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Abstract
The reduction of semiconductor device dimensions necessitates, amongst other
things, a reduction in linewidth uctuation of the individual device components. The achievement of specied tolerances for future technology is an as
yet unsolved problem for mass manufacture. The impact of many process and
material parameters on resulting linewidth uctuation is known experimentally, but no models yet exist that allow a suciently accurate prediction of
linewidth uctuation.
In this thesis, new models for the mesoscopic (i.e., discrete and stochastic) simulation of photoresist patterning in optical lithography have been developed and
implemented. It has been proven that modeling of the Poisson distributed number of photons (so called shot noise) is unnecessary. This implies, contrary
to common believe in literature, that the average number of photons absorbed
during photoresist exposure has no direct impact on linewidth uctuation. The
new photoresist post-exposure bake simulation algorithm reduces the required
computing time and memory resources when compared with the standard approach for mesoscopic simulation of reaction and diusion processes. The new
algorithm for the subsequent photoresist development simulation combines an
overlap-free description of the photoresist polymers with calibrated development rates. This enables quantitative match of the average prole linewidth
predicted by mesoscopic models with established macroscopic models and experimental data for the rst time. Prole data obtained from mesoscopic simulations requires additional post-processing in order to carry out an automated
evaluation.

An ecient algorithm has been developed for the unambiguous

determination of the surface position of the developed photoresist.
The new models have been used to analyze the impact of process and photoresist material properties on linewidth uctuation. Comparisons with experimental data from literature show a very good agreement.
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Chapter 1
Introduction
Optical lithography is a key process step in semiconductor mass manufacturing.
It is used to create a photoresist pattern on a wafer for subsequent selective etching or ion implantation. Ongoing reduction of semiconductor device dimensions
results in increasing demands on the accuracy of lithographically manufactured
patterns [Lor06]. Control of pattern size is crucial since semiconductor device
characteristics greatly depend on the dimensions of these elements. Until a few
years ago, the required dimension control for transistors was specied by the
tolerable variation of the average gate length [ITR00]. This, however, included
no description of roughness along the gate length. This roughness is termed
line edge roughness (LER) or line width roughness (LWR), which refers to the
uctuation of a single line edge and the linewidth. It has been found that the
measured line edge positions are Gaussian distributed [Old00]. The triple standard deviation of Gaussian distribution (the so-called 3σ characterization) is
now the established LER quantication. It allows the calculation of the impact
of LER on transistor device characteristics.
Prominent detrimental eects of linewidth uctuation are increased variation of
threshold voltage, signal transit time, on-state current, and most signicantly
an increase in the average leakage current of the transistors. These LER eects
increase with smaller device dimensions. Since LER does not automatically
scale down with shrinking dimensions, its required control and minimization
1
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presents an increasingly dicult challenge [Gog06]. Along with the pitch and
width of the transistor gates, the degree of tolerable linewidth uctuation becomes smaller. Figure 1.1 shows the corresponding specications for dynamic
random access memory (DRAM) semiconductors.
90
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Linewidth control
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Figure 1.1: Current and projected half pitch of DRAM gates in mass produc-

tion and the corresponding tolerable linewidth uctuations for lithographically
manufactured photoresist structures. The data are from a forecast by the International Technology Roadmap for Semiconductors [ITR06a].

