterize the range of angles used for the il-
lumination in several ways, but the most common is the
partial coherence factor σ (also called the degree of par-
tial coherence, the pupil-filling function, or just the partial
coherence). The partial coherence is defined as the sine of
the half-angle of the illumination cone divided by the ob-
jective lens numerical aperture. It is thus a measure of the
angular range of the illumination relative to the angular
acceptance of the lens. Finally, if the range of angles strik-
ing the mask extends from −90 to 90◦ (that is, all possible
angles), the illumination is said to be incoherent.

Coherent light has σ = 0, incoherent light has σ = ∞,
with partially coherent being between (although normally
σ < 1).
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Aberrations

An aberration is any deviation from the ideal, “diffraction-
limited” imaging performance of a lens. In practice, aberra-
tions come from three sources—aberrations of design, aber-
rations of construction, and aberrations of use.

An “aberration of de-
sign” does not mean
mistakes or prob-
lems caused by the
designer of the lens.
Aberrations are fun-
damental to the na-
ture of imaging and
it is the goal of the
lens designer to “de-
sign out” as many of
these aberrations as possible. The aberrations of design are
those aberrations, inserted into the imaging system by the
nature of light, that the designer was not able to extract
through clever design.

In terms of geometrical optics, the goal of imaging can be
stated very simply: light emanating in all directions from
some point on the ob-
ject should be collected
by the lens and focused
to its ideal image point.
Thus, a ray of light com-
ing from the object point
should pass through the
lens and arrive at the im-
age point, regardless of
its angle.

Some typical examples of
aberrations are tilt, defocus, coma, astigmatism, spherical
aberration, and chromatic aberration.
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Aberrations: The Zernike Polynomial

The aberration behavior of a lens can be predicted using
lens design software, or measured using interferometry,
resulting in a map
of the phase error
of the light exit-
ing from the lens
for a given point
in the field. Aber-
rations will vary
as a function of
field position, typ-
ically taking 25–
50 measurements
across the field to
fully characterize a
lithographic lens.

For a given point in the field, a map of the phase error
across the exit pupil is curve-fit to a function such as a high-
order polynomial. By carefully choosing the form of the
polynomial, the coefficients themselves can take on phys-
ically meaningful interpretations. By far the most common
such polynomial is the Zernike polynomial. This orthog-
onal polynomial series has an infinite number of terms,
but is typically cut off after 36 terms, with powers of the
relative pupil radius
position and trigono-
metric functions of
the polar angle θ.
The Zernike polyno-
mial is formulated
so that each term
in the expansion
has physical signifi-
cance, such as coma,
spherical, and astig-
matism.
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Aberrations: Zernike Examples

Term Zernike Formula Common Name

Z0 1 Piston

Z1 R cosθ X Tilt

Z2 Rsinθ Y Tilt

Z3 2R2 − 1 Power (focus)

Z4 R2 cos2θ 3rd-Order Astigmatism

Z5 R2 sin2θ 3rd-Order 45◦ Astig.

Z6 (3R2 − 2)R cosθ 3rd-Order X Coma

Z7 (3R2 − 2)Rsinθ 3rd-Order Y Coma

Z8 6R4 − 6R2 + 1 3rd-Order Spherical

Z9 R3 cos3θ 3rd-Order Trefoil

Z10 R3 sin3θ 45◦ Trefoil

Z11 (4R2 − 3)R2 cos2θ 5th-Order Astigmatism
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Chromatic Aberration

Since the index of refraction of all materials varies with
wavelength (a property called dispersion), lens elements
will focus different wavelengths differently. This funda-
mental problem, called chromatic aberration, can be al-
leviated by using two different glass materials with dif-
ferent dispersions such that the chromatic aberrations of
one lens element cancels the chromatic aberrations of the
other. As with all aberrations, this cancellation is not per-
fect, meaning that all lenses will have some level of resid-
ual chromatic aberrations.

The effects of chromatic aberrations depend on two things:
the degree to which the Zernike polynomial coefficients
vary with wavelength (the magnitude of the chromatic
aberrations), and the range of wavelengths used by the
imaging tool. For example, a typical i-line stepper might
use a range of wavelengths on the order of 10 nm, whereas
a KrF-excimer-laser-based deep-UV stepper may illumi-
nate the mask using light with a wavelength range of 1 pm.
A typical deep-UV lens makes no attempt at chromatic cor-
rection since only fused silica is used for all the elements in
the lens. As a result, chromatic aberrations are a concern in
deep-UV lithographic lenses even when extremely narrow
bandwidth light sources are used.

For lenses with no chromatic corrections, the plane of best
focus shifts nearly linearly with changes in wavelength.
Since the center wavelength of most excimer lasers is ad-
justable over a large range, this effect can be readily mea-
sured, with typical KrF lenses showing 100–500 nm of fo-
cus shift for every 1 pm of wavelength shift. Each wave-
length in the laser spectrum will be projected through the
imaging lens, forming an aerial image shifted in focus ac-
cording to the wavelength response characteristic for that
lens. The total aerial image will be the sum of all of the im-
ages from all the wavelengths in the source, resulting in a
final aerial image that is somewhat smeared through focus.
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Horizontal-Vertical (H-V) Bias

H-V bias is the systematic difference in linewidth between
horizontally and vertically oriented resist features that,
other than orientation, should be identical. One main cause
of H-V bias is astigmatism—a difference in best focus as
a function of feature orientation. The pupil phase error due
to 3rd-order astigmatism
is 2πZastigR2 cos2θ. For
a y-oriented vertical pat-
tern the diffraction pat-
tern will spread across
the x-axis of the pupil (θ =
0◦ and 180◦). For horizon-
tally oriented lines, the
diffraction pattern will be
along the y-axis of the
pupil (θ = ±90◦) and the
astigmatism will cause a
phase error of opposite sign compared to the vertical pat-
terns.

The pupil phase error due to defocus is also quadratic with
pupil radius R:

phase error ≈ πδNA2

λ
R2

where δ is the defocus distance, λ is the wavelength,
and NA is the numerical aperture. Thus, astigmatism
will cause the vertically oriented lines to shift best focus,
with the horizontal lines shifting focus by the same mag-
nitude but in the opposite direction. To first order, CD
has a quadratic dependence on focus: CD ≈ CDbest focus +
aδ2, where a is the dose-dependent curvature of the CD-
through-focus curve. If best focus is shifted due to astigma-
tism, we can calculate the CD of the vertical and horizontal
features, and the resulting H-V bias is just the difference
in these two CDs.

H − V bias ≈ 8aδZastigλ

NA2
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Defocus

The impact of focus errors on the resulting aerial image
can be described as equivalent to an aberration of a sort.
By viewing the actual wavefront as having an error in cur-
vature relative to the desired wavefront (i.e., the one that
focuses on the wafer), we can quantify the effect of defo-
cus. The distance between wavefronts is called the optical
path difference (OPD). Describing the position within
the exit pupil by an angle θ, the optical path difference is
given by

OPD = δ(1 − cosθ)

A Taylor expansion in terms of sinθ gives

OPD = δ(1 − cosθ) = 1
2

δ

(
sin2

θ + sin4
θ

4
+ sin6

θ

8
+ · · ·

)

For small angles (that is, small numerical apertures), the
impact of defocus is approximately

OPD ≈ 1
2

δ sin2
θ

Defocus causes a phase error that is zero at the center of
the pupil and approximately quadratic across the pupil.
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Flare

Within a lens, reflections at an interface, scattering caused
by particles or sur-
face roughness, or
scattering caused
by glass inhomo-
geneity all re-
sult in stray light
called flare. De-
fects such as these
occur during lens
manufacturing, or
can arise due to
lens degradation
(aging, contamina-
tion, etc.).

Measuring flare is reasonably straightforward. Consider
the imaging of an isolated island feature whose dimension
is extremely large compared to the resolution limits of the
imaging tool (say, a 100 µm square island in positive re-
sist). In the absence of flare, the imaging of such a large
feature will result in very nearly zero light energy at the
center of the image of the island. The presence of flare, on
the other hand, will provide light to this otherwise dark re-
gion on the wafer. The dose to clear (E0) is defined as the
minimum dose required to completely remove the photore-
sist during development for a large open frame exposure.
A related concept is the island dose to clear (E0−island), the
minimum dose required to completely wash away a large
island structure during a normal development process. By
measuring both of these quantities, the amount of flare can
be determined as

Flare = E0

E0−island

For example, if the dose to clear of a resist is 15 mJ/cm2,
then an imaging tool with 5% flare would mean that a large
island will clear with a dose of about 300 mJ/cm2.
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Vector Nature of Light

Light is an electro-
magnetic wave.
Electric and mag-
netic fields oscil-
late at some char-
acteristic frequency
while traveling at
the speed of light.
These fields have a
magnitude, phase,
and direction. It is
the direction (also
called the polariza-
tion) of the electric
field that defines its
vector nature, and a key property of an electromagnetic
wave is that its electric and magnetic field vectors are at
right angles to each other, and at right angles to the direc-
tion of propagation. Two plane waves, approaching a wafer
at different angles, will interfere to form fringe patterns of
light and dark. The intensity of light I is the square of the
magnitude of the electric field E. If the two electric fields do
not interfere, the total intensity is the sum of the individual
intensities.

I = |E1|2 + |E2|2
If, however, the two electric fields interfere completely, the
total intensity will be

I = |E1 + E2|2
Two electric fields interfere with each only to the extent
that their electric fields oscillate in the same direction. If
the electric fields are at right angles to each other, there
will be no interference. To determine the amount of inter-
ference between two electric fields, one must first deter-
mine the amount of directional overlap between them.

The standard head-to-tail method of geometrically adding
two vectors can be used to determine interference. If the
two vectors are at right angles to each other so that the
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Vector Nature of Light (cont’d)

head-to-tail construction forms a simple right triangle, the
length of the resultant vector is given by the familiar
Pythagorean theorem: the intensities add together (there is
no interference). At the
other extreme (the mid-
dle example in this fig-
ure), two vectors in the
same direction add di-
rectly and the electric
fields will add (they in-
terfere completely). Fi-
nally, the bottom ex-
ample shows an inter-
mediate case. Working
through the trigonome-
try of the vector sum
shows that the portion of
the two vectors that overlap will interfere, and the portion
of the vectors that are at right angles will add in quadra-
ture.

For two plane waves approaching the wafer, the transverse
electric or TE fields (the electric field pointing out of the
page of the drawing) are always 100% overlapped regard-
less of the angle between the plane waves. For the trans-
verse magnetic or TM field (the electric field pointing in
the page of the drawing), the extent of overlap between the
two vectors grows smaller as the angle between the plane
waves grows larger.
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Polarization

The direction of the electric field of an electromagnetic
wave, and how that direction varies in time or space, is
called its polarization. Since an electromagnetic wave
travels through time and space, there are two useful and
equivalent ways of looking at the direction of the electric
field: the variation of the electric field direction in space at
an instant in time, or the variation of the electric field di-
rection in time at a fixed point in space.

The simplest type of polarization is called linear polar-
ization. At an instant in time, the electric field E is always
pointing in one direction for all points in space. At one point
in space, the electric field changes magnitude sinusoidally
through time, but always points in the same direction.

Other types of polarization include circular polarization,
elliptical polarization, and random polarization (often
called unpolarized).
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The Optical Invariant

Snell’s Law says that light traveling through material
1 with refractive index n1
striking a surface with an-
gle θ1 relative to the nor-
mal to that surface will
be transmitted into ma-
terial 2 (with index n2)
at an angle θ2: n1 sinθ1 =
n2 sinθ2. This simple law
applied to a film stack
made up of any number of
thin parallel layers means that Snell’s law can be applied
repeatedly. The quantity n sinθ is invariant as a ray of
light travels through this stack of parallel films.

We find another, related invariant when looking at how an
imaging lens works. The Lagrange invariant (often just
called the optical invariant) relates the angles entering
and exiting the lens to the magnification m:

m = no sinθo

ni sinθi

where no is the refractive index of the media on the object
side and ni is the image side refractive index.

Taking into account the magnification scale factor, the
quantity n sinθ for a diffracted order is constant from the
time it leaves the mask to the time it combines inside the
resist with other diffraction orders to form an image of the
mask.
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Immersion Lithography: Resolution

If the air between the lens and the wafer is replaced with
water, the optical invariant says that the angles of light
inside the resist will be the same. There are two impacts on
lithography: the maximum possible angle of light that can
reach the resist is increased (increasing the maximum po-
tential resolution), and the phase of that light is changed,
causing an improvement in depth of focus.

The maximum value of the optical invariant will be lim-
ited by the material in the film stack above and including
the resist with the smallest refractive index. If one of the
layers is air (with a refractive index of 1.0), this will be-
come the material with the smallest refractive index and
the maximum possible value of the invariant will be 1.0.
If the air is replaced with a fluid of a higher refractive in-
dex, but still smaller than the index of the photoresist, the
maximum possible value of the invariant will be nfluid, and
the maximum possible angle of light inside the resist will
be greater: sinθmax,resist = nfluid/nresist. At a wavelength of
193 nm, resists have refractive indices of about 1.7 and wa-
ter has a refractive index of about 1.44. The fluid does not
make the angles of light larger, but it enables those angles
to be larger. If one were to design a lens to emit larger an-
gles, immersion lithography will allow those angles to
propagate into the resist. The numerical aperture of the
lens (defined as the maximum value of the invariant n sinθ

that can pass through the lens) can be made to be much
larger using immersion lithography, with the resulting im-
provements in resolution one would expect.

Immersion lithography is now in use and is expected to al-
low lenses to be made with numerical apertures greater
than 1.0. Lenses with NAs above 1.2 or 1.3 seem likely. If
an immersion fluid with a refractive index closer to that of
the photoresist can be found, numerical apertures of up to
1.5 might be possible.
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Immersion Lithography: Depth of Focus

For a given diffraction order (and thus a given angle of
the light inside the resist), the angle of the light inside an
immersion fluid will be less than if air were used. These
smaller angles will result in smaller optical path differ-
ences between the various diffracted orders when out of
focus, and thus a smaller degradation of the image for a
given amount of defocus. In other words, for a given feature
being printed and a given numerical aperture, immersion
lithography will provide a greater depth of focus (DOF).
The high NA version of the Rayleigh depth of focus cri-
terion (which assumes we are imaging a small binary pat-
tern of lines and spaces of pitch p) is

DOF = k2

2
λ

nfluid(1 − cosθ)

where nfluid sinθ = λ/p. Combining these equations, one can
see how immersion will improve the depth of focus of a
given small feature:

DOF(immersion)

DOF(dry)
= 1 − √

1 − (λ/p)2

nfluid − √
(nfluid)2 − (λ/p)2
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Standing Waves: Definition

When a thin dielectric film placed between two semi-
infinite media (e.g., a thin coating on a thick substrate in
air) is exposed to monochromatic light, standing waves
are produced in the film. Standing waves occur whenever
two waves, traveling in opposite directions and with a
fixed phase relationship to each other, combine in an in-
terference pattern along the direction of propagation. In
lithography,
light passing
through the
photoresist is
reflected off the
substrate. This
reflected light
wave interferes
with the light
wave traveling
down to pro-
duce the stand-
ing wave pat-
tern.

Standing waves always have a negative impact on lithogra-
phy. If not removed through a post-exposure bake diffusion
process, standing waves will print on the sidewalls of the
photoresist features to cause scalloped edges.



34 Optical Lithography

Standing Waves: Mathematics

Consider the propagation of light (a monochromatic plane
wave of wavelength λ normally incident on the resist)
through a film stack of air (layer 1) on resist (layer 2) on
a substrate (layer 3). The transmission coefficient and
reflection coefficient between layers i and j are given by

τij = 2ni

ni + nj
ρij = ni − nj

ni + nj

where n is the complex refractive index of the material.
A plane wave traveling through material i in the +z di-
rection is

E(z) = e−ikiz = e−i2πniz/λ

The internal transmittance of resist of thickness D is

τD = e−i2πn2D/λ

Thus, an incident wave (Ei) will propagate into and through
the resist (being absorbed along the way), reflect off the
substrate, and bounce up and down inside the resist an infi-
nite number of times, creating the final electric field inside
the resist of

Etotal(z) = τ12Ei(e−i2πn2z/λ + ρ23τ
2
Dei2πn2z/λ)

1 + ρ12ρ23τ
2
D

The relative intensity inside the resist is then given by

I(z) = n2|E(z)|2
n1|Ei|2

The result is a sinusoidal variation of intensity with
Period = λ/2n2. The amplitude of the standing waves is
determined by the reflectivity of the substrate (ρ23) and the
amount of absorption in the resist (e−αD).
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Fresnel Reflectivity

Consider light intersecting the plane interface between two
materials, numbered 1 and 2, with an incident electric field
Ei, a reflected electric field Er, and a transmitted electric
field Et. The transmission and reflection coefficients are
functions of the angle of incidence and the polarization of
the incident light.
If θi is the incident
(and reflected) an-
gle and θt is the
transmitted angle,
then the electric
field reflection and
transmission coeffi-
cients are given by
the Fresnel formu-
lae.

ρ12⊥ = n1 cos(θi) − n2 cos(θt)

n1 cos(θi) + n2 cos(θt)
τ12⊥ = 2n1 cos(θi)

n1 cos(θi) + n2 cos(θt)

ρ12‖ = n1 cos(θt) − n2 cos(θi)

n1 cos(θt) + n2 cos(θi)
τ12‖ = 2n1 cos(θi)

n1 cos(θt) + n2 cos(θi)

where nj = nj + iκj = the complex index of refraction of ma-
terial j. Here, ‖ represents an electric field vector that lies
parallel to the plane defined by the direction of the incident
light and a normal to the material interface. Other names
for ‖ polarization include p polarization and TM (trans-
verse magnetic) polarization. The polarization denoted by
⊥ represents an electric field vector that lies in a plane per-
pendicular to that defined by the direction of the incident
light and a normal to the surface. Other names for ⊥ polar-
ization include s polarization and TE (transverse electric)
polarization. Note that

ρ21 = −ρ12, τ21 = n2 cos(θt)

n1 cos(θi)
τ12
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Swing Curves

Generically, a swing curve is the sinusoidal variation of
some lithographic parameter (e.g., linewidth, dose to clear,
or reflectivity) with resist thickness.

The same thin-film inter-
ference effects that cause
standing waves also give
rise to swing curves. Inter-
ference between Er0 and
Er1 can be constructive or
destructive depending on
the thickness of the resist.
The reflectivity of the film
stack is given by

R = |ρ12|2 + |ρ23|2e−α2D + 2|ρ12ρ23|e−αD cos(4πn2(D/λ) − φ12 − φ23)

1 + |ρ12ρ23|2e−α2D + 2|ρ12ρ23|e−αD cos(4πn2(D/λ) − φ12 − φ23)

From this equation, one can see that swing curves can be
reduced by reducing substrate reflectivity (ρ23) by using a
bottom ARC, reducing resist reflectivity (ρ12) by using a top
ARC, or by increasing resist absorbance (αD) by using a
dyed photoresist.
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Top Antireflective Coatings (TARC)

A top antireflection coating (TARC) can be used to re-
duce swing curves. For simplicity, consider air (layer 1) on
TARC (layer 2) on an infinitely thick photoresist (layer 3).
The filmstack reflectivity is reduced when

Rtotal = |ρtotal|2 =
∣∣∣∣ ρ12 + ρ23τ

2
D

1 + ρ12ρ23τ
2
D

∣∣∣∣
2

= 0 when ρ12 + ρ23τ
2
D = 0

A classic solution to this equation works very well when
the materials 1 and 3 are not very absorbing: τ2

D = −1 and
ρ12 = ρ23. The requirement that τ2

D = −1 means that two
passes of the light through the ARC causes a 180◦ phase
change with no absorption (the magnitude is one). To get
τ2

D = −1, the ARC thickness D must be adjusted to a “quar-
ter wave”:

D = λ

4n2

The requirement that ρ12 = ρ23 will be satisfied when the
index of refraction of the ARC is made to be

n2 = √
n1n3

Further, since the ARC does not absorb (a consequence of
τ2

D = −1), the imaginary part of its index is zero. Thus, the
perfect TARC can only be achieved if both materials 1 and 3
have no imaginary parts to their indices of refraction (i.e.,
when materials in question are transparent). For a resist
with a refractive index of 1.7 at a wavelength of 193 nm
(in air), the optimum TARC will have a refractive index of
about 1.30 and a thickness of 37 nm.

Since in reality, resist will always be somewhat absorbing,
a perfect TARC is not possible. Also, it is very difficult to
find practical materials with refractive indices low enough
to make a nearly ideal TARC. Additionally, top coatings are
also used for environmental protection, keeping airborne
base contaminants away from chemically amplified resists
and water away from immersion resists.
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Bottom Antireflective Coatings (BARC)

Reflections from the substrate can cause unwanted vari-
ations in the resist profile (standing waves) and swing
curve effects. One possible solution is the bottom antire-
flection coating (also called bottom ARC or BARC).

When optimizing a litho process for reflectivity, there are
three basic tasks: 1) optimize the BARC, 2) optimize the re-
sist thickness (from a swing curve perspective), and 3) un-
derstand the sensitivity to BARC, resist, and film stack
variations. For the first task, there are two classes of BARC
problems:

• BARC on metal (absorbing substrate): the goal is to re-
duce the reflectivity (the thickness of the metal or what’s
underneath doesn’t matter)

• BARC on oxide (transparent substrate): reduce the sen-
sitivity to oxide thickness variations (while also keeping
reflectivity low)

There are three
BARC parameters
available for opti-
mization: the thick-
ness of the BARC,
and the real and
imaginary parts of
its refractive index.
For the simplest use
case, a BARC is
given and the goal
is just to optimize
its thickness.

When all three parameters can be optimized, there is a
family of solutions available, given by the equation

D = λ

4πκ2
ln

∣∣∣∣ρ23

ρ21

∣∣∣∣ = λ

4πn2
(θ23 − θ21) where ρij = |ρij|eiθij

The situation is more complicated when non-normal inci-
dence of the light is included.



Photoresist Chemistry 39

Novolak/DNQ Resists

For g-line (436 nm) and i-line (365 nm) lithography, the
most common resists are of the Novolak/DNQ variety.
These positive photoresists (meaning the exposed region
becomes more soluble in developer) are made up of three
major components; a base Novolak resin that gives the re-
sist its structural properties and etch resistance, a pho-
toactive compound or sensitizer called a diazonaphtho-
quinone (DNQ), and a solvent that renders these compo-
nents into liquid form for spin coating.

By themselves, Novolak resins are moderately soluble in
aqueous base developers. But the DNQ acts as a strong
inhibitor to dissolution. Exposure converts the inhibiting
DNQ into a soluble carboxylic acid, rendering the resist sol-
uble in developer.

DNQ molecules are photosensitive in the 350–450 nm
range. Since Novolak resins are reasonably transparent
over this wavelength range as well, the combination makes
for a good resist for g-line and i-line light sources.
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Chemically Amplified Resists

Unlike conventional resists, such as the diazonaphtho-
quinone/Novolak systems, chemically amplified resists
require two separate chemical reactions in order to change
the solubility of the resists. First, exposure turns an aerial
image into a latent image of exposure reaction products
(acids). Although very similar to conventional resists, the
reaction products of exposure for a chemically amplified re-
sist do not significantly change the solubility of the resist.
Instead, a second reaction during a post-exposure bake is
catalyzed by the exposure reaction products. The result of
the post-exposure bake reaction is a change in the solubil-
ity of the resist.

The defining characteristic of a chemically amplified re-
sist is that this reaction is catalyzed by the acid so that
the acid is not consumed by the reaction. A base poly-
mer such as polyhydroxystyrene (PHS) is used that is
very soluble in an aqueous base developer. It is the hy-
droxyl groups that give the PHS its high solubility, so by
“blocking” these sites (by reacting the hydroxyl group
with some longer chain molecule) the solubility can be re-
duced. A t-butoxycarbonyl group (t-BOC) can be used as the
blocker, resulting in a very slowly dissolving polymer. In
the presence of a strong acid and heat, the t-BOC blocked
polymer will undergo acidolysis (a deblocking reaction) to
generate the soluble hydroxyl group.
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Absorption of Light

The basic law of absorption is the empirical Lambert law:

dI
dz

= −αI, which gives I(z) = I0e−αz

where I is the intensity of light traveling in the z-direction
through a medium, and α is the absorption coefficient of
the medium and has units of inverse length. The integrated
form (right equation) is only applicable in a homogeneous
medium (i.e., α is not a function of z).

The propagation of an electric field through some material
can implicitly account for absorption by using a complex
index of refraction n for the material such that n = n − iκ.
The imaginary part of the index of refraction is related to
the absorption coefficient by

α = 4πκ/λ

Beer’s law is much less accurate than Lambert’s law
(though often still useful) and says that for dilute solutions
or mixtures the absorption coefficient is proportional to the
concentration of the absorbing species in the solution.

αsolution = ac

where a is the molar absorption coefficient (sometimes
called the molar extinction coefficient) of the absorbing
species and c is the concentration. The stipulation that the
solution be dilute expresses a fundamental limitation of
Beer’s law. At high concentrations, where absorbing mole-
cules are close together, the absorption of a photon by one
molecule may be affected by a nearby molecule. Since this
interaction is concentration dependent, it causes deviation
from the linear relation. For an N-component homogeneous
solid, the absorption coefficient becomes

αT =
N∑

j=1

ajcj
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Photoresist Bleaching and the Dill Parameters

A resist is made up of a resin R, the photoactive compound
M, the solvent S, and a fourth component that appears dur-
ing exposure: exposure products P generated by the reac-
tion of M with ultraviolet light. Applying Beer’s Law, the
absorption coefficient α is then

α = aMM + aPP + aRR + aSS

If Mo is the initial PAC concentration (i.e., with no UV expo-
sure), the stoichiometry of the exposure reaction gives P =
Mo −M. The absorption coefficient can then be expressed as
α = Am + B where A = (aM − aP)Mo, B = aPMo + aRR + aSS,
and m = M/Mo.

A and B are called the bleachable and non-bleachable
absorption coefficients, respectively, and make up the
first two Dill parameters. Other non-bleachable
components of the
photoresist (such
as a dye) are added
to B.

The quantities A
and B are ex-
perimentally mea-
surable and can
be related to typ-
ical resist ab-
sorbance curves,
measured using
a UV spectropho-
tometer. When the resist is fully exposed, M = 0 and
αexposed = B. Similarly, when the resist is unexposed, m = 1
(M = Mo) and αunexposed = A + B. From this, A may be found
by A = αunexposed − αexposed. Thus, A(λ) and B(λ) may be de-
termined from the UV absorbance curves of unexposed and
completely exposed resist.
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Exposure Kinetics

The absorption of UV light by the photoactive com-
pound (PAC) leads to the chemical conversion of PAC M
to exposure product P.

M
UV−→ P

This concept is stated in the first law of photochemistry:
only the light that is absorbed by a molecule can be effective
in producing photochemical change in the molecule. Simple
kinetics can be applied to the proposed mechanism assum-
ing first order reactions.

dm
dt

= −CIm

where the relative PAC concentration m (= M/Mo) has
been used and C is the standard exposure rate constant and
the third Dill parameter. A more thorough microscopic
analysis of the exposure process allows this exposure rate
constant to be broken down into the product of the absorp-
tion cross-section of the PAC and the quantum yield of the
reaction (the fraction of absorbed photons that produce the
chemical change, �):

C = �aMλ

NAhc

where NA is Avogadro’s number, h is Planck’s constant, and
c is the speed of light.

A solution to the exposure rate equation is simple if the
intensity within the resist is constant throughout the expo-
sure (no photoresist bleaching):

m = e−CIt

This result illustrates an important property of first-
order kinetics called reciprocity. The amount of chemi-
cal change is controlled by the product of light intensity
and exposure time, called the exposure dose or exposure
energy.
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Measuring the Dill ABC Parameters

The photoresist to be measured is coated on a non-reflecting
transparent substrate. The resist is then exposed by a nor-
mally incident parallel beam of light at the wavelength of
measurement. At the same time, the intensity of the light
transmitted through the substrate is measured continu-
ously. The output of the experiment, transmitted intensity
as a function of exposure time, is then analyzed to deter-
mine the resist ABC parameters.

Note that the effectiveness of this measurement technique
rests with the nonzero value of A. If the photoresist does
not change its optical properties with exposure, measuring
transmittance will provide no insight on the exposure reac-
tion.

The ABC parameters can be obtained from the transmit-
tance curve by measuring the initial transmittance T(0),
the final (completely exposed) transmittance T(∞), the ini-
tial slope of the curve, and resist thickness D.

A = 1
D

ln
(

T(∞)

T(0)

)
, B = − 1

D
ln

(
T(∞)

T12

)

C = A + B
AT(0){1 − T(0)}T12

dT
dE

∣∣∣∣
E=0

, T12 = 1 −
(

nresist − 1
nresist + 1

)2
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Chemically Amplified Resist Kinetics

Chemically amplified resists require two separate chem-
ical reactions in order to change the solubility of the resists.
First, exposure turns an aerial image into a latent im-
age of exposure reaction products with first-order kinetics
identical to conventional resists. A second deblocking re-
action during a post-exposure bake is catalyzed by the acid
exposure reaction product. Using M as the concentration
of some reactive site, these sites are consumed (i.e., are
reacted) according to kinetics of first order in acid concen-
tration H and first order in M:

dM
dt′

= −kMH

where k is the amplification rate constant and t′ is the bake
time. Assuming H is constant, this equation can be solved
for the concentration of reacted sites X :

X = Mo − M = Mo
(
1 − e−kHt′)

It is useful here to normalize the concentrations to initial
values. This results in a normalized acid concentration h
and normalized reacted and unreacted sites x and m:

h = H
Go

x = X
Mo

m = M
Mo

h = 1 − e−CIt m = 1 − x = e−Kampt′h

where Kamp = Gok and Go is the initial PAG concentration.
The result of the PEB is an amplified latent image m(x),
corresponding to an exposed latent image h(x), resulting
from the aerial image I(x).

Consider the quite common case of a small exposure dose
(It � 1/C) so that the amount of acid generated is small.

h ≈ CIt and m = 1 − x ≈ e−Kampt′CIt

If we define the thermal dose as Kampt′/C, then there is a
reciprocity between exposure dose and thermal dose.
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Diffusion in Chemically Amplified Resists

For chemically amplified resists, the photogenerated
acid and the base additives diffuse during the post-exposure
bake. In one dimension, the standard diffusion equation
(taking acid diffusion as the example) is

∂H
∂t′

= ∂

∂z

(
DH

∂H
∂z

)

where DH is the diffusivity of acid in the photoresist. Solv-
ing this equation requires two boundary conditions for each
dimension, one initial condition, and a knowledge of the dif-
fusivity as a function of position and time.

The diffusivity is a strong function of temperature and,
most probably, the extent of amplification. Since the tem-
perature is changing with time during the bake, the dif-
fusivity will be time dependent. The concentration depen-
dence of diffusivity results from an increase in free volume
for typical positive resists: as the amplification reaction
proceeds, the polymer blocking group evaporates resulting
in a decrease in film thickness but also an increase in free
volume (and probably a change in the glass transition tem-
perature as well). Since the acid concentration is time and
position dependent, the diffusivity must be determined as
a part of the overall reaction kinetics solution.

The temperature dependence of the diffusivity can be ex-
pressed in a standard Arrhenius form:

DH(T) = Are−Ea/RT

where Ar is the Arrhenius coefficient, Ea is the activation
energy, R is the universal gas constant (1.98717 cal/mole-
◦C or 8.31431 J/mole-◦C), and T is absolute temperature. In
general, the activation energy of diffusion will differ from
the reaction activation energies, making the balance be-
tween reaction and diffusion very sensitive to PEB temper-
ature.
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Acid Loss Mechanisms

Through a variety of mechanisms, acid formed by exposure
of the resist film can be lost and thus not contribute to the
catalyzed reaction to change the resist solubility. There are
two basic types of acid loss—loss that occurs between ex-
posure and post-exposure bake, and loss that occurs dur-
ing the post-exposure bake. The first type of loss leads to
post-exposure delay time effects—the resulting lithog-
raphy is affected by the delay time between exposure and
post-exposure bake. The typical mechanism for delay-time
acid loss is the diffusion of atmospheric base contaminants
into the top surface of the resist. Another possible delay-
time acid loss mechanism is base contamination from the
substrate.

Acid loss during the PEB could occur by other mechanisms.
For example, as the acid diffuses through the polymer, it
may encounter sites that “trap” the acid, rendering it un-
usable for further amplification. Acid can also be lost at the
top surface of the resist due to evaporation. The amount
of evaporation is a function of the size of the acid and the
degree of its interaction with the resist polymer.

Most modern formulations of chemically amplified resists
include the addition of a base quencher. Loaded at con-
centrations of 5–20% of the initial PAG loading, this base
quencher is designed to neutralize any photogenerated acid
that comes in contact with it. The main purpose of the base
quencher is to neutralize the low levels of acid that might
diffuse into the nominally unexposed regions of the wafer,
thus making the final resist linewidth less sensitive to acid
diffusion.
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Post-Apply Bake Effects

Baking a resist may have many purposes, from removing
solvent to causing chemical amplification. In addition to
the intended results, baking may also cause numerous un-
intended outcomes. For example, the light-sensitive compo-
nent of the resist may decompose at temperatures typically
used to remove solvent. The solvent content of the resist
can impact diffusion and amplification rates for a chemi-
cally amplified resist. And all aspects of baking will proba-
bly affect the dissolution properties of the resist.

For conventional resists, sensitizer decomposition dur-
ing post-apply bake (PAB) can be significant but can be
monitored as a change in the bleachable absorption coeffi-
cient A. For chemically amplified resists, the PAG does not
readily decompose.