Increasingly tight tolerances for linewidth uctuation resulted in increased research interest in their causes from the mid 1990s on. It was known that
nonuniformity in the photoresist thickness resulted in lateral size variation of
the photoresist pattern. New research was targeted on the impact of the discrete photoresist composition and the inherently stochastic nature of its processing on the resulting LER. Initially, the focus was on analyzing the impact
of the size and shape of the photoresist polymer chains. It was found that
dierent polymer chain compositions resulted in signicantly dierent LER
values. No systematic correlation, however, between polymer chain properties
and LER could be identied. Then it was discovered that the image contrast of
the pattern used for photoresist exposure is strongly correlated to the resulting
linewidth uctuation [Hin98]. Higher image contrast reduces the LER. Subse-
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quently, it was found that the amount of base added to the photoresist [Fed01]
and the diusion length of acid molecules in the photoresist [Yos02] have a
signicant impact on the LER. Neither factor, however, has a monotonous correlation with the photoresist linewidth uctuation. Multiple trade-os exist
between LER minimization and process costs. Thus many constraints have to
be taken into account when optimizing process and material conditions. For
example, an increase in the quencher base concentration in the photoresist can
reduce the linewidth uctuation but simultaneously decreases the throughput
at the wafer exposure stage. With smaller structure size and lower tolerable
process variation, development, optimization, and control of the lithographic
process become an increasingly complex task. This, as well as high costs1 and
limited exibility of equipment for lithographic processing, results in an increasingly widespread use of lithography simulation software. According to estimates
from the International Technology Roadmap for Semiconductors (ITRS), the
employment of simulation tools can reduce the overall technology development
costs in semiconductor manufacturing by up to 40 percent [ITR06b].
The rst paper on optical lithography simulation was published in 1975 by Dill
[Dil75a]. The rst commercial lithography simulation software was released in
1990 [Mac05]. Since then, increasingly complex models have become available
to improve the accuracy of the predicted simulation results. No established
models, however, yet exist that include a prediction of photoresist LER. All
commercially available models use continuous and deterministic simulation approaches. Therefore, they do not allow the prediction of LER which is caused
by the discrete nature of the photoresist material and the inherently stochastic nature of its processing. Despite increased understanding of the origins of
LER in recent years, all the mesoscopic (i.e., discrete and stochastic) simulation models proposed so far take into account only single factors that aect
LER. None of the suggested models has ever been quantitatively compared to
experimental data in respect to the predicted average prole dimensions. In
addition, the proposed mesoscopic photoresist development models often require dierent, molecular level, sets of parameters for which no measurement
methods exist.
In this thesis, new mesoscopic photoresist simulation models have been developed which require only a few extra parameters when compared with the
established macroscopic models. A new algorithm has been developed that al1 State-of-the-art steppers for photoresist exposure cost $US 25 million and more.
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lows to generate an overlap-free polymer chains distribution for the photoresist
description. The new exposure simulation model is mathematically equivalent
to previously suggested approaches, but provides a much more straightforward
perspective. It has been proven that computationally expensive modeling of
the Poisson distributed photon absorption is not required. Existing algorithms
for the mesoscopic simulation of coupled reaction-diusion processes have been
adapted for the specic conditions during photoresist post-exposure bake in
order to reduce computing time and memory resources. The new discrete simulation of the development process provides a description of polymer dissolution behavior consistent with calibrated macroscopic development rate models.
The new models allow the average prole dimensions as well as the LER of the
developed photoresist proles to be predicted.
The content of this thesis is organized as follows: Chapter 2 provides a general
overview of photoresist processing in optical lithography. Established macroscopic simulation models are described in Chapter 3. Chapter 4 describes
existing mesoscopic photoresist models as well as the new models developed in
this thesis. In addition, mesoscopic models are compared to calibrated continuous models in terms of the predicted average prole linewidth and the simulation time required. The various aspects of photoresist LER are discussed in
Chapter 5. This includes suggested LER metrics and available measurement
techniques. The detrimental eects of gate LER on device performance are
described based on the transfer behavior of photoresist LER to the transistor
gate. A review of experimentally reported causes of LER is given and simulated LER dependencies are compared to experimental results. Chapter 6
concludes this thesis with a summary and an outlook on possible future work
on mesoscopic photoresist modeling.

Chapter 2

Photoresist Processing in
Optical Lithography
In optical lithography, a pattern dened in a photomask is transferred into
a photosensitive lm (photoresist). Subsequently, the photoresist pattern is
transferred through an etching process into the underlying substrate layer.
Alternatively, the pattern is used as a mask for ion implantation processes.
Patterning of the wafer is a key process step in semiconductor manufacturing.
The challenge is to print small feature geometries with high precision and low
roughness at a high throughput.
This chapter provides an overview of photoresist materials and the processing
steps. An exemplary pattern transfer into silicon dioxide on the top of a silicon wafer is sketched in Figure 2.1. Aspects like testing, process control, or
yield are not covered in this thesis. A more general overview of semiconductor
manufacturing can be found in the literature, for instance in the book by Van
Zant [Van04].