Residual solvent in the film after baking can have two sig-
nificant effects on the lithographic performance of a pho-
toresist. Residual solvent increases the free volume and
thus the diffusivity of acid during PEB. For a chemically
amplified resist, especially when baking in a diffusion-
controlled temperature regime, this increase in acid dif-
fusivity can have quite a large impact. Secondly, residual
solvent can im-
pact resist disso-
lution rates, af-
fecting both the
average dissolu-
tion rate and the
variation of disso-
lution rate with
exposure dose.
Also, solvent pro-
files with depth
into the resist can
cause surface in-
hibition during
development.
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Photoresist Development Kinetics

The chemistry of photoresists is designed to turn a spa-
tial distribution of energy (the aerial image) into a spatial
distribution of resist solubility. Ultimately, the dissolution
process turns the continuous energy distribution of the pro-
jected aerial image into a binary resist image: either the
resist is dissolved or it remains on the wafer.

Photoresist dissolution involves three processes: diffu-
sion of the active component of the developer from the bulk
solution to the surface of the resist, reaction of the devel-
oper with the resist, and diffusion of the product back into
the solution. A simple but useful kinetic model is called the
Mack 4-parameter dissolution rate model:

r = rmax
(a + 1)(1 − m)n

a + (1 − m)n +rmin where a = (n + 1)

(n − 1)
(1−mTH)n

where mTH is the threshold inhibitor concentration, rmax is
the dissolution rate of fully exposed resist, rmin is the dis-
solution rate of unexposed resist, and n is the dissolution
selectivity parameter controlling the contrast of the resist.
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Surface Inhibition

The basic kinetics of dissolution give the development rate
of the resist as a function of the photoactive compound con-
centration remaining after the resist has been exposed to
UV light. The most notable deviation from the kinetic the-
ory is the surface inhibition effect. The inhibition, or sur-
face induction, effect is a decrease in the expected devel-
opment rate at the surface of the resist.

Several factors have been found to contribute to the surface
inhibition effect. Baking of the photoresist can produce sur-
face inhibition, and two possible mechanisms are thought
to be likely causes. One possibility is an oxidation of the
resist at the resist surface, resulting in reduced develop-
ment rate of the oxidized film. Alternatively, the induction
effect may be the result of reduced solvent content near the
resist surface, which also results from baking the resist.
Quite commonly, surface inhibition can be induced with the
use of surfactants in the developer. Chemically amplified
resists open a wide array of mechanisms for surface inhi-
bition due to reduced amplification near the resist surface
(caused, for example, by acid evaporation, base contamina-
tion, or reduced acid diffusion in the low solvent surface
region).

Slower development of the top of the resist can lead to less
resist loss for lines
and profiles with
sharper, more
square tops. Proper
magnitude and
depth of surface in-
hibition can be used
to counteract ef-
fects of absorption.
Too much inhibition
can lead to T-top-
shaped profiles and
a loss of linewidth
control.
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Developer Temperature and Concentration

The temperature of the developer solution during devel-
opment can have a significant impact on resist perfor-
mance. The speed (i.e., overall development rate) varies
in a complicated way with temperature, usually resulting
in the counter-
intuitive result
of a “faster”
resist process
(i.e., a process
requiring lower
exposure doses)
at lower de-
veloper tem-
peratures. The
shape of the de-
velopment rate
versus dose (or
versus sensi-
tizer concentration) curve will also vary considerably with
temperature, leading to possibly significant performance
differences. Since tight control of developer temperature is
necessary, most development is done close to room temper-
ature for easier control.

As one would expect, developer normality (the concentra-
tion of base) also impacts dissolution rates greatly. In gen-
eral, higher normality produces higher dissolution rates.
The important dissolution selectivity parameter n(which is
proportional to resist contrast) tends to have an optimum,
essentially going to zero at very high and very low normal-
ities. The combined impact of temperature and normality
on the dissolution selectivity n is quite complicated. A so-
lution of 0.26N (2.38 weight percent) TMAH in water has
become an industry standard, used by almost all resists. It
is not at all clear that this is the optimum normality for
every resist, but most resists have been designed with this
normality in mind.
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The Development Path

The development path can be generated by tracing
the position of the resist surface through the develop-
ment time. The path must always be perpendicular to the
surface of the resist throughout the development cycle.
Although the path be-
gins vertically (since
the resist surface is
horizontal), a photore-
sist image is formed
when the path turns to
a nearly horizontal di-
rection (for a 90◦ side-
wall, the end of the
path must be horizon-
tal). It is the behavior
of the horizontal part of
the development path that determines the behavior of the
resist profile (including the final dimension of the feature
and the resist sidewall angle). As one might expect, the hor-
izontal path is strongly affected by the exposure dose vari-
ation caused by the aerial image.

Good profile control is obtained when the development rate
at the beginning of the path is much greater than the devel-
opment rate at the end of the path. In other words, think-
ing of the path as segmented into vertical followed by hor-
izontal development, good development spends very little
time developing vertically, and most of the total develop-
ment time going horizontally. To a good approximation, in
the absence of surface inhibition, the final sidewall angle
θ can be related to the development rates at the beginning
and end of the path by

cosθ ≈ rate at path end
rate at path start
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NILS: The Normalized Image Log-Slope

The transition from bright to dark within an aerial image
is the source of the information as to where the photore-
sist edge should be. The steeper the intensity transition,
the better the edge definition of the image, and as a result
the better the edge definition of the resist pattern. If the
lithographic property of concern is the control of the pho-
toresist linewidth, then the image metric that affects this
lithographic result is the slope of the aerial image intensity
near the desired photoresist edge (dI/dx). However, to be
useful it must be properly normalized. Dividing the slope
by the intensity will normalize out the effect of dose. The
result is called the image log-slope (ILS):

Image Log-Slope = 1
I

dI
dx

= d ln(I)
dx

where this log-slope is measured at the nominal (desired)
line edge position.

Since variations in the photoresist edge positions (line-
widths) are typically expressed as a percentage of the nomi-
nal linewidth, the position coordinate x can also be normal-
ized by multiplying the log-slope by the nominal linewidth
w to give the normalized image log-slope (NILS).

NILS = w
d ln(I)

dx
The NILS is usually the best single metric to judge the
lithographic usefulness of an aerial image.
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NILS: The Log-Slope Defocus Curve

Since the NILS is
a measure of image
quality, it can be used
to investigate how op-
tical parameters af-
fect image quality.
One of the most obvi-
ous examples is defo-
cus. The effects of fo-
cus on an image are
quite familiar: as an
image goes out of fo-
cus, it gets blurry.
Specifically, the edges become blurred so that it is harder
to distinguish the exact point where the image transitions
from bright to dark. In other words, the slope of the aerial
image at the edge between bright and dark features (the
NILS) is reduced as we go out of focus.

By plotting NILS versus focus, the sensitivity of the im-
age to defocus can be quantified. An estimate of the min-
imum acceptable NILS (the smallest value of NILS that
still allows the feature
to be printed with ac-
ceptable quality) can
lead to an estimate of
the depth of focus. Us-
ing the log-slope defo-
cus curve, image pa-
rameters (for example,
numerical aperture or
partial coherence) can
be optimized for maxi-
mum depth of focus.
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NILS: Image Optimization

To see how the log-slope defocus curve can be used to
understand imaging, consider the effects of wavelength and
numerical aperture on the focus behavior of an aerial im-
age. The first figure shows how the NILS of a 0.25 µm
line-space pattern de-
grades with defocus
for three different
wavelengths (365 nm,
248 nm, and 193 nm).
It is clear from the plot
that the lower wave-
length provides better
image quality for the
useful range of defo-
cus. For a given mini-
mum acceptable value
of NILS, the lower
wavelength will allow
acceptable performance over a wider range of focus.

The impact of numerical aperture (NA) is a bit more
complicated. The log-slope defocus curves for three dif-
ferent numerical apertures (again, a 0.25 µm line-space
pattern is shown here)
cross each other. If
one picks some mini-
mum acceptable NILS
value, there will be
an optimum NA that
gives the maximum
depth of focus (for
example, a minimum
NILS value of 2.5 has
the best depth of focus
when NA = 0.6).



56 Optical Lithography

NILS: Exposure Optimization

The aerial image, through the process of exposure, trans-
fers its information into a latent image, a spatial distri-
bution of exposed and unexposed resist. For a resist with
first-order kinetics whose optical properties do not change
with exposure dose (commonly the case for chemically am-
plified resists), the latent image m(x,y, z) is related to the
aerial image I(x,y) by

m(x,y, z) = e−CEzI(x,y)

where C is the exposure rate constant and Ez is the expo-
sure dose at a depth z into the resist that would result for
an open frame exposure of incident dose E.

The slope or gradient of the latent image is a good metric of
latent image quality. By taking the derivative of the above
equation,

∂m
∂x

= m ln(m)
∂ ln I
∂x

Thus, the latent image gradient is directly proportional
to the image log slope (and thus the normalized latent
image gradient is proportional to NILS).

The term m ln(m) is exposure dependent (m being the rel-
ative amount of resist sensitizer that has not been exposed
at the point where the latent image gradient is being de-
scribed). A plot of −m ln(m) versus m shows that there
is one exposure dose (one value of m) that will maximize
the latent image quality. When m = e−1 ≈ 0.37, the value of
−m ln(m) reaches its maximum and the full information of
the aerial image is transferred into the resist during expo-
sure.

Often, dose is used as just a “dimension dial,” adjusting
dose to obtain the desired feature size. If the dose is near
the optimum, this approach is valid. If, however, the dose
used is significantly off from optimum (say, very underex-
posed), changing dose will affect both dimension and over-
all latent image quality.
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NILS: PEB Optimization

Diffusion during PEB will spread out the latent image, de-
grading the information present in the image and decreas-
ing the gradient near the line edge. The change in the la-
tent image gradient (LIG) due to diffusion can be de-
scribed approximately by

∂m∗

∂x
≈ ∂m

∂x
e−σ2π2/2L2

where σ is the diffusion length and L is a character-
istic length related to the width of the edge region (the
range over which the original latent image gradient is
nonzero). For a pattern of small lines and spaces, L is
about equal to the half pitch of the pattern. Obviously,
increased diffusion (in-
dicated by a larger dif-
fusion length) results
in a greater degrada-
tion of the latent image
gradient. Also, smaller
features (smaller values
of L) are more sensi-
tive to diffusion, show-
ing a greater fractional
decline in the latent im-
age gradient for a given
diffusion length.

For chemically amplified resists, diffusion during PEB
is accompanied by a reaction that changes the photogener-
ated acid latent image into a latent image of blocked and
deblocked polymer. Since reaction and diffusion occur si-
multaneously, rigorous evaluation of the impact on the la-
tent image gradient requires full lithography simulation
approaches. However, a simple approach can give impor-
tant insights into the trade-offs.

Ignoring acid loss before or during the PEB, a simple mech-
anism for a first-order chemical amplification gives

m∗(x) = e−α[1−m(x)]
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NILS: PEB Optimization (cont’d)

where α is the amplification factor, proportional to the PEB
time and exponentially dependent on PEB temperature.
For a given level of required amplification, thermal and ex-
posure doses can be exchanged so long as α(1 − m) is kept
constant. The gradient of this new latent image after am-
plification is then

∂m∗

∂x
= −m∗ ln(m∗)

(
1

1 − m
∂m
∂x

)

= −m∗ ln(m∗)
[

m ln(m)

1 − m

]
∂ ln I
∂x

For a given latent image after exposure [given m(x)], the
optimum latent image after amplification occurs when
m∗ = e−1, giving α(1 − m) = 1.

If we approximate the actual reaction-diffusion system
with a simplified acid diffusion (without reaction) followed
by amplification (without diffusion) mechanism, the solu-
tion can be easily found by combining the above equations
and setting the exposure dose to be always adjusted to give
the optimum final gradient for any amount of amplification
[i.e., by setting α(1 − m) = 1]. The result is an optimum
amount of bake that balances the benefits of more amplifi-
cation with the detriments of more diffusion.
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NILS: Development Optimization

The fundamental chemical response of interest is the
change in dissolution rate as a function of the exposure
dose seen by the resist. A plot of development rate R ver-
sus exposure dose E on a log-log scale is called a Hurter-
Driffield (H-D) curve and allows for the definition of the
photoresist contrast, γ. Quite simply, the photoresist
contrast is the maximum slope of the development rate H-D
curve.

γ ≡ ∂ lnR
∂ ln E

∣∣∣∣
max

To be a bit more
general, a photore-
sist contrast func-
tion γ(E) can be de-
fined as the slope
of the H-D curve at
any point.

The photoresist
contrast is a mea-
sure of the discrim-
ination of the resist
with respect to ex-
posure. Higher con-
trast means that
a given change in
dose will result in
a greater change in development rate. This point can be
seen clearly using the lithographic imaging equation,
derived from the definition of photoresist contrast:

∂ lnR
∂x

= γ(E)
∂ ln I
∂x

The contrast turns the image log-slope into a gradient of
development rate.
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NILS: Total Process Optimization

It is useful to think about lithography as a sequence of
information transfer steps. A designer lays out a desired
pattern in the form of simple polygon shapes. This layout
data drives a mask writer so that
the information of the layout be-
comes a spatial variation of trans-
mittance (chrome and glass, for ex-
ample) of the photomask. Next, the
mask is used in a projection imag-
ing tool to create an aerial image
of the mask. However, due to the
diffraction limitations of the wave-
length and lens numerical aper-
ture, the information transmitted
to the wafer is reduced. The aerial
image, through the process of exposure, transfers its infor-
mation into a latent image, followed by PEB, development
and etch. At each step of the process, information is lost.

Process Step Information Information Metric

Design Polygons, binary

Mask Amplitude transmit-
tance, tm(x,y)

Aerial Image I(x,y) NILS

Image in Resist I(x,y, z) NILS

Exposure Latent Image
m(x,y, z) (before
PEB)

Latent image gradient

Post-exposure
Bake

Latent Image
m∗(x,y, z) (after PEB)

Latent image gradient

Development Development Rate
R(x,y, z) + Resist
Profile (CD, sidewall
angle, resist loss)

Develop rate gradient,
gamma, exposure
latitude
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Defining Photoresist Linewidth

A cross-section of a photoresist profile has, in general,
a very complicated 2D shape. In order to compare the
shapes of two different profiles, one must find a conve-
nient description for the shapes of the profiles that some-
how reflects their salient qualities. The most common
description is to model
the resist profile as a
trapezoid. Thus, three
numbers can be used to
describe the profile: the
width of the base of the
trapezoid (linewidth w),
its height (profile thick-
ness D), and the angle
that the side makes with the base (sidewall angle θ). Ob-
viously, to describe such a complicated shape as a resist
profile with just three numbers is a great, though neces-
sary, simplification. The key to success is to pick a method
of fitting a trapezoid to the profile that preserves the impor-
tant features of the profile, is numerically practical, and as
a result is not overly sensitive to slight changes in the pro-
file.

The trapezoidal feature model can cause an inherent uncer-
tainty in the measurement of a resist feature whenever the
actual resist shape differs significantly from a trapezoid, as
is often seen when imaging out of focus.
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Critical Dimension Control

Fundamentally, errors in the final dimension of a feature
are the result of errors in the tools, processes, and materi-
als that affect the final critical dimension (CD). Suppose
the influence of each input variable on the final CD were
expressed in a mathematical form, such as

CD = f (v1,v2,v3, . . .)

where vi are the input (process) variables. Given an error
in each process variable �vi, the resulting CD error can
be computed from a Taylor expansion. Ignoring the higher-
order terms (that is, assuming a linear response), as well
as the cross terms,

�CD = �v1
∂CD
∂v1

+ �v2
∂CD
∂v2

+ · · ·
Each �vi represents the magnitude of a process error.
Each partial derivative ∂CD/∂vi represents the process
response, the response of CD to an incremental change
in the variable. This process response can be expressed in
many forms; for example, the inverse of the process re-
sponse is called process latitude.

The linear error equation above can be modified to account
for the nature of the errors at hand. In general, CD errors
are specified as a percentage of the nominal CD. For such
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Critical Dimension Control (cont’d)

a case, the goal is usually to minimize the relative CD error,
�CD/CD:

�CD
CD

= �v1
∂ ln CD

∂v1
+ �v2

∂ lnCD
∂v2

+ · · ·
Also, many sources of process errors result in errors that
are a fraction of the nominal value of that variable (for ex-
ample, illumination nonuniformity in a stepper produces a
dose error that is a fixed percentage of the nominal dose).
For such error types, it is best to use a relative process er-
ror, �vi/vi:

�CD
CD

= �v1

v1

∂ ln CD
∂ ln v1

+ �v2

v2

∂ ln CD
∂ ln v2

+ · · ·
These equations are simple, but reveal a very important
truth about error propagation and the control of CD. There
are two distinct ways to reduce �CD: reduce the mag-
nitude of the individual process errors (�vi), or reduce
the response of CD to that error (∂CD/∂vi). Reducing
the magnitude of process errors is generally considered a
process control activity. Reducing the process response is
a process optimization activity.