5
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1) Clean

2) Spin-coat

3) Prebake

4) Expose

5) Post-exposure bake

6) Develop

Photoresist

Silicon dioxide

7) Hardbake

Figure 2.1:

8) Etch

9) Strip

Silicon

Overview of the photoresist processing steps in optical lithography

(according to Erdmann and Henke [Erd99]).

2.1

Materials

Photoresists come in two distinct blends, positive and negative tones. While
positive tone materials are basically insoluble in development liquid and the
exposed parts become soluble, it is the opposite for negative tone photoresists.
Basically, they have good solubility in development liquid which signicantly
decreases in the exposed regions. Up to the mid-1970s, negative tone photoresists were in more widespread use. Since the 1980s, however, positive tone
photoresists are predominately used. The switch was due to the higher resolution capability of positive tone photoresists, attributed to smaller polymers
[Van04]. Other disadvantages of negative tone materials are their swelling behavior and the toxic nature of some of the chemicals used.
Furthermore, photoresists can be classied into formulations with and without
chemical amplication. In the non chemically amplied photoresists (NCARs)
originally used, the light absorbed directly alters the solubility of the photore-
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sist. This leads to increased solubility in negative blends and decreased solubility in positive blends. In the 1980s, chemically amplied photoresists (CARs)
were introduced by Ito and Willson [Ito83]. State-of-the-art positive tone CARs
are multi component materials. The basic component is a resin consisting of
phenolic polymers such as novolak poly(p-hydroxystyrene) (PHOST) [Tsi97].
Attached to the polymers are dissolution blocking or inhibitor groups. In addition, they contain a photosensitive salt, which acts as a photoacid generator
(PAG) during exposure. During post-exposure bake (PEB), the acid molecules
generated diuse and catalyze a deprotection reaction, which cleaves the dissolution inhibitor groups of the polymers. With increasing decomposition of the
blocking groups, the polymers become increasingly soluble. Without attached
inhibitor groups, they are highly soluble in aqueous alkaline developer. The
term chemical amplication refers to the capability of a single acid molecule to
catalyze a great many inhibitor deprotection events. This causes the desired
high sensitivity of CARs, the key photoresist property for a high throughput
of wafers at the expensive exposure system.
Additional functional components of CARs are alkalic acid-quencher (see Section 2.5), adhesion promoters, and a solvent. Adhesion promoters increase the
photoresist adherence to the wafer surface. The solvent causes the liquidation
of the photoresist and allows its application to the wafer surface as a thin lm
by means of spin-coating. Negative tone photoresists contain a crosslinker component. The crosslinker can attach itself to the polymers after reaction with
acid during PEB, thus reducing the local photoresist solubility by inhibiting
the reaction of the polymers with the developer.
Photoresists used in semiconductor manufacturing are tuned to be used at a
specic wavelength. Since the introduction of 248 nm krypton uoride (KrF)
excimer laser exposure systems, as from 1997 CARs have been used almost
exclusively. Due to their almost exclusive use in state-of-the-art optical lithography [Sen05], only this type will be considered in this thesis and the term
photoresist is used as a synonym for a positive tone CAR.
The simultaneous optimization of key photoresist performance characteristics
such as optical transmittance, sensitivity, adhesion and mechanical stability is
a dicult challenge since the relationship between the photoresist components
and resulting performance is highly complex and not yet fully understood.