A note of caution: the derivation of the above equations
assumed that the process errors were small enough to be
linear and independent in their influence on CD. This will
not always be the case in a real lithographic process. One
need only consider the two variables of focus and expo-
sure to see that the response of CD is certainly nonlinear
and the two variables are highly dependent on each other.
Usually, a linear expansion is most useful as a guide to
understanding rather than as a computational tool.
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Critical Dimension Control: Effect on Devices

A classic example of the influence of CD control is at
the polysilicon gate level of standard CMOS logic devices.
Physically, the polysilicon gate linewidth controls the effec-
tive gate length Leff , which is directly proportional to the
switching time of the transistor. Thus, narrower gates tend
to make transistors that can switch on and off at higher
clock speeds. But transistors are designed for a specific gate
length. As the gate length gets smaller than this designed
value, the transistor “leaks” current when it should be off,
causing an increase in power consumption.

When printing a chip with millions of transistor gates, the
gate lengths take on a distribution of values across the chip.
This across-chip linewidth variation (ACLV) produces
a range of transistor behaviors. The overall speed with
which an operation can be performed (i.e., the fastest clock
speed) is limited by the slowest (largest gate CD) transistor
in the critical path for that operation. On the other hand,
the reliability of the chip is limited by the smallest gate
CDs on the chip due to leakage current resulting in high
power consumption.



Lithography Control and Optimization 65

Overlay Control

An integrated circuit is built up layer by layer to create
a complex, 3D structure of many different materials. Any-
where from 20 to 30 separate lithography steps are per-
formed on a wafer to create a modern chip. When printing
a small pattern, one must not only get the size of that fea-
ture correct, one must place that feature on the wafer at
just the right spot so that it can work correctly with the
patterns defined by previous lithography steps. Overlay is
the measure of how well one pattern is placed on a wafer
relative to a previously defined pattern.

Overlay errors have a definite impact on how small we can
make the circuit device. Given a certain expected amount
overlay error, the chip must be designed with enough room
between the various components in order to tolerate these
errors without causing device failure. As a result, the tran-
sistors are not as small and are not packed as tightly to-
gether as they might otherwise be. The biggest impact of
adding tolerance for overlay errors is a decrease in packing
density and a subsequent increase is chip size. Thus, over-
lay control affects price per function and functions per chip.
Continuously improving our ability to control overlay is al-
most as important as improving our ability to control CD.
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Line Edge Roughness

When variations in the width of a resist fea-
ture occur quickly over the length of the fea-
ture, this variation is called linewidth rough-
ness. When examining these variations along
just one edge it is called line edge roughness
(LER). LER becomes important for feature
sizes on the order of 100 nm or less, and can
become a significant source of linewidth con-
trol problems for features below 50 nm. LER is
caused by a number of statistically fluctuating
effects at these small dimensions such as shot
noise (photon flux variations), statistical distri-
butions of chemical species in the resist such
as photoacid generators, the random walk nature of acid
diffusion during chemical amplification, and the nonzero
size of resist polymers being dissolved during development.
It is unclear which process or processes dominate in their
contribution to LER.

LER is usually characterized as
the 3σ deviation of a line edge
from a straight line, though a
more complete frequency analy-
sis of the roughness can be valu-
able as well. For 193-nm lithog-
raphy, LER values of 4 nm and
larger are common. LER is in-
versely proportional to the nor-
malized image log-slope (NILS), so LER generally gets
worse as an image goes out of focus and for higher reso-
lution patterns.

The impact of LER on device performance depends on the
specific device layer and specific aspects of the device tech-
nology. For lithography generations below 100 nm, typical
specifications for the 3σ LER are about 5% of the nominal
CD. It is possible that LER will become the main limiter of
CD control below 65-nm production.
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Metrology: Critical Dimension

In the early days of semiconductor processing, optical mi-
croscopes were used to measure the dimensions of impor-
tant features on the wafer. Today, feature sizes are too
small for precise optical measurements. The most com-
mon metrology tool for CD measurement is the scanning
electron microscope (SEM). A sample is scanned by
a focused beam of fairly low-energy electrons. Secondary
and/or backscattered electrons are then detected as a func-
tion of beam position to form an image. The resolution of
the image is a function of the beam size and the electron
scattering range inside the materials being imaged. Charg-
ing of the resist pattern can also cause blurring of the im-
age and inaccuracies in the measurement.

Steps in the height of the materials (such as the edge of
a photoresist feature) produce increased electron produc-
tion to the detector, making edges of the features appear
brighter. Analysis of the image along a cross-section gives
a linescan of grayscale values. Various algorithms can be
used to detect the edges and measure the width of the fea-
ture.

A higher-accuracy alternative to the SEM is the slower and
more expensive atomic force microscope (AFM). A spe-
cial narrow tip of silicon is brought so close to the sample
that atomic forces attract or repel the tip. By detecting the
height of the tip to produce a constant force, a map of the
surface height of the sample is obtained.
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Metrology: Overlay

Overlay control requirements are, as a rule of thumb, about
one third of the minimum feature size. Typically, any con-
trol application requires metrology precision equal to one
tenth to one fifth of the control requirement. Thus, overlay
measurement precision requirements today are just a few
nanometers, and are always shrinking.

Most overlay today is measured using optical imaging
of wafer patterns printed with two different lithography
steps. The box-in-box structure is the most common, where
features are big enough (about 2 µm) to be readily imaged
in a broadband microscope of moderately high numerical
aperture. Edge detection finds small difference in right-
left and top-bottom gaps between the two boxes, which are
translated into overlay error vectors.

Errors in overlay measurement come from odd aberrations
in the measurement optics, such as coma (giving rise to
TIS, tool-induced shift) and asymmetries in the physi-
cal shape of the measurement target (giving rise to WIS,
wafer-induced shift).

Analysis of overlay data is fit to models of typical overlay
error sources, such as translation and rotation of the reticle
or the wafer, and magnification errors. Model coefficients
are then used to correct these error sources for subsequent
wafers.
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The Process Window

Since the effect of focus is dependent on exposure, the only
way to judge the response of the process to focus is to si-
multaneously vary both focus and exposure in a focus-
exposure matrix. Plotting linewidth as a function of fo-
cus for different exposures is called a Bossung plot. Of
course, one output as a function of two inputs can be plotted
in several different ways. For example, the Bossung curves
could also be plotted as exposure latitude curves (linewidth
versus exposure) for different focus settings. Probably the
most useful way to plot this 2D data set is a contour
plot—contours of constant linewidth versus focus and ex-
posure.

The contour plot form
of data visualization is
especially useful for es-
tablishing the limits of
exposure and focus that
allow the final image
to meet certain speci-
fications. Rather than
plotting all of the con-
tours of constant CD,
one could plot only the
two CDs corresponding
to the outer limits of
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The Process Window (cont’d)

acceptability—the CD specifications. Because of the nature
of a contour plot, other variables can also be plotted on the
same graph. The figure below shows an example of plot-
ting contours of CD (nominal ±10%), 80◦ sidewall angle,
and 10% resist loss all on the same graph. The resulting
overlapping region is called the process window—the re-
gion of focus and exposure that keeps the final resist profile
within all three specifications.

The focus-exposure process window is one of the most im-
portant plots in lithography since it shows how exposure
and focus work together to affect linewidth, sidewall angle,
and resist loss. The process window can be thought of as a
process capability—how the process responds to changes
in focus and exposure. An analysis of the error sources for
focus and exposure in a given process will give a process
requirement. If the process capability exceeds the process
requirements, yield will be high. If, however, the process
requirement is too large to fit inside the process capability,
yield will suffer.

The process window is used to measure the depth of focus
(DOF).
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Depth of Focus

To measure the size of a focus-exposure process win-
dow, the first step is to graphically represent errors in fo-
cus and exposure as a rectangle on the same plot as the
process window. The width of the rectangle represents the
built-in focus errors of the processes, and the height rep-
resents the built-in dose errors. The problem then becomes
one of finding the maximum rectangle that fits inside the
process window. However, there is no one answer to this
question. There are many possible rectangles of different
widths and heights that are “maximum,” i.e., they cannot
be made larger in either direction without extending be-
yond the process window. The result is a very important
trade-off between exposure latitude and depth of focus
(DOF).

If all focus and exposure errors were systematic, then the
proper graphical representation of those errors would be
a rectangle. If, however, the errors were randomly distrib-
uted, then a surface of constant probability of occurrence is
an ellipse.

Using either a rectangle for systematic errors or an ellipse
for random errors, the size of the errors that can be toler-
ated for a given process window can be determined. Tak-
ing the rectangle as an example, one can find the maxi-
mum rectangle that will fit inside the processes window.
Every maximum rectangle is determined and its height
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Depth of Focus (cont’d)

(the exposure latitude) is plotted versus its width (depth
of focus, DOF). Likewise, assuming random errors in focus
and exposure, every maximum ellipse that fits inside the
processes window can be determined. The horizontal width
of the ellipse would represent a 3σ error in focus, while the
vertical height of the ellipse would give a 3σ error in expo-
sure. A plot of the height versus the width of this family
of maximal error shapes gives the exposure latitude versus
DOF curve.

The exposure latitude versus DOF curve provides the most
concise representation of the coupled effects of focus and
exposure on the lithography process. Each point on the ex-
posure latitude vs. DOF curve is one possible operating
point for the process. The user must decide how to balance
the trade-off between DOF and exposure latitude. One ap-
proach is to define a minimum acceptable exposure latitude
and then operate at this point. This has the effect of max-
imizing the DOF of the process. In fact, this approach al-
lows for the definition of a single value for the DOF of a
given feature for a given process. The depth of focus of
a feature can be defined as the range of focus that keeps
the resist profile of a given feature within all specifications
(linewidth, sidewall angle, and resist loss) over a specified
exposure range.
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Resolution

Resolution is the smallest feature that you are able to
print (with a given process, tool set, etc.) with sufficient
quality. For a production engineer, the manufacturable res-
olution is the smallest feature size that provides adequate
yield for a device designed to work at that size.

In practice, process variations
limit resolution since smaller
features have inherently less
process latitude. It is common
to use focus and exposure dose
as representative process vari-
ables, so that resolution is de-
fined as the smallest feature of
a given type that can be printed
with a specified depth of fo-
cus.

For contact holes, the point
spread function of the lens
forms a good measure of resolu-
tion. For dense lines and spaces, the smallest pitch is lim-
ited by how many diffraction orders can pass through
the lens (and thus is limited by λ/NA). For an isolated fea-
ture, there is no hard resolution cut-off. Instead, linewidth
control is the limiter.
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Rayleigh Criteria: Resolution

The easiest (though not the only)
way to derive the Rayleigh res-
olution criterion is with the
imaging of equal lines and spaces.
For a pitch p, the diffraction pat-
tern will be discrete diffraction
orders at spatial frequencies
that are multiples of 1/p. The
lens allows a portion of the dif-
fraction pattern to pass through
and be used to form the im-
age. The largest spatial frequency
that can make it through the lens
is NA/λ.

In order to form an image, at least two diffraction orders
must go through the lens. Assuming coherent illumination,
this means the zero order and the two first orders must
go through the lens. The smallest pitch that allows this to
happen would put the first diffraction orders exactly at the
edge of the lens:

1
pmin

= NA
λ

For equal lines and spaces, the resolution is one half of this
minimum pitch:

R = pmin

2
= 0.5

λ

NA
Since the above criterion for resolution is fairly specific
(equal lines and spaces with coherent illumination), it is
common in lithography applications to generalize some-
what and simply say that resolution is directly proportional
to λ/NA, using k1 as the proportionality factor:

R = k1
λ

NA
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Rayleigh Criteria: Depth of Focus

Defocusing of a wafer is equivalent to causing an aberra-
tion—an error in curvature of the actual wavefront relative
to the desired wavefront. The distance from the desired to
the “defocused” wavefront is called the optical path dif-
ference (OPD). Describing the position within the exit
pupil by an angle θ, the optical path difference is

OPD = δ(1 − cosθ) = 1
2

δ

(
sin2

θ + sin4
θ

4
+ sin6

θ

8
+ · · ·

)

The diffraction pattern of an array of small lines and spaces
is a set of discrete diffraction orders, points of light enter-
ing the lens spaced regularly depending only on the wave-
length of the light λ and the pitch p of the mask pattern.
The angle of the first diffracted order is sinθ = λ/p.

For small lens numerical apertures, the largest angles go-
ing through the lens are also quite small and the higher-
order terms in the Taylor series for OPD can be ignored.

OPD ≈ 1
2

δ sin2
θ

If the OPD were set to a quarter of the wavelength, the
zero and first diffracted orders would be exactly 90◦ out
of phase with each other. At this much OPD, the zero or-
der would not interfere with the first orders and no pattern
would be formed. The true amount of tolerable OPD must
be less than this amount (as indicated by the factor k2).

OPDmax = k2
λ

4
, where k2 < 1. Thus,

DOF = 2δmax = k2
λ

sin2
θ

= k2
λ

NA2

where the last expression on the right applies only at the
resolution limit, so that the first diffracted orders are at
the edge of the lens. Note that this Rayleigh DOF crite-
rion applies only to low numerical apertures when imaging
dense patterns at the resolution limit.
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Mask Error Enhancement Factor (MEEF)

For “linear” imaging, mask critical dimension (CD) errors
translate directly into wafer CD errors (taking into account
the reduction factor of the imaging tool). If, however, the
features of interest are near the edge of the linear reso-
lution limit, the assumption of linear imaging falls apart.
Near the resolution limit, small errors in the mask dimen-
sion can cause large errors in the final resist CD. This am-
plification of mask errors is characterized by the mask er-
ror enhancement factor (MEEF). The MEEF is defined
as the change in resist CD per unit change in mask CD:

MEEF = ∂CDresist

∂CDmask

where again the mask CD is in wafer dimensions. Regions
where the MEEF is significantly greater than 1 are regions
where mask error may come to dominate CD control on the
wafer.

Optical proximity correction techniques allow us to lower
the linear resolution, but without improving the MEEF.
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Resolution Enhancement Technologies

Attempts to improve the process window by optical means
(sometimes called optical “tricks”) include:

• Optimization of the mask
pattern shape (optical prox-
imity correction, OPC)

• Optimization of the angles
of light illuminating the
mask (off-axis illumination,
OAI)

• Adding phase information
to the mask (phase-shift
masks, PSM)

• Control of the polarization
of the illumination

Collectively, these optical approaches are known as reso-
lution enhancement technologies (RETs). While some
techniques improve feature resolution at the expense of
pitch resolution, many of the RET approaches can improve
pitch resolution and increase the process window simulta-
neously. However, the most promising RETs (especially the
best PSMs techniques) require a revolution in chip layout
design that has yet to occur.
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Phase-Shift Masks

Phase-shift masks (PSMs) work by adding phase infor-
mation to the mask in addition to amplitude information.
A binary chrome-on-glass mask encodes the information
about where to posi-
tion resist edges us-
ing chrome (with zero
amplitude transmit-
tance) and glass (with
100% amplitude trans-
mittance). A phase-shift
mask relies on the
fact that light passing
through a transparent media will undergo a phase change
as a function of its optical thickness, the refractive index
times the physical thickness. Thus, light passing through
a certain thickness of quartz will have a different phase
transmittance than light passing through the same thick-
ness of air. By adjusting the thickness of the quartz, any
phase difference can be obtained.

By setting the phase shift to be 180◦, high-resolution imag-
ing with good depth of focus can be obtained. Light from
shifted and unshifted parts of the mask, when combined,
will interfere and cancel out at the image plane due to
the 180◦ phase shift. If the shifted and unshifted light
is of equal quantity the cancellation will be complete.
A 0–180◦ phase edge on a mask will print as a narrow dark
line. An array of these edges will print patterns of lines
and spaces with widths as low
as 0.25λ/NA. Common types
of PSMs are alternating (pic-
tured here) and attenuated
PSMs. Practical implementa-
tion of PSMs is limited by
phase termination problems
and mask fabrication difficul-
ties.
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Phase-Shift Masks: Alternating

Alternating phase-shift masks (AltPSM) are used to
print narrow lines in positive photoresist by making the
clear areas on either side of the line of opposite phase.
Thus, the phase cancellation effect of light diffracted from
either side of the line will keep the line dark and narrow,
even when out of focus. AltPSM is a “strong” PSM that can
maximize resolution and depth of focus.

AltPSM suffers from two very important drawbacks. On
the mask fabrication side, a subtractive etch to create the
phase-shifted space results in reduced amplitude transmit-
tance and non-perfect 180◦ phase transmittance, both of
which vary with the width of the shifted space. Biasing the
etched spaces wider and allowing the etch to undercut the
chrome can alleviate but not eliminate the problem.

The second difficulty is called
the phase conflict problem. At-
tempting to phase shift an arbi-
trary layout of lines will invari-
ably lead to phase conflicts: no
phase shift where you do want
it, and a phase shift where you
don’t want it. The first type re-
sults in a lack of phase shift
across a critical feature when
there is an odd wrapping of
phase assignments. This “non-
shifted” feature will not prop-
erly print. The second type is
also called the termination prob-
lem since it usually occurs at the
end of a line. Alternating phase
across each side of a line will result in those two phases
meeting at the line end. Whenever two opposing phases
meet, a dark interference line is created causing an un-
wanted resist line to print. Generally, a second “trim” ex-
posure is required to remove unwanted phase prints.
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Phase-Shift Masks: Attenuated

Attenuated phase-shift masks (also called the embed-
ded phase-shift masks, or EPSM) have been very widely
adopted for contact hole and via printing, and are becoming
fairly mainstream for other critical lithography layers as
well. This type of PSM is generally called a “weak” shifter—
it provides only a portion of the full resolution and depth of
focus potential of alternating PSM. Its great advantage is
the simplicity and low cost of replacing chrome on glass
(COG) masks, the non-phase shift alternative. Essentially,
an existing design based on COG can be converted to an
EPSM by simply recalibrating the optical proximity cor-
rection (OPC) models used to apply OPC to the design.
Mask manufacturing, while certainly more difficult than
COG, is not dramatically different (the chrome is replaced
by a more complex absorber such as molybdenum silicon)
and only somewhat more costly. In short, the transition
from COG to EPSM-based lithography presents no major
hurdles.

Typical EPSM materials have 6% intensity transmittance
and a 180◦ phase shift, though higher transmittance masks
are sometimes used. The resulting 0–180◦ phase edge
makes the aerial image
edges steeper and better
defined. The overall back-
ground transmittance of 6%
can cause problems when
nearby features interact con-
structively to produce side-
lobes, unwanted regions of
high intensity. If the inten-
sity in the sidelobe becomes too high, it could print as an
unwanted hole in the photoresist.

While EPSM on its own does not provide the resolution and
depth of focus enhancement that can come with AltPSM,
the combination of EPSM with off-axis illumination can be
optimized to give very good results.
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Optical Proximity Effects

Proximity effects are the variations in the linewidth of a
feature (or the shape for a 2D pattern) as a function of the
proximity of other nearby features. The simplest example
of an optical proximity effect is the difference in printed
linewidth between an isolated line and a line in a dense
array of equal lines and spaces, called the iso-dense print
bias.

The proximity ef-
fect is very fea-
ture size depen-
dent. For large fea-
tures, the diffrac-
tion patterns for
isolated and dense
lines are similar,
giving very lit-
tle differences in
the aerial images.
As feature size
shrinks, the differ-
ences grow. Since
the iso-dense print bias is predominantly an optical effect,
the optical parameters of the imaging tool affects the mag-
nitude of the bias.

Proximity effects
are more com-
pletely character-
ized by measuring
resist linewidth
versus pitch for
different mask
CDs. More com-
plex proximity ef-
fects include line
end shortening
and corner round-
ing.
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Optical Proximity Correction (OPC)

For a given lithography process, the difference between the
“as drawn” designed feature sizes and the actual printed
wafer dimensions can be characterized and corrected by bi-
asing the mask (i.e., changing the actual feature width on
the mask to be different from the desired resist width). This
type of geometry-dependent mask biasing is commonly re-
ferred to as optical proximity correction (OPC), al-
though a more descriptive name might be “mask shaping.”

There are three basic styles of OPC. The simplest and
most important is geometry biasing—changing the feature
sizes on the mask. To reduce line edge shorting and to im-
prove corner fidelity, serifs can be added to the corners
and endcaps (hammerheads) to the line ends. Finally, sub-
resolution assist features (SRAFs) can be added to make
isolated features behave more like dense features.

Automated OPC software
can take an entire design
and, using rules and/or
lithography models, ad-
just the edge positions of
the design to achieve a
better match to the de-
sired printed shapes.
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Off-Axis Illumination

Off-axis illumination refers to any illumination shape
that significantly reduces or elim-
inates the “on-axis” component of
the illumination, that is, the light
striking the mask at near nor-
mal incidence. By tilting the illu-
mination away from normal inci-
dence, the diffraction pattern of
the mask is shifted within the ob-
jective lens. Placing those diffrac-
tion orders that make it through
the lens evenly about the cen-
ter of the lens leads to improved
depth of focus (DOF). Thus, the
main advantage of off-axis illumi-
nation is an increase in depth of
focus for small pitch patterns.

The distance between diffraction
orders in sigma space is λ/(pNA).
To center the zero and first or-
ders about the center of the lens,
the zero order must by shifted by
λ/(2pNA) in sigma space. Thus,
this becomes the optimum illu-
mination tilt to give maximum
depth of focus. Tilting in both pos-
itive and negative directions pro-
duces an illumination called dipole and adds the desirable
effect of reducing sensitivity to lens aberrations such as im-
age placement error. Note that the optimum illumination
tilt is pitch dependent.

If both vertical and horizontal lines are to be imaged to-
gether on the same mask, an illumination shape must be
used that provides optimum tilts for both geometries. The
simplest shape that provides this optimum tilt for both hor-
izontal and vertical line/space patterns is called quadru-
pole illumination. In sigma space, the radial position of
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Off-Axis Illumination (cont’d)

the center of each pole with respect to the center of the lens
that gives optimum DOF is

√
2λ/(2pNA). Note that this po-

sitioning of the quadrupoles gives the same horizontal and
vertical spacing between poles as in the dipole case, but
places them closer to the edge of the lens aperture.

While the quadrupole shape provides optimum perfor-
mance for vertical and horizontal lines, other orientations
(such as a line/space array oriented at 45◦) will not be op-
timum. For any orientation of lines, the optimum dipole for
that pattern will be spread in a direction perpendicular to
the line orientation, and can be shifted parallel to the lines
in any amount that keeps the dipoles within the lens. If
the mask will contain arbitrary orientations of lines, many
rotations of the dipoles will produce an annulus of illumi-
nation. The optimum center of the annular ring is the same
as the optimum dipole position.

For each illumi-
nation shape dis-
cussed—dipole, quad-
rupole, and annular
illumination—there
is one size that maxi-
mizes the depth of fo-
cus for a given pitch.
While pitches close to
this optimum will get
most of the benefit of the off-axis illumination, pitches suf-
ficiently far away from the optimum will receive little or
no benefit. In fact, the worst-case pitch for any given off-
axis configuration would put one of the diffracted orders
dead center in the lens, the situation that off-axis illumi-
nation is designed to avoid. This worst-case pitch occurs at
exactly twice the pitch for which the illumination was opti-
mized. Since this pitch receives none of the focus-enhancing
benefits of the off-axis illumination, it is sometimes called
a “forbidden” pitch, indicating the lithographer’s desire
that this pitch be avoided during circuit design.
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Lithography Simulation

In the 30+ years since optical lithography modeling was
first introduced to the semiconductor industry, it has gone
from a research curiosity to an indispensable tool for re-
search, development, and manufacturing. There are four
major uses for lithography simulation: 1) as a research tool,
performing experiments that would be difficult or impossi-
ble to do any other way, 2) as a development tool, quickly
evaluating options, optimizing processes, or saving time
and money by reducing the number of experiments in the
fab, 3) as a manufacturing tool, for troubleshooting process
problems and determining optimum process settings, and
4) as a learning tool, to help provide a fundamental under-
standing of all aspects of the lithography process.

Some of the most common-use cases for lithography simu-
lation are:

• Film stack optimization (including BARC)
• Process window prediction
• NA/σ optimization
• Overall process optimization and specification
• Troubleshooting/root cause analysis
• OPC and OPC verification
• RET design and development
• NGL evaluation and projection

Today, commercial lithography simulation tools such as
PROLITH are ubiquitous throughout the industry.
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Moore’s Law

In 1965, Gordon Moore observed that since the first planar
transistor was built in 1959, the number of components per
chip was doubling every year. Extrapolating this trend for a
decade, Moore predicted that chips with 65,000 components
would be available by 1975.

In 1975 Moore revisited his 1965 prediction and divided the
advances in circuit complexity among its three principle
components: increasing chip area, decreasing feature size,
and improved device and circuit designs. Minimum feature
sizes were decreasing by about 10% per year, chip area was
increasing by about 20% each year, and design cleverness
made up the rest of the improvement (about 33%).

Moore also extrapolated each individual trend into the fu-
ture and predicted an end to design cleverness improve-
ments, and thus a change in the slope of his overall trend
from doubling every year to doubling every two years. How-
ever, Moore’s prediction of a slowdown was too pessimistic.
The industry followed a “new” Moore’s Law trend of dou-
bling of transistor counts per chip every eighteen months
or so throughout the 1980s and early 1990s.

By the mid-1990s Moore’s Law had become a self-fulfilling
prophesy, now enshrined as the International Technology
Roadmap for Semiconductors (ITRS), which continues to be
updated every two years or so.
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Next-Generation Lithography (NGL)

Since the mid-1970s, nearly all semiconductor manufac-
turing has used projection optical lithography due to its
good resolution and low cost. There have been many litho-
graphy approaches with much higher resolution (such as
electron beam direct-write and x-ray proximity lithogra-
phies) that are not used for manufacturing due to cost
rather than technical capability. Immersion lithography at
193-nm wavelength is expected to allow printing of pitches
down to 80 nm or so, but it is not clear if continued
evolutionary improvements of this technology beyond this
regime is practical. As a result, several next-generation
lithography (NGL) technologies are being developed.

While direct-write electron-beam lithography is too slow
to be practical, projection e-beam might overcome this
throughput hurdle. Drawbacks include the need for sten-
cil masks and Coulomb-Coulomb interactions within the
e-beam optics that limits current and thus throughput.

Extreme Ultraviolet (EUV) lithography uses light at
a wavelength near 13 nm. At this “soft x-ray” wavelength,
multilayer mirrors can be made with about 70% reflectivity
(refractive lenses are not possible). Thus, using mirrored
imaging tools with numerical apertures up to 0.3, pitches
down to 40 nm can be printed. Several technical roadblocks
remain, however. Because of the low mirror efficiency, much
light is lost and bright sources are not yet available. At
13 nm, making mirrors with sufficient smoothness (as a
fraction of the wavelength) is very hard, and current sys-
tems suffer from high flare levels. Resists with sufficient
sensitivity and low line edge roughness have yet to be de-
veloped. Finally, defect levels on photomasks are several
orders of magnitude too high to be practical as of yet.

Imprint lithography uses the seemingly low-tech process
of embossing to print ultrafine patterns (below 20 nm).
While very low cost, it uses 1 × templates that are hard
to make and requires direct contact with the wafer, with
unknown defect consequences.
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Equation Summary

Maxwell’s Equations (in CGS):

�∇ × �H − 1
c

Ḋ = 4π

c
�J �∇ × �E + 1

c
Ḃ = 0

�∇ • �B = 0 �∇ • �D = 4πρ

Material Equations:

�J = σ �E, �D = ε�E, �B = µ �H

Plane wave traveling along +z:

E(P, t) = A cos(ωt − kz)

Phasor representation of E(P, t):

U(P) = A(P)e−i�(P), E(P, t) = Re{U(P)e−iωt}

Fourier transform of 1D mask pattern:

Isolated space: Tm(fx) = sin(πwfx)

πfx

Dense space: Tm(fx) = 1
p

∞∑
n=−∞

sin(πwfx)

πfx
δ

(
fx − n

p

)

Pupil function of ideal lens:

P(fx, fy) =



1,
√

f 2
x + f 2

y < NA/λ

0,
√

f 2
x + f 2

y > NA/λ

Electric field image at the wafer:

E(x,y) = F−1{Tm(fx, fy)P(fx, fy)}

Zernike formulae for aberrations:

X Tilt: R cosθ

Y Tilt: R sinθ

Power (focus): 2R2 − 1



Equation Summary 89

Equation Summary (cont’d)

3rd-Order Astigmatism: R2 cos2θ

3rd-Order 45◦ Astigmatism: R2 sin 2θ

3rd-Order X Coma: (3R2 − 2)R cosθ

3rd-Order Y Coma: (3R2 − 2)R sinθ

3rd-Order Spherical: 6R4 − 6R2 + 1

3rd-Order Trefoil: R3 cos3θ

45◦ Trefoil: R3 sin 3θ

5th-Order Astigmatism: (4R2 − 3)R2 cos2θ

Pupil phase error due to 3rd-order astigmatism:

phase error = 2πZastigR2 cos2θ

Optical path difference due to defocus:

OPD = δ(1 − cosθ) ≈ 1
2

δ sin2
θ

Pupil phase error due to defocus:

phase error ≈ πδNA2

λ
R2

Horizontal-vertical bias:

H–V bias ≈ 8aδZastigλ

NA2

Flare measurement:

Flare = E0

E0–island

Magnification and the Lagrange (optical) Invariant:

m = no sinθo

ni sinθi
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Equation Summary (cont’d)

Reflection and transmission coefficients (between
layers i and j), normal incidence:

ρij = ni − nj

ni + nj
τij = 2ni

ni + nj

Internal transmittance of a resist:

τD = e−i2πn2D/λ

Fresnel reflection and transmission coefficients:

ρ12⊥ = n1 cos(θi) − n2 cos(θt)

n1 cos(θi) + n2 cos(θt)
τ12⊥ = 2n1 cos(θi)

n1 cos(θi) + n2 cos(θt)

ρ12‖ = n1 cos(θt) − n2 cos(θi)

n1 cos(θt) + n2 cos(θi)
τ12‖ = 2n1 cos(θi)

n1 cos(θt) + n2 cos(θi)

Lambert law of absorption:

dI
dz

= −αI, I(z) = I0e−αz

Beer’s law:
αsolution = ac

Dill ABC parameters taken from photoresist trans-
mittance curve:

A = 1
D

ln
[

T(∞)

T(0)

]
B = − 1

D
ln

[
T(∞)

T12

]

C = A + B
AT(0){1 − T(0)}T12

dT
dE

∣∣∣∣
E=0

, T12 = 1 −
(

nresist − 1
nresist + 1

)2

Diffusion (1D):
∂H
∂t′

= ∂

∂z

(
DH

∂H
∂z

)
, DH(T) = Are−Ea/RT

Mack 4-parameter dissolution rate model:

r = rmax
(a + 1)(1 − m)n

a + (1 − m)n + rmin, a = (n + 1)

(n − 1)
(1 − mTH)n
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Equation Summary (cont’d)

NILS and the lithographic imaging equation:

NILS = w
d ln(I)

dx
m(x,y, z) = e−CEzI(x,y)

∂m
∂x

= m ln(m)
∂ ln I
∂x

∂m∗

∂x
≈ ∂m

∂x
e−σ2π2/2L2

γ ≡ ∂ ln R
∂ ln E

∣∣∣∣
max

∂ lnR
∂x

= γ(E)
∂ ln I
∂x

Critical dimension variational equation:

�CD
CD

= �v1

v1

∂ ln CD
∂ ln v1

+ �v2

v2

∂ ln CD
∂ ln v2

+ · · ·

Rayleigh Criteria:

R = k1
λ

NA
DOF = 2δmax = k2

λ

sin2
θ

= k2
λ

NA2

Immersion–High NA depth of focus Rayleigh crite-
rion:

DOF = k2

2
λ

nfluid(1 − cosθ)

Mask error enhancement factor:

MEEF = ∂CDresist

∂CDmask
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Glossary∗

ABC Parameters: See Dill Parameters.
Aberrations, Lens: Any deviation of the real performance
of an optical system (lens) from its ideal (Fourier optics)
performance. Examples of lens aberrations include coma,
spherical aberration, field curvature, astigmatism, distor-
tion, and chromatic aberration. One way to describe lens
aberrations is through a Zernike polynomial fit to the wave-
front error at the exit pupil of the lens for each field point.
Absorption Coefficient: The fractional decrease in the
intensity of light traveling through a material per unit dis-
tance traveled. See also Extinction Coefficient.
Acid-Catalyzed Resist: A type of chemically amplified re-
sist where an acid is the product of exposure and this acid
serves as the catalyst for a thermal reaction that changes
the solubility of the resist. See also Chemically Amplified
Resist.
Activation Energy: Defined by its role in the Arrhenius
equation, the activation energy determines the tempera-
ture dependence of chemical reaction rate constants, dif-
fusivities, and other temperature-dependent rate terms.
High activation energies produce a large temperature de-
pendence.
Actinic Wavelength: The wavelength used to expose the
photoresist in a lithographic system.
Adhesion Promoter: A chemical that is applied to the
surface of a wafer in order to improve the adhesion of re-
sist to the wafer, often by eliminating water from the wafer
surface.
Advanced Process Control (APC): The use of auto-
mated feedback and feed forward loops to control a litho-
graphic process.
Aerial Image: An image of a mask pattern that is pro-
jected onto the photoresist-coated wafer by an optical sys-
tem.
Aligner: See Mask Aligner.