8
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Cleaning, Priming, and Coating

A contamination-free wafer surface is essential for lithographic processing. The
process ow, therefore, starts with the cleaning and preparation of the wafer
surface. Common particle removal methods are mechanical scrubbing, highpressure water stream, or nitrogen blow-o.
In order to increase the adhesion of the photoresist, the wafer surface is
then dehydrated and chemically primed. The primer chemically ties-up water molecules. The resulting hydrophobic wafer surface is necessary to ensure
good adhesion of the photoresist.
After preparation of the wafer surface, photoresist is spin-coated onto the wafer.
Before and during spin-coating, the photoresist is a suspension of polymers and
additives in a solvent. The challenge here is the application of a thin, defectfree, smooth, and uniform photoresist lm. Important photoresist properties
for this process step are surface tension and viscosity, which depend on the
concentration and type of solvent. Critical process parameters are the amount
of photoresist applied, temperature, air ow at the top of the wafer, spin speed,
and duration of the spin process.

2.3

Prebake

During the rst bake step, called prebake, soft bake or post-apply bake, most of
the solvent diuses out and causes shrinkage of the photoresist lm. This leads
to a mechanically stable lm and increases the adhesion to the substrate. The
amount of solvent remaining is usually reduced from an initial 20 to 30 percent
to about 5 percent [Tol06]. It can be determined by radio-tracer measurements.
The amount of solvent remaining depends on factors such as the vapor pressure
of the solvent, the nature of its interaction with the polymeric photoresist
component as well as prebake time and temperature. Usually, the wafer is
placed on a hot plate and heated through conduction to temperatures typically
between 70 ◦ C and 100 ◦ C at bake times between 25 and 60 s [Van97]. The
amount of remaining residual solvent can aect optical properties, acid and
base mobility during the PEB (see Section 2.5), dissolution performance, etc.

2.4

EXPOSURE

2.4
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Exposure

The exposure process transfers an image of the photomask (usually a transparent glass mask with low transmission molybdenum-silicon or chromium absorbers) into the photoresist. State-of-the-art exposure tools are optical stepand-scan projection systems using argon uoride (ArF) excimer laser light
sources. They emit monochromatic light at a wavelength of 193 nm. Basically, the imaging system (see Figure 2.2) consists of illumination (light source,
condenser) and projection optics (projection lens system, aperture stop). The
illumination optic is designed to ensure homogeneous illumination of the photomask. The projection system images the photomask pattern into the image
plane at or close to the wafer surface which is coated by a photoresist lm.
State-of-the-art projection systems use water as immersion liquid between the
projection lens and the photoresist to increase the resolving capacity.
Light source

Condenser

Photomask

Projection lens

Immersion liquid

Θ

z

Figure 2.2:

y
x

Aperture stop

Θ: Half aperture angle
of the projector lens

Photoresist
Wafer (substrate)

Outline of a lithographic projection system (adapted from Erd-

mann and Henke [Erd99]).
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The projected photomask image causes the spatially selective generation of acid
from PAG molecules in the photoresist. In this way, a spatially nonuniform
latent image of the photomask pattern is created in the photoresist. Usually,
the pattern of the photomask is projected into the photoresist with a reduction
factor of four or ve. The wafer surface is exposed in a sequence of steps (stepand-scan process). A single projected photomask pattern covers only a small
section of the wafer surface (a so-called die).
The resulting exposure dose distribution inside the photoresist depends on the
illumination conditions as well as on the refractive index and absorption coefcient of the photoresist. The optical properties of the substrate layers below
the photoresist also aect the intensity distribution in the photoresist. Incident
light interferes with reected light from the photoresist-substrate interface and
can cause standing wave eects in the illumination pattern and subsequently
in the amount of acid generated along the z-axis in the photoresist. The use
of additional anti-reective coating (ARC) layers between the photoresist and
the substrate, as well as shifting of the direction of the exposing light from the
perpendicular (so-called o-axis illumination) reduces the modulation of the
interference pattern.
The transfer of the photomask pattern into the photoresist requires sucient
resolution of the projection system. Due to diraction limited imaging, the
image of the photomask pattern in the photoresist can be signicantly blurred
compared to the original pattern dened by the photomask layout. The two
most important quality criteria of the projection imaging system are the minimal distance between two neighboring features that can still be resolved ∆min ,
and the depth of focus (DOF). They are explained in the following.
Achievable spatial resolution ∆min is described by the rst Rayleigh criterion:
∆min = k1Rayleigh