* A more complete version of this glossary can be found at
www.klatencor.com/news/promotions/lithoglossary_A.html.
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Glossary (cont’d)

Alignment: The act of positioning the image of a specific
point on a photomask (the alignment key) to a specific point
on the wafer (the alignment target) to be printed. Align-
ment accuracy is the overlay measured at this alignment
target.
Alignment Key: The pattern on a photomask used to per-
form alignment.
Alignment Mark: See Alignment Key or Alignment Tar-
get.
Alignment Target: The pattern on a wafer used to per-
form alignment.
Alternating PSM: A type of phase-shift mask where the
clear region to one side of a small chrome line is shifted in
phase by 180◦ compared to the clear region to the other side
of that same line. Also called alternating aperture PSM or
Levenson PSM.
Annular Illumination: A type of off-axis illumination
where a doughnut-shaped (annular) ring of light is used
as the source.
Antireflective Coating (ARC): A coating that is placed
on top or below the layer of resist to reduce the reflection of
light, and hence, reduce the detrimental effects of standing
waves or thin-film interference. See also Top Antireflective
Coating and Bottom Antireflective Coating.
APC: See Advanced Process Control.
Aperture, Numerical: See Numerical Aperture.
Aperture Stop: See Pupil, Lens.
ARC: See Antireflective Coating.
ArF: Argon Fluoride, a type of excimer laser used in optical
lithography that emits light at about 193 nm.
Arrhenius Coefficient: Defined by its role in the Ar-
rhenius equation, the Arrhenius coefficient is the pre-
exponential term in the equation that defines the tempera-
ture dependence of chemical reaction rate constants, diffu-
sivities, and other temperature-dependent rate terms.
Arrhenius Equation: The temperature dependence of
chemical reaction rate constants, diffusivities, and other
temperature-dependent rate terms as an exponential rela-
tionship with the inverse of absolute temperature.
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Glossary (cont’d)

Aspect Ratio: The ratio of a resist feature’s height to its
width.
Astigmatism: An aberration that results in a shift in best
focus for radially oriented line patterns compared to tan-
gentially oriented patterns.
Attenuated PSM: A type of phase-shift mask where the
nominally dark region of the mask is allowed to transmit a
fraction of the light (e.g., 6%) with a 180◦ phase shift from
light transmitted through the clear regions of the mask.
Autofocus System: A part of a projection imaging tool
that automatically places the top surface of the wafer a set
distance from the focal plane.
Bandwidth, Illumination: The range of wavelengths
that is used to illuminate the mask, and thus to expose
the resist.
BARC: See Bottom Antireflective Coating.
Bias: See Mask Bias.
Binary Mask: A mask made up of opaque and transparent
regions (for example, one composed of chrome and glass)
such that the transmittance of the mask is either 0 or 1.
Also called a binary intensity mask.
Birefringence: A rare property of some materials (usually
crystals) where the refractive index is a function of the po-
larization of the light passing through the material.
Bleaching, Photoresist: The decrease in optical absorp-
tion of a photoresist due to the chemical changes that occur
upon exposure to light.
Bossung Curves: See Focus-Exposure Matrix (named af-
ter John Bossung, the engineer who first published these
curves).
Bottom Antireflective Coating (BARC): An antireflec-
tive coating placed just below the photoresist to reduce re-
flections from the substrate.
CAR: See Chemically Amplified Resist.
Catadioptric: An optical system made up of both refrac-
tive elements (lenses) and reflective elements (mirrors).
Catoptric: An optical system made up of only reflective
elements (mirrors).
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Glossary (cont’d)

Cauchy Coefficients: Coefficients of the Cauchy equa-
tion, which gives an empirical expression for the variation
of the index of refraction of a material as a function of wave-
length.
CD: See Critical Dimension.
Characteristic Curve: See Contrast Curve.
Chemically Amplified Resist: A type of photoresist, most
commonly used for deep-UV processes, which, upon post-
exposure bake, will multiply the number of chemical reac-
tions through the use of chemical catalysis.
Chromatic Aberration: A change in the aberration be-
havior of a lens as a function of wavelength.
Circular Definition: See Definition, Circular.
Clearing Dose (E0): See Dose to Clear.
Coater, Resist: Equipment used to perform resist coating.
This equipment is often a part of a resist track or cluster
tool.
Coating, Resist Spin: See Spin Coating.
Coherence Factor: See Partial Coherence.
Coherence, Spatial: The phase relationship of light at
two different points in space at any instant in time. For
mask illumination, the spatial coherence is determined by
the range of angles incident on the mask.
Coherent Illumination: A type of illumination resulting
from a point source of light that illuminates the mask with
light from only one direction. This is more correctly called
spatially coherent illumination.
Coma: An aberration that is often seen as a difference in
linewidth between the left and right lines in a group of five
lines.
Condenser Lens: Lens system in an optical projection sys-
tem that prepares light to illuminate the mask.
Contact Printing: A lithographic method whereby a pho-
tomask is placed in direct contact with a photoresist-coated
wafer and the pattern is transferred by exposing light
through the photomask into the photoresist.
Contrast, Image: See Image Contrast.
Contrast, Resist: See Photoresist Contrast.
Contrast Curve: See H-D curve.
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Glossary (cont’d)

Contrast Enhancement Layer (CEL): A highly bleach-
able coating on top of the photoresist that serves to enhance
the contrast of an aerial image projected through it.
Corner Rounding: The rounding of a nominally sharp,
square corner of a printed lithographic feature due to the
inherent resolution limits of the patterning process.
Critical Dimension (CD): The size (width) of a feature
printed in resist, measured at a specific height above the
substrate. Also called the linewidth or feature width. (Over
time, the meaning of “critical” has become vague, and it
seems that any dimension worth measuring must be criti-
cal.)
Critical Shape (CS): An extension of the 1D critical di-
mension to 2D features, the critical shape is the polygon
that defines the top down (in the plane of the substrate)
shape of a feature.
Critical Shape Difference (CSD): A statistical analysis
(for example, the average magnitude) of a collection of vec-
tors describing the difference (i.e., point by point distance)
between two critical shapes.
Critical Shape Error (CSE): The critical shape differ-
ence between the pattern being measured and an ideal “de-
sired” critical shape.
Deep Ultraviolet (DUV): A common though vague term
used to describe light of a wavelength in the range of about
150 nm to 300 nm. Also called deep-UV.
Deep-UV Lithography: Lithography using light of a
wavelength in the range of about 150 nm to 300 nm, with
about 250 nm being the most common.
Definition, Circular: See Circular Definition.
Defocus: The distance, measured along the optical axis
(i.e., perpendicular to the plane of best focus) between the
position of a resist-coated wafer and the position if the
wafer were at best focus.
Degree of Coherence: See Partial Coherence.
Dehydration Bake: A bake step performed on a wafer be-
fore coating with resist in order to remove water from the
surface of the wafer.
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Glossary (cont’d)

Depth of Focus (DOF): The total range of focus that can
be tolerated, i.e., the range of focus that keeps the result-
ing printed feature within a variety of specifications (such
as linewidth, sidewall angle, resist loss, and exposure lati-
tude).
Design Rule: A geometrical rule that defines minimum
widths and/or spacings used when laying out a mask pat-
tern.
Developer: The chemical (typically a liquid) used to selec-
tively dissolve resist as a function of its chemical composi-
tion.
Development: The process by which a liquid, called the
developer, selectively dissolves a resist as a function of the
exposure energy that the resist has received. Also called
develop.
Development Rate: The rate (change in thickness per
unit time) that the resist dissolves in developer for a given
set of conditions.
Development Rate Monitor (DRM): An instrument
used to measure the development rate of a resist by mea-
suring the thickness of the resist in situ as the development
proceeds.
Die: A single, complete integrated circuit as printed on a
wafer, possibly sliced but before packaging. Also called a
chip.
Diffraction: The propagation of light in the presence of
boundaries. It is this property of light that causes the wave-
front to bend as it passes an edge.
Diffraction-Limited: A description of a lens such that any
aberrations in the lens are small enough as to be negligi-
ble. Theoretically, no lens can be perfect so that the term
diffraction-limited is always an approximation and the ap-
propriateness of its use is situational.
Diffraction Order: For a mask pattern that repeats indef-
initely, the diffraction pattern becomes discrete, made up of
regularly spaced points of light called diffraction orders.
Diffraction Pattern: The pattern of light entering the ob-
jective lens due to diffraction by a mask.
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Glossary (cont’d)

Diffusion Coefficient: A rate constant that defines the
rate at which a particle will diffuse through a given
medium for a given set of process conditions.
Diffusion Length: The average distance that a particle
will diffuse for a given process.
Diffusivity: See Diffusion Coefficient.
Dill Parameters: Three parameters, named A, B, and C,
that are used in the Dill exposure model for photoresists.
A and B represent the bleachable and non-bleachable ab-
sorption coefficients of the resist, respectively, and C rep-
resents the first-order kinetic rate constant of the exposure
reaction. (Named for Frederick Dill, the first to publish this
model.) Also called the photoresist ABC parameters.
Dioptric: An optical system made up of only refractive el-
ements (lenses).
Dipole Illumination: A type of off-axis illumination
where two circles or arcs of light are used as the source.
These two circles are spaced evenly around the optical axis,
either oriented vertically or horizontally.
Direct-Write Lithography: A lithography method where-
by the pattern is written directly on the wafer without the
use of a mask.
Dispersion: The variation of the index of refraction of a
material as a function of wavelength.
Dissolution Inhibitor: A chemical which, when added to
a photoresist, decreases the dissolution rate of the resist in
developer. For many positive photoresists, the photoactive
compound acts as a dissolution inhibitor.
Dissolution Promoter: A chemical which, when added to
a photoresist, increases the dissolution rate of the resist
in developer. For many positive photoresists, the exposed
photoactive compound acts as a dissolution promoter.
Dissolution Rate: See Development Rate.
Distortion: An optical aberration that causes a variation
in pattern placement error as a function of field position.
DOF: See Depth of Focus.
Dose: See Exposure Energy.
Dose to Clear (E0): The amount of exposure energy re-
quired to just clear the resist in a large clear area for a
given process. Also called the clearing dose.
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Glossary (cont’d)

Dose to Size: The amount of exposure energy required to
produce the proper dimension of the resist feature.
DRM: See Development Rate Monitor.
DUV: See Deep Ultraviolet.
DUV Lithography: See Deep-UV Lithography.
Dyed Resist: A photoresist with an added non-photosensi-
tive chemical that absorbs light at the exposing wave-
length.
E-beam Lithography: See Electron Beam Lithography.
EBR: See Edge Bead Removal.
Edge Bead: A build-up of resist along the outer edge of a
wafer caused by resist surface tension during the spin coat
process.
Edge Bead Removal (EBR): A process by which resist
is removed from the outer edge of a resist-coated wafer in
order to remove the thick “bead” of resist that is usually
formed along this edge during the spin coat process.
Electron Beam Lithography: Lithography performed by
exposing resist with a beam of electrons. Also called e-beam
lithography.
Embedded PSM (EPSM): See Attenuated PSM.
Entrance Pupil, Lens: The image of the pupil (also called
the aperture stop) of an imaging lens when viewed from the
entrance side of the lens.
EPSM: See Attenuated PSM.
EUV: See Extreme Ultraviolet.
EUV Lithography: Lithography using light of a wave-
length in the range of about 5 nm to 50 nm, with about
13 nm being the most common. Also called soft x-ray litho-
graphy.
Excimer Laser: Laser using a gas or gases to create an
excited dimer (e.g., KrF), usually resulting in pulsed deep-
UV radiation.
Exit Pupil, Lens: The image of the pupil (also called the
aperture stop) of an imaging lens when viewed from the
exit side of the lens.
Exposure: The process of subjecting a resist to light en-
ergy (or electron energy in the case of electron beam



100 Optical Lithography

Glossary (cont’d)

lithography) for the purpose of causing chemical change in
the resist.
Exposure Dose: See Exposure Energy.
Exposure Energy: The amount of energy (per unit area)
that the photoresist is subjected to upon exposure by a
lithographic exposure system. For optical lithography it is
equal to the light intensity times the exposure time. Also
called the exposure dose, or simply dose.
Exposure Field: See Field, Exposure.
Exposure Latitude: The range of exposure energies (usu-
ally expressed as a percent variation from the nominal)
that keeps the linewidth within specified limits.
Exposure Margin: The ratio of the dose to size to the dose
to clear.
Extinction Coefficient: Another name for the absorption
coefficient of a material, often using a base-10 definition.
Extreme Ultraviolet (EUV): A common though vague
term used to describe light of a wavelength in the range
of about 5 nm to 50 nm. Also called soft x-ray.
Fab: See Wafer Fab.
FE Matrix: See Focus-Exposure Matrix.
Feature Size: See Critical Dimension.
Field, Exposure: The area of a wafer that is exposed at
one time by the exposure tool.
Field-By-Field Alignment: A method of alignment where-
by the mask is aligned to the wafer for each exposure field
(as opposed to global alignment).
Field Curvature: An optical aberration that causes a vari-
ation in best focus as a function of field position.
Flare: The unwanted light that reaches the photoresist as
a result of scattering and reflection off surfaces in the op-
tical system that are meant to transmit light. Also called
background scattered intensity.
Flood Exposure: Exposure of the resist to blanket radia-
tion with no pattern. For projection tools such as a stepper,
this is also called an open frame exposure (exposure with
no mask or with a blank glass mask).
Focal Plane: The plane of best focus of the optical system.
Focal Position: See Focus.
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Glossary (cont’d)

Focus: The position of the plane of best focus of the optical
system relative to some reference plane, such as the top
surface of the resist, measured along the optical axis (i.e.,
perpendicular to the plane of best focus).
Focus-Exposure Matrix: The variation of linewidth (and
possibly other parameters) as a function of both focus and
exposure energy. The data is typically plotted as linewidth
versus focus for different exposure energies and these
plots are often referred to as smiley plots, spider plots, or
Bossung curves.
Fourier Optics: A mathematical description of imaging
where diffraction is calculated as a Fourier transform, fol-
lowed by multiplication by the pupil function, followed by a
second Fourier transform to describe the focusing behavior
of the imaging lens.
G-Line: A line of the mercury spectrum corresponding to a
wavelength of about 436 nm.
GDS II: An industry standard file format for mask layout
information.
Glass Transition Temperature: The temperature (or the
midpoint of the temperature range) at which a polymer
makes a transition from behaving mostly like a solid to be-
having mostly like a liquid.
Global Alignment: A method of alignment where the
mask is aligned globally to the whole wafer (as opposed to
filed-by-field alignment).
H-D Curve: The standard form of the H-D or contrast
curve is a plot of the relative thickness of resist remain-
ing after exposure and development of a large clear area
as a function of log-exposure energy. The theoretical H-D
curve is a plot of log-development rate versus log-exposure
energy. (H-D stands for Hurter-Driffield, the two scientists
who first used a related curve in 1890.) Also called the pho-
toresist contrast curve or characteristic curve.
H-Line: A line of the mercury spectrum corresponding to a
wavelength of about 405 nm.
H-V Bias: The difference in linewidth between horizontally
and vertically oriented resist features that, other than ori-
entation, should be identical.
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Glossary (cont’d)

Hard Bake: The process of heating the wafer after devel-
opment of the resist in order to harden the resist patterns
in preparation for subsequent pattern transfer. Also called
postbake and post-develop bake.
Hurter-Driffield Curve: See H-D Curve.
Huygens’ Principle: The idea that any wavefront can be
decomposed into an array of spherically radiating point
sources. The propagation of the wavefront can be calculated
as the sum of the propagating point source spherical waves.
IC: See Integrated Circuit.
I-Line: A line of the mercury spectrum corresponding to a
wavelength of about 365 nm.
Illumination, Köhler: See Köhler Illumination.
Illumination System: The light source and optical system
designed to illuminate the mask for the purpose of forming
an image on the wafer.
Image Contrast: A classic image metric useful for small
equal line/space patterns only, the image contrast is defined
as the difference between the maximum and minimum in-
tensities in an image divided by their sum. Also known as
the fringe visibility of two interfering plane waves.
Image Log-Slope: The slope of the logarithm of the aerial
image, usually defined at the nominal edge of the designed
pattern.
Image Reversal: A chemical process by which a positive
photoresist is made to behave like a negative photoresist.
Immersion Lithography: A mode of optical lithography
where an immersion fluid, with a refractive index greater
than one, fills the gap between the projection lens and the
wafer.
Imprint Lithography: A patterning method based on em-
bossing where a topographic pattern on a mask is repli-
cated as a topographic pattern in a polymer media by press-
ing the mask (called a template) directly into the polymer
media. Also called nanoimprint lithography due to the high
resolution possible.
Incoherent Illumination: A type of illumination result-
ing from an infinitely large source of light that illuminates
the mask with light from all possible directions. This is
more correctly called spatially incoherent illumination.
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Index of Refraction: See Refractive Index.
Integrated Circuit (IC): Many transistors, resistors, ca-
pacitors, etc., fabricated and connected together to make a
circuit on one monolithic slab of semiconductor material.
Intensity: A measure of the brightness of light that is de-
fined either as the electromagnetic power per unit area or
the electromagnetic power per unit solid angle, with the
later being the official (radiometry-based) definition. Physi-
cists typically prefer the former definition, which is almost
universally used by lithographers.
Ion Beam Lithography: Lithography performed by ex-
posing resist with a focused beam of ions.
Iso-Dense Print Bias: The difference between the dimen-
sions of an isolated line and a dense line (a line inside an
array of equal lines and spaces) holding all other parame-
ters constant. Also called Iso-Dense Bias.
Isofocal Bias: The difference between the desired resist
feature width and the isofocal linewidth.
Isofocal Dose: The dose at which the printed resist fea-
ture width equals the isofocal linewidth at best focus.
Isofocal Linewidth: The resist feature width (for a given
mask width) that exhibits the maximum depth of focus (or
the least sensitivity to focus variations).
Köhler Illumination: A method of illuminating the mask
in a projection imaging system whereby a condenser lens
forms an image of the illumination source at the entrance
pupil of the objective lens, and the mask is at the exit pupil
of the condenser lens.
KrF: Krypton Fluoride, a type of excimer laser used in op-
tical lithography that emits light at about 248 nm.
Latent Image: The reproduction of the aerial image in re-
sist as a spatial variation of chemical species (for example,
the variation of photoactive compound concentration).
LER: See Line Edge Roughness.
LES: See Line End Shortening.
Levenson PSM: See Alternating PSM.
Lifting, Resist: The separation of the resist pattern from
the substrate, either partially or completely, due to a loss of
adhesion.