λ
n sin(Θ)

(2.1)

λ is the wavelength of the light used for the exposure process. Θ denotes

the half maximum illumination angle between the exit lens of the projection
system and the image plane (see Figure 2.2). n is the refractive index of the
medium (air or water as immersion liquid) between the projection lens and
the photoresist. n sin(Θ) is commonly referred to as numerical aperture NA
of the projection system. The proportionality constant k1Rayleigh denotes the
so-called technology factor and depends on illumination conditions, properties
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of the photoresist, and the processing conditions. k1Rayleigh can be reduced for
instance by the use of alternating phase shift photomasks (PSMs). Here, the
phase of the light at neighboring photomask openings is shifted by 180◦ , causing
a reduction of light intensity in the intermediate region due to interference,
which in turn leads to an enhancement of the image contrast C . The contrast
is dened by the ratio of the maximum Imax and minimum Imin image intensity
values:
C=

Imax − Imin
Imax + Imin

(2.2)

A higher aerial image contrast (i.e., the contrast at top of the photoresist
lm) also reduces unwanted linewidth variations of the printed features (see
Section 5.5.3). The use of polarized light also increases resolution capabilities.
The k1Rayleigh value for state-of-the-art mass production is in the range between
0.31 to 0.40 [ITR06a].
The resolution ∆min in Equation (2.1) refers to the image plane at zero defocus.
Due to the nite thickness of the photoresist layer (in current mass production
between 110 and 200 nm [ITR06a]), defocus inevitably occurs along its z-axis.
The DOF characterizes the tolerable defocus for printing the features within
the specications. While a higher NA or a shorter wavelength enhance the
resolution capability at best focus, both factors reduce the DOF of the imaging system. This dependence can be approximated by the second Rayleigh
criterion:
DOF = k2Rayleigh

nλ
NA2

(2.3)

The proportionality constant k2Rayleigh depends on photoresist processing technology and tolerable process variations. State-of-the-art production systems
using water as immersion liquid have a NA of up to 1.25. For these high NA
values, Equation 2.3 is not strictly valid anymore. For an exact description,
see for instance Brunner [Bru03]. Reducing ∆min by using light with a shorter
wavelength or increasing the NA of the projector is in conict with maintaining a good DOF. This promotes the development of thinner photoresist lm
processes.
Improvements in imaging system performance are key factors in the ongoing
reduction of the manufacturable feature dimensions. In addition, optical proximity correction (OPC) techniques are used to ne-tune the layout of the pho-
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tomask features to improve, for instance, the contrast of the projected photomask image.

2.5

Post-Exposure Bake

In the PEB process, acid molecules, generated during exposure, catalyze the decomposition of the polymer dissolution inhibitor groups1 . Due to the catalytic
nature of the deblocking reaction, the eect of acid is cumulative throughout
the total PEB time. Each acid molecule can alter the solubility of several polymers. Base molecules added to the photoresist act as acid quenchers. They
prevent small amounts of acid, generated in nominally unexposed areas, from
causing signicant cumulative inhibitor deprotection. Acid-base neutralization
reaction yields a mostly inert salt with a very low dissociation constant. Thus,
the base eectively reduces the amount of acid available for inhibitor deprotection reactions [Fed01] [Mei05]. The elevated temperature causes the diusion of
the acid and base molecules. Thereby the amplitudes of standing wave patterns
in the latent acid proles, generated during exposure, are reduced.
Eectively, the latent image of generated acid is transformed, with some modication due to diusion and acid base neutralization, into a latent image of
deprotected, highly soluble, polymer chains. In contrast, the nominally unexposed regions of the photoresist remain almost insoluble.
The acid catalyzed deprotection reaction, which decomposes the polymer protection groups, creates additional by-products. Nearly all of them, however,
are gaseous and evaporate rapidly from the photoresist without causing further reactions [Lin02a]. The evaporating parts cause lm shrinkage in the
exposed areas [Jak99]. Additional solvent evaporation hardly occurs during
PEB [Sch04b].
Like the prebake, the PEB is also usually carried out on a hot plate. The
typical bake temperature is around 120 ◦ C and the PEB time around 100 s.
1 For the sake of notational simplicity,

the dissolution inhibitor groups attached to polymer

chains are also called molecules throughout the remainder of this thesis.
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Development