104 Optical Lithography

Glossary (cont’d)

Lift-Off Process: A lithographic process by which the pat-
tern transfer takes place by coating a material over a pat-
terned resist layer, then dissolving the resist to “lift off” the
material that is on top of the resist.
Line Edge Roughness (LER): The deviation of a feature
edge (as viewed top down) from a smooth, ideal shape. That
is, the edge deviations of a feature that occur on a dimen-
sional scale much smaller than the resolution limit of the
imaging tool that was used to print the feature.
Line End Shortening (LES): The reduction of the length
of a line (where a line is defined here as any rectangular
feature whose length is significantly greater than its width)
as measured only at one end. Thus, the line end shortening
is characterized as the difference between the actual posi-
tion of the end of a line and the intended (designed) posi-
tion.
Linewidth: See Critical Dimension.
Lithographer: 1. A practitioner of lithography. 2. A harm-
less drudge.
Lithography: A method of producing 3D relief patterns
on a substrate (from the Greek lithos, meaning stone, and
graphia, meaning to write).
LSI: Large Scale Integration, an integrated circuit made of
hundreds to thousands of transistors.
Mask: A glass or quartz plate containing information (en-
coded as a variation in transmittance and/or phase) about
the features to be printed. Also called a photomask or a
reticle. (Historically, a photomask was the 1× mask used
in contact or proximity printing, whereas the reticle was a
higher magnification version of a single field used to make
the photomask. Today, the terms photomask and reticle are
used interchangeably for all masks used in optical lithog-
raphy.)
Mask Aligner: A tool that aligns a photomask to a resist-
coated wafer and then exposes the pattern of the pho-
tomask into the resist.
Mask Biasing: The process of changing the size or shape
of the mask feature in order for the printed feature size to
more closely match the nominal or desired feature size.
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Mask Blank: A blank mask substrate (e.g., quartz) coated
with an absorber (e.g., chrome), and sometimes with resist,
and used to make a mask.
Mask Error Enhancement Factor: The incremental
change in the final resist feature size per unit change in
the corresponding mask feature size (where the mask di-
mension is scaled to wafer size by the reduction ratio of the
imaging tool). Abbreviated MEEF or MEF, a value of 1 im-
plies a linear imaging of mask features to the wafer. Also
called Mask Error Factor.
Mask Error Factor: See Mask Error Enhancement Fac-
tor.
Maskless Lithography: Any one of a number of litho-
graphic techniques (including direct-write lithography and
programmable multimirror masks) that does not use a per-
manent, fixed mask to perform imaging.
Mask Linearity: The relationship of printed resist feature
width to mask feature width for a given process.
Mercury Arc Lamp: A common light source used in litho-
graphic exposure systems that produces intense radiation
at the g-line, h-line, and i-lines of the mercury spectrum.
MEEF: See Mask Error Enhancement Factor.
MEF: See Mask Error Enhancement Factor.
Metrology: The process of measuring structures on the
wafer, such as the width of a printed resist feature or the
overlay between two printed patterns.
Microlithography: Lithography involving the printing of
very small features, typically on the order of micrometers
or below in size.
Mix-and-Match Lithography: A lithographic strategy
whereby different types of lithographic imaging tools are
used to print different layers of a given device.
Modeling: See Simulation.
Moore’s Law: Named for Gordon Moore, one of the
founders of Fairchild Semiconductor and Intel, the obser-
vation that the number of transistors on a typical chip dou-
bles about 1–2 years. In lithography, this law has come
to describe the exponential decrease in critical dimensions
used in IC manufacturing over time.
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Multilayer Resist (MLR): A resist scheme by which the
resist is made up of more than one layer, typically a thick
conformal bottom layer under a thin imaging layer, possibly
with a barrier layer in between.
Nanolithography: Lithography involving the printing of
ultra small features, typically on the order of nanometers
in size.
Negative Photoresist: A photoresist whose chemical
structure allows for the areas that are exposed to light to
develop at a slower rate than those areas not exposed to
light.
NGL: Next Generation Lithography, any potential succes-
sor to optical lithography for semiconductor manufactur-
ing.
NILS: See Normalized Image Log-Slope.
Normalized Image Log-Slope (NILS): The slope of the
logarithm of an aerial image, measured at the desired pho-
toresist edge position, normalized by multiplying by the
nominal resist feature width. Generally, the sign of the
slope is adjusted to be positive when the image is sloping
in the correct direction. See also Image Log-Slope.
Numerical Aperture (NA): The sine of the maximum
half-angle of light that can make it through a lens, mul-
tiplied by the index of refraction of the media.
OAI: See Off-Axis Illumination.
Objective Lens: The main imaging lens of a projection
imaging system. Also called the projection lens, the imag-
ing lens, or the reduction lens.
Off-Axis Illumination (OAI): Illumination that has no
on-axis component, i.e., that has no light that is normally
incident on the mask. Examples of off-axis illumination in-
clude annular and quadrupole illumination.
OPC: See Optical Proximity Correction.
OPD: See Optical Path Difference.
Optical Density: The base-10 logarithm of the intensity
transmittance of a material of a given thickness.
Optical Lithography: Lithography method that uses
light to print a pattern in a photosensitive material. Also
called photolithography.
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Optical Path Difference (OPD): The difference in optical
path (related to the difference in phase) between an actual
wavefront emerging from a lens and the ideal wavefront, as
a function of position on the wavefront.
Optical Proximity Correction (OPC): A method of se-
lectively changing the sizes and shapes of patterns on the
mask in order to more exactly obtain the desired printed
patterns on the wafer.
Optical Proximity Effect: Proximity effects that occur
during optical lithography.
Overlay: A vector describing the positional accuracy with
which a new lithographic pattern has been printed on top
of an existing pattern on the wafer, measured at any point
on the wafer. See also registration.
Overlay Correctables: Changes that can be made to the
optical exposure tool (such as rotation or translation of
the wafer stage or reticle stage) that would result in im-
proved overlay if the same wafers were to be reworked and
reprinted.
Overlay Mark: The target patterns printed on the wafer
at two different lithography steps that allow the overlay
between the two lithography patterns to be measured.
Overlay Mark Fidelity: The variation in measured over-
lay due to (non-lithographically caused) local variations in
the shape and structure of the overlay marks.
PAB: See Prebake.
PAC: See Photoactive Compound.
PAG: See Photoacid Generator.
Paraxial Approximation: The assumption that angles of
light passing through a lens are small enough (close enough
to the center axis of the lens) that spherical surfaces can be
approximated as parabolic.
Partial Coherence: Referring to the spatial coherence of
light, the ratio of the sine of the maximum half-angle of
illumination striking the mask to the numerical aperture
of the objective lens. Also called the degree of coherence,
the coherence factor, or the pupil-filling function, this term
is usually given the symbol σ.
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Partially Coherent Illumination: A type of illumination
resulting from a finite-sized source of light that illuminates
the mask with light from a limited, nonzero range of direc-
tions.
Pattern Placement Error: The difference between the
position of the center of a resist pattern from the nomi-
nal (designed) center position. Pattern placement error is
often used to describe pattern dependent overlay. See also
Overlay.
Patterning: The processes of lithography (producing a pat-
tern that covers portions of the substrate with resist) fol-
lowed by etching (selective removal of material not covered
by resist) or otherwise transferring the lithographic pat-
tern into the substrate.
PEB: See Post-Exposure Bake.
Pellicle: A thin, transparent membrane placed above
and/or below a photomask to protect the photomask from
particulate contamination. Particles on the pellicle are
significantly out of focus and thus have a much-reduced
chance of impacting image quality.
Phase-Shift Mask (PSM): A mask that contains a de-
signed spatial variation not only in intensity transmittance
but phase transmittance as well.
Photoactive Compound (PAC): The component of a pho-
toresist that is sensitive to light. Also called a sensitizer.
Photoacid Generator (PAG): The light-sensitive compo-
nent of a chemically amplified resist that generates an acid
upon exposure to light.
Photolithography: See Optical Lithography.
Photomask: A mask used in optical lithography.
Photoresist: A photosensitive material that forms a 3D
relief image by exposure to light and allows the transfer of
the image into the underlying substrate (for example, by
resisting an etch step).
Photoresist Contrast: A measure of the resolving power
of a photoresist, the photoresist contrast is defined in one
of two ways. The measured contrast is the slope of the stan-
dard H-D curve as the thickness of resist approaches zero.
The theoretical contrast is the maximum slope of a plot
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of log-development rate versus log-exposure energy (the
theoretical H-D curve). The photoresist contrast is usually
given the symbol γ.
Pitch: The sum of the linewidth and spacewidth for a re-
peating pattern of long lines and spaces.
Point Spread Function: The aerial image resulting from
an infinitely small isolated pinhole on the mask. More cor-
rectly, it is the image resulting from a plane wave of light
entering the entrance pupil of the lens.
Polarization: The orientation or direction of the electric
field of a light wave.
Positive Photoresist: A photoresist whose chemical struc-
ture allows for the areas that are exposed to light to develop
at a faster rate than those areas not exposed to light.
Post-Apply Bake (PAB): See Prebake.
Postbake: See Hard Bake.
Post-Exposure Bake (PEB): The process of heating the
wafer immediately after exposure in order to stimulate dif-
fusion of the PAC and reduce the effects of standing waves.
For a chemically amplified resist, this bake also causes a
catalyzed chemical reaction that changes the solubility of
the resist.
Prebake: The process of heating the wafer after applica-
tion (coating) of the resist in order to drive off the solvents
in the resist. Also called softbake and post-apply bake.
Process Latitude: The range over which a process para-
meter can be varied such that the lithographic results are
still acceptable.
Process Window: A window made by plotting contours
that correspond to various specification limits, as a function
of exposure and focus. One simple process window, called
the CD process window, is a contour plot of the high and
low CD specifications as a function of focus and exposure.
Other typical process windows include sidewall angle and
resist loss. Often, several process windows are plotted to-
gether to determine the overlap of the windows.
Projection Printing: A lithographic method whereby the
image of a mask is projected onto a resist-coated wafer.
Proximity Bake: A type of baking where the wafer is held
in close proximity to a hotplate.
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Proximity Effect: A variation in the size of a printed fea-
ture as a function of the sizes and positions of nearby fea-
tures.
Proximity Printing: A lithographic method whereby a
photomask is placed in close proximity (but not in contact)
with a photoresist-coated wafer and the pattern is trans-
ferred by exposing light through the photomask into the
photoresist.
PSM: See Phase-Shift Mask.
Pupil, Lens: The physical opening (somewhere within a
lens) that constrains the range of angles than can pass
through that lens. The size of a circular pupil is defined
by its numerical aperture. Also called an aperture, stop, or
aperture stop.
Pupil Filter: A device used to alter the amplitude and/or
phase transmission of the light as it passes through the
pupil of the objective lens.
Pupil Function: A mathematical function that describes
the electric field transmission of the light as it passes
through the pupil of the objective lens.
Quadrupole Illumination: A type of off-axis illumination
where four circles or arcs of light are used as the source.
These four circles are spaced evenly around the optical axis.
Quantum Efficiency: Referring to photoresist exposure,
the quantum efficiency is the average number of exposure
reaction products produced when one photon is absorbed by
the photoreactive species.
Raster Scan: A type of direct-write lithography where an
exposing beam scans back and forth, covering the entire
sample to be printed, while the beam is turned on and off
to create the pattern.
Rayleigh Equations: Named for Lord Rayleigh, though
modified for use in lithography, these equations relate res-
olution (R) and depth of focus (DOF) to the numerical aper-
ture (NA) and wavelength (λ) of the imaging system.

R = k1
λ

NA
DOF = k2

λ

NA2
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The terms k1 and k2 are sometimes described as constants,
but in reality are the scaled or dimensionless resolution
and DOF, respectively. The DOF Rayleigh equation can
also be corrected for high-numerical-aperture effects.
Reflective Notching: An unwanted notching or local fea-
ture size change in a photoresist pattern caused by the
reflection of light off nearby topographic patterns on the
wafer.
Reflectivity: The ratio of the reflected light intensity to
the incident light intensity.
Refractive Index: The real part of the refractive index of
a material is the ratio of the speed of light in vacuum to
the speed of light in the material. The imaginary part of
the refractive index is determined by the absorption coeffi-
cient of the material α and is given by αλ/4π where λ is the
vacuum wavelength of the light.
Registration: A vector describing the positional accuracy
with which a lithographic pattern has been printed as com-
pared to an absolute coordinate grid, measured at any point
on the wafer. See also Overlay.
Resin, Photoresist: A component of a photoresist that
gives the resist its structural and etch-resistant qualities,
and is not light-sensitive. The resin also interacts with the
photoactive compound and/or its exposure products to af-
fect the solubility of the resist in developer.
Resist: See Photoresist.
Resist Linewidth: See Critical Dimension.
Resist Gamma: See Photoresist Contrast.
Resist Reflectivity: The reflectivity of a photoresist-
coated wafer. This reflectivity corresponds to the reflectiv-
ity that would be measured by bouncing light off of the
resist-coated wafer. If a Top ARC or CEL is used, the reflec-
tivity could include these films as well.
Resolution: The smallest feature of a given type that can
be printed with acceptable quality and control. For exam-
ple, resolution is often defined as the smallest feature of a
given type that meets a given depth of focus requirement.
Resolution Enhancement Technologies (RET): A col-
lection of techniques such as optical proximity correction,
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phase-shift masks, and off-axis illumination, designed to
improve the usable resolution of an optical lithography tool
of a given numerical aperture and wavelength.
RET: See Resolution Enhancement Technologies.
Reticle: See Mask.
Saggital Lines: Line patterns oriented along the radial di-
rection from the optical axis (i.e., the center) of an imaging
system.
Scalar Wave Theory: A simplified form of Maxwell’s
equations where the vector nature of light is ignored.
In imaging applications, scalar theory will interfere two
beams of light completely, regardless of their angle or po-
larization (i.e., regardless of the relative directions of the
two electric field vectors).
Scanner: A type of projection printing tool whereby the
mask and the wafer are scanned past the small field of the
optical system that is projecting the image of the mask onto
the wafer.
Scanning Electron Microscope (SEM): A machine that
is used to inspect resist profiles and measure critical di-
mensions by bombarding the sample with electrons and de-
tecting the backscattering of the electrons.
Scattering Bars: See Sub-Resolution Assist Features.
SEM: See Scanning Electron Microscope.
Semiconductor Device: A transistor, resistor, capacitor,
or integrated circuit made from a semiconductor material.
Sensitizer: See Photoactive Compound.
Serif: A small ancillary pattern attached to the corners
of the original pattern on a mask in order to improve the
printing fidelity of the pattern.
Sidewall Angle: The angle that a resist profile makes with
the substrate, usually estimated by modeling the resist pro-
files as a trapezoid.
Simulation: The process of using physical models to pre-
dict the behavior of a complex process. These models are
usually implemented as computer software.
Smiley Plot: See Focus-Exposure Matrix.
Softbake: See Prebake.
Soft X-ray Lithography: See EUV Lithography.
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Solvent, Photoresist: The solvent used to render a mix-
ture of photoresist resin and photoactive compound or pho-
toacid generator into a liquid form. This allows for spin
coating of the resulting photoresist onto a wafer.
Spatial Frequency: A scaled coordinate of the entrance
or exit pupil of a lens, the spatial frequency refers to the
Fourier transform used to calculate Fraunhoffer diffraction
patterns. The center of the lens has a spatial frequency of
zero and the edge of the lens is at the maximum spatial
frequency, given by the numerical aperture divided by the
wavelength.
Spherical Aberration: An aberration that often increases
the asymmetric response of linewidth to positive versus
negative focus errors.
Spider Plot: See Focus-Exposure Matrix.
Spin Coating: The process of coating a thin layer of resist
onto a substrate by pouring a liquid resist onto the sub-
strate and then spinning the substrate to achieve a thin
uniform coat.
SRAF: See Subresolution Assist Feature.
Standing Waves: A periodic variation of intensity as a
function of depth into the resist that results from interfer-
ence between a plane wave of light traveling down through
the photoresist and one that is reflected up from the sub-
strate.
Standing Wave Effect: Caused by standing waves in
the resist, the horizontal, periodic ridges formed along the
sides of a resist profile.
Step-and-Repeat Camera: See Stepper.
Step-and-Scan: A type of projection printing tool combin-
ing both the scanning motion of a scanner and the stepping
motion of a stepper.
Stepper: A type of projection printing tool that exposes a
small portion of a wafer at one time, and then steps the
wafer to a new location to repeat the exposure. Also called
a step-and-repeat camera.
Strehl Ratio: The ratio of the intensity at the peak of the
actual point spread function of a lens to that at the peak
of an ideal, aberration-free point spread function as formed
by the same optical system.
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Stripping, Resist: Complete removal of the resist off the
wafer after the lithographic and pattern transfer processes
are finished.
Sub-Resolution Assist Feature (SRAF): Small features,
usually in the form of parallel lines for a bright field pattern
and parallel spaces for a dark field pattern, that are below
the resolution limit of the imaging system but influence the
lithographic behavior of the larger feature they are near.
A common form of such sub-resolution assist features are
often called scattering bars.
Substrate: The film stack, including the wafer, on which
the resist is coated.
Substrate Reflectivity: The total reflectivity of the sub-
strate beneath the resist. This is the reflectivity that light
experiences after it passes through the resist and strikes
the substrate.
Surface Induction: See Surface Inhibition.
Surface Inhibition: A reduction of the development rate
at the top surface of a resist relative to the bulk develop-
ment rate. Also called surface induction.
Surfactant: A “surface acting agent,” a chemical that acts
only on the surface of some material. For example, surfac-
tants are commonly used in developers to reduce surface
tension.
Swing Curve: A sinusoidal variation of a parameter, such
as linewidth or dose to clear, as a function of resist thick-
ness caused by thin-film interference effects.
Swing Ratio: Determined from the linewidth swing curve,
the linewidths of the first two maximums are averaged
together to give CDmax. Then using the linewidth at the
minimum between these two maximums, called CDmin, the
swing ratio is defined as

SR = 2(CDmax − CDmin)/(CDmax + CDmin) × 100%

T-Top, Resist Profile: The T-shape of a resist profile
caused by the formation of a low-solubility region at the
top of a positive chemically amplified resist. This is usu-
ally caused by acid loss at the top of the resist due to at-
mospheric base contamination or acid evaporation.
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Tangential Lines: Line patterns oriented perpendicular
to the radial direction from the optical axis (i.e., the center)
of an imaging system.
TARC: See Top Antireflective Coating.
TIS: See Tool-Induced Shift.
Tool-Induced Shift (TIS): The difference in overlay mea-
surements that result when the wafer is rotated by 180◦
and remeasured in the same overlay measurement tool.
Top Antireflective Coating (TARC): A thin film coated
on top of the photoresist used to reduce reflections from the
air-resist interface and thus reduce swing curves.
Top Surface Imaging: A resist imaging method whereby
the chemical changes of exposure take place only in a very
thin layer at the top of the resist.
ULSI: Ultra Large Scale Integration, an integrated circuit
made of millions of transistors.
UV: Ultraviolet, the portion of the electromagnetic spec-
trum with wavelengths lower than can be seen by the hu-
man eye (typically taken to be wavelengths of about 400 nm
and below).
UV Cure: A post-development process by which the re-
sist patterns are exposed to deep-UV radiation (and often
baked at the same time) in order to harden the resist pat-
terns for subsequent pattern transfer. The UV cure is often
a replacement for the hard bake step.
Vapor Prime: A chemical treatment of a wafer to remove
water from its surface in preparation for coating with resist
in which the wafer is exposed to the vapor of an adhesion
promoter.
Vector Scan: A type of direct-write lithography where an
exposing beam is not raster scanned but rather is moved
directly to the area to be exposed before the beam is turned
on and scanned over the exposure area.
Vector Wave Theory: A complete and accurate treatment
of imaging, based on Maxwell’s equations, that accounts for
the vector nature of light. In imaging applications, vector
theory will interfere two beams based on the degree of over-
lap of their electric fields.
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VLSI: Very Large Scale Integration, an integrated circuit
made of tens of thousands to hundreds of thousands of tran-
sistors.
Wafer: A thin slice of semiconductor material on which
semiconductor devices are made. Also called a slice or sub-
strate.
Wafer Fab: The facility (building and equipment) in which
semiconductor devices are fabricated. Also called a semi-
conductor fabrication facility.
Wavefront: Referring to the propagation of electromag-
netic waves, any surface of constant phase.
X-ray Lithography: Lithography using light of a wave-
length in the range of about 0.1 nm to 5 nm, with about
1 nm being the most common. Usually takes the form of
proximity printing.
Zernike Coefficients: The coefficients of the Zernike poly-
nomial.
Zernike Polynomial: A specific orthonormal polynomial,
usually cut off at 36 terms, used to fit the wavefront error
of a lens for a given field point. This polynomial character-
izes the aberrations of the lens. (Named after Nobel prize-
winner Fritz Zernike.)
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3rd-order astigmatism, 22, 89
3rd-order spherical, 22, 89
3rd-order trefoil, 22, 89
3rd-order x coma, 22, 89
3rd-order y coma, 22, 89
45◦ trefoil, 22, 89
5th-order astigmatism, 22, 89

ABC parameters, See Dill
parameters

aberrations, lens, 20–23, 92
absorption coefficient, 41, 42,

44, 92
acid-catalyzed resist, 40, 92
across-chip linewidth

variation (ACLV), 64
actinic wavelength, 92
activation energy, 46, 92
additive processes, 10
adhesion promoter, 3, 92
advanced process control

(APC), 92, 93
aerial image, 13, 17, 23, 49,

53, 92
aligner, See mask aligner
alignment, 93
alignment key, 93
alignment mark, 93
alignment target, 93
alternating phase-shift

masks, 78, 79, 93
annular illumination, 84, 93
antireflective coating (ARC),

37, 38, 93
aperture stop, 93
aperture, numerical, See

numerical aperture
ArF, 93
Arrhenius coefficient, 46, 93
Arrhenius equation, 46, 93
aspect ratio, 94
astigmatism, 22, 24, 94
atomic force microscope

(AFM), 67

attenuated phase-shift
masks, 78, 80, 94

autofocus system, 94

bandwidth, illumination, 23,
94

base quencher, 47
Beer’s law, 41, 42, 90
bias, 81, 94
binary mask, 94
birefringence, 94
bleaching, photoresist, 42, 44,

94
Bossung curves, 69, 94
bottom antireflection coating

(BARC), 38, 94

CAR, 40, 94
catadioptric, 94
catalyze, 7, 40, 45
catoptric, 94
Cauchy coefficients, 95
characteristic curve, See

contrast curve
chemically amplified resists,

7, 40, 45, 46, 57, 95
chromatic aberration, 23, 95
chrome on glass, 80
circular polarization, 29
clearing dose (E0), See dose to

clear
coating, resist spin, 4, 95
coherence factor, 19, 95
coherence, spatial, 18, 19, 95
coherent illumination, 18, 19,

95
coma, 22, 95
condenser lens, 13, 95
contact printing, 6, 95
contrast curve, 95
contrast enhancement layer

(CEL), 96
contrast, image, 95
contrast, resist, 59, 95
corner rounding, 96
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critical dimension (CD),
61–63, 94, 96

critical dimension variational
equation, 63, 91

critical shape (CS), 96
critical shape difference

(CSD), 96
critical shape error (CSE), 96

deblocking, 40, 45
deep-UV lithography, 96, 98
defocus, 25, 54, 69, 96
degree of coherence, 19, 96
dehydration bake, 3, 96
depth of focus (DOF), 31, 32,

70–73, 83, 97
descum etch, 9
design rule, 97
developer, 8, 51, 97
development, 8, 49–51, 59, 97
development path, 52
development rate, 49–51, 97
development rate monitor

(DRM), 97
diffraction, 14, 15, 97
diffraction orders, 15, 32, 73,

97
diffraction-limited, 17, 97
diffraction pattern, 15, 97
diffusion, 7, 46, 90
diffusion coefficient, 46, 98
diffusion equation, 46, 90
diffusion length, 57, 98
diffusivity, See diffusion

coefficient
Dill parameters, 42–44, 90,

92, 97
dioptric, 98
dipole illumination, 83, 98
direct-write lithography, 87,

98
dispersion, 23, 98
dissolution inhibitor, 98
dissolution promoter, 98
dissolution rate, 48, 49, 51,

59, 90, 98

distortion, 98
dose, 43, 69, 98
dose to clear (E0), 26, 36, 98
dose to size, 99
DRM, 99
dyed resist, 99

e-beam lithography, See elec-
tron beam lithography

edge bead, 99
edge bead removal (EBR), 99
electric field image at the

wafer, 17, 88
electromagnetic wave, 11, 27,

29
electron beam lithography,

87, 98, 99
elliptical polarization, 29
embedded PSM (EPSM), 80,

99
entrance pupil, lens, 99
etching, 9
excimer laser, 99
exit pupil, lens, 21, 29, 75, 99
exposure, 6, 43, 99
exposure dose, See exposure

energy
exposure energy, 43, 69, 100
exposure field, See field,

exposure
exposure latitude, 62, 71, 100
exposure margin, 100
extinction coefficient, 100
extreme ultraviolet (EUV)

lithography, 87, 99, 100

fab, 100
FE matrix, 69, 71, 101
field-by-field alignment, 100
field curvature, 100
field, exposure, 100
first law of photochemistry, 43
first-order kinetics, 43, 45
flare, 26, 100
flare measurement, 26, 89
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flood exposure, 100
focal plane, 100
focal position, See focus
focus, 69, 101
focus-exposure matrix, 69, 71,

101
focus-exposure process

window, 69, 71
forbidden pitch, 84
Fourier optics, 17, 101
Fourier transform, 15, 17
Fourier transform of 1D mask

pattern, 15, 88
Fraunhofer diffraction, 14, 15
Fresnel, Joseph, 14
Fresnel reflection formulae,

35, 90

g-line, 101
GDS II, 101
glass transition temperature,

101
global alignment, 101

H-D Curve, 101
h-line, 101
H-V bias, 24, 101
hard bake, 9, 102
hexamethyldisilizane

(HMDS), 3
horizontal-vertical bias, 24,

89, 101
Hurter-Driffield curve, See

H-D curve
Huygen’s principle, 14, 102

i-line, 102
IC, See integrated circuit
illumination system, 13, 102
illumination, Köhler, 102
image contrast, 102
image log-slope (ILS), 53, 56,

102
image reversal, 102
immersion lithography, 31,

32, 37, 87, 91, 102

immersion–high NA depth of
focus Rayleigh criterion,
32, 91

imprint lithography, 87, 102
incoherent illumination, 19,

102
index of refraction, 30, 31, 34,

37, 38, 78, 111
integrated circuit, 1, 103
intensity, 27, 34, 103
internal transmittance, 34, 90
invariant, optical 30, 31, 89
inverse Fourier transform, 17
ion beam lithography, 103
ion implantation, 10
iso-dense print bias, 81, 103
isofocal bias, 103
isofocal dose, 103
isofocal linewidth, 103

Köhler illumination, 103
Kirchhoff diffraction, 14
KrF, 103

Lagrange invariant, 30
Lambert law of absorption,

41, 90
latent image, 40, 43, 45, 56,

57, 103
latent image gradient, 56, 57
Levenson PSM, See

alternating PSM
lift-off process, 104
lifting, resist, 103
line edge roughness (LER),

66, 104
line end shortening (LES),

103, 104
linescan, 67
linewidth, 61, 67, 104
linewidth roughness, 66
lithographic cluster, 2
lithographic imaging

equation, 59
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lithography, 1, 104
log-slope defocus curve, 55
LSI, 104

Mack 4-parameter dissolu-
tion rate model, 49, 90

magnification factor, 16
mask, 13, 76, 78–80, 104
mask aligner, 104
mask biasing, 82, 104
mask blank, 105
mask error enhancement fac-

tor (MEEF), 76, 91, 105
mask error factor, See mask

error enhancement factor
mask linearity, 105
maskless lithography, 105
Maxwell’s equations, 11, 27,

88
MEF, See mask error

enhancement factor
mercury arc lamp, 105
metrology, 67, 68, 105
microlithography, 1, 105
mix-and-match lithography,

105
modeling, 85, 105
Moore’s law, 86, 105
multilayer resist (MLR), 106

nanolithography, 106
negative photoresist, 106
next-generation lithography

(NGL), 87, 106
non-bleachable absorption

coefficients, 42, 44
normality, developer, 51
normalized image log-slope

(NILS), 53–60, 66, 91, 106
Novolak/DNQ, 39
numerical aperture (NA), 16,

17, 55, 106

OAI, 77, 83, 106
objective lens, 13, 106

off-axis illumination (OAI),
77, 83, 106

OPC, 77, 80, 82, 106
optical density, 106
optical invariant, 30, 31, 89
optical lithography, 1, 2, 106
optical path difference (OPD),

25, 75, 89, 107
optical path difference due to

defocus, 89
optical proximity correction

(OPC), 77, 80, 82, 107
optical proximity effect, 81,

107
overlay, 65, 68, 107
overlay correctables, 68, 107
overlay mark, 68, 107
overlay mark fidelity, 107

paraxial approximation, 107
partial coherence, 19, 107
partial coherence factor, 19
partially coherent

illumination, 19, 108
pattern placement error, 108
patterning, 1, 9, 108
pellicle, 108
phase conflict, 79
phase-shift mask (PSM),

77–80, 108, 109
phasor, 12, 88
photoacid generator (PAG),

45, 107, 108
photoactive compound (PAC),

39, 43, 107, 108
photolithography, 1, 2, 108
photomask, 6, 78, 108
photoresist, 1, 2, 108
photoresist contrast, 59, 108
photoresist dissolution,

49–52, 59
piston, 22
pitch, 15, 73, 81, 83, 109
plane wave, 12, 34, 88
point spread function, 73, 108
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polarization, 27, 29, 109
positive photoresists, 39, 109
post-apply bake (PAB), 5, 48,

107, 109
post-exposure bake (PEB), 7,

45, 46, 57, 108, 109
post-exposure delay, 47
postbake, 9, 109
power (focus), 22, 88
prebake, 5, 48, 109
process control, 63
process error, 62
process latitude, 62, 109
process optimization, 63
process window, 70, 109
projection e-beam, 87
projection printing, 6, 109
proximity baking, 5, 109
proximity effects, 81, 110
proximity printing, 6, 110
puddle development, 8
pupil filter, 110
pupil function, 17, 88, 110
pupil phase error due to

defocus, 89
pupil, lens, 17, 110

quadrupole illumination, 83,
110

quantum efficiency, 110

random polarization, 29
raster scan, 110
Rayleigh depth of focus

criterion, 32, 75, 91
Rayleigh equations, 74, 75,

91, 110
Rayleigh resolution criterion,

74, 91
reactive ion etching, 10
reciprocity, 43
reflection coefficient, 34, 35,

90
reflective notching, 111
reflectivity, 34, 35, 111

refractive index, See index of
refraction

registration, 111
resin, photoresist, 111
resist, 1, 2, 111
resist contrast (gamma), 51,

59, 111
resist linewidth, 61, 111
resist reflectivity, 36, 111
resist stripping, 9, 114
resolution, 31, 73, 74, 77, 111
resolution enhancement tech-

nologies (RET), 77, 111
reticle, 111

saggital lines, 112
scalar wave theory, 112
scanners, 6, 112
scanning electron microscope

(SEM), 67, 112
scattering bars, 82, 112
semiconductor device, 112
sensitizer, 39, 112
sensitizer decomposition, 48
serifs, 82, 112
sidelobes, 80
sidewall angle, 61, 69, 112
simulation, 85, 112
smiley plot, 69, 100, 112
Snell’s law, 30
soft x-ray lithography, 112
softbake, 5, 48, 112
solvent, photoresist, 42, 113
spatial coherence, 18
spatial frequencies, 74, 113
spherical aberration, 22, 89,

113
spider plot, 69, 113
spin coating, 4, 113
spin development, 8
spin speed curve, 4
spray development, 8
standing waves, 7, 33, 34, 38,

113
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step-and-repeat camera, 6,
113

step-and-scan, 6, 113
steppers, 6, 113
Strehl ratio, 113
sub-resolution assist feature

(SRAF), 82, 114
substrate, 114
substrate cleaning, 3
substrate reflectivity, 114
surface induction, 50, 114
surface inhibition, 50, 114
surfactants, 50, 114
swing curve, 36–38, 114
swing ratio, 114

T-top, resist profile, 47, 114
tangential lines, 115
thermal dose, 45
tool-induced shift (TIS), 68,

115
top antireflection coating, 37,

115
top surface imaging, 115
transmission coefficient, 34,

90

ULSI, 115
unpolarized, 29
UV, 115
UV cure, 115

vapor prime, 3, 115
vector scan, 115
vector wave theory, 27, 115
VLSI, 116

wafer, 13, 116
wafer-induced shift, 68
wafer fab, 116
wavefront, 12, 14, 20, 116

X tilt, 22, 88
x-ray lithography, 116

Y tilt, 22, 88

Zernike coefficients, 21, 22,
88, 116

Zernike formulae for
aberrations, 22, 88

Zernike polynomial, 21, 22,
88, 116
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