During development, the behavior of the photoresist depends on local inhibitor
concentration. Regions with a low concentration of dissolution inhibitor and
consequently high development rates are dissolved. Thus the development step
transforms the latent photomask image, represented after PEB by a varying
degree of inhibitor deprotection, into a three-dimensional relief structure.
Most photoresists contain acidic polymers soluble in an aqueous base developer.
The essential chemical reaction during development is an acid-base reaction.
Acidic polymer sites, deblocked during PEB, become ionized by the alkalic
developer and dissolve in the developer liquid [Sch04b]. The most common
developer is an aqueous solution of tetramethylammonium hydroxide (TMAH)
[Oco03]. The most common method of applying the development liquid is
puddle development. Development liquid is sprayed onto the wafer. After a
specied process time, development is completed by rinsing and drying the
wafer. The development liquid, including the dissolved photoresist, is removed
by rotating the wafer at high speed (spin-drying).
The dissolution rate depends on a number of variables besides the local inhibitor
concentration. It increases with growing polymer molecular weight [Tsi97]. The
dissolution rate is strongly dependent on the pH value of the developer, increasing nonlinearly with increasing pH value and there is a critical, nonzero base
concentration below which the development rate is essentially zero [Fla99a].
Residual solvent remaining after prebake can substantially increase dissolution
rates [Tsi97].

2.7

Hardbake

The purpose of the hardbake (or pre-etch bake) is similar to the prebake. It
increases the adhesion of the photoresist to the wafer surface and improves its
mechanical stability. For good adhesion, a high temperature is desirable. The
maximum applicable temperature, however, is limited. At high temperatures,
the photoresist softens and can begin to ow. The degree of ow has a signicant eect on nal pattern dimensions. The out-diusion of any remaining
solvent, dehydration, and polymerization all increase the mechanical stability
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for subsequent etch and implant processing steps. Hardbake has been used as
a common process step for more than 20 years in the semiconductor industry. Usually the same type of equipment is used for the hardbake, prebake,
and PEB processes. Bake times vary between 3 and 30 minutes. The temperatures are higher than during prebake and PEB. At too high temperatures,
however, the photoresist begins to ow, causing deformation of the pattern.
The temperature is typically in the range between 130 to 200 ◦ C [Van04].

2.8

Etching and Cleaning

State-of-the-art processing for the pattern transfer from the photoresist into
the substrate layer is dry etching where the primary etch media for removing
part of the top substrate layer are gases. The patterned photoresist coverage
of the wafer acts as an etch stop and allows selective removal of the uncovered wafer parts. This requires a certain photoresist thickness for sucient
mechanical strength and chemical resistance. Furthermore, good adhesion of
the photoresist to the substrate is required. Besides its application as a mask
for etching [Mor85], the photoresist pattern can also be used as a mask during
ion implantation process [Rys86]. After the pattern has been transferred into
the top substrate layer of the wafer, the photoresist is removed from the wafer.
Applied methods are dry or wet chemical stripping. Final cleaning prepares
the wafer for the subsequent processing steps.

2.9

Simulation Approaches

Simulation of optical lithography started with the endeavors of Dill et al. who
published a series of papers in 1975 [Dil75a], [Dil75b], [Kon75], [Dil75c]. Since
then, simulation has become an indispensable aid serving multiple purposes
[Mac05]. As research tool, it allows the simulation of a wide range of lithographic conditions, not limited to already existing equipment and materials.
As development and manufacturing tool, it helps in the setup of new processes
and the optimization of existing ones. In particular, due to speed and cost
eectiveness, many more processes can be simulated than performed experimentally. Moreover, simulation software can also be employed as a learning
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tool, helping to provide a better understanding of all aspects of the lithography
process.
Various applications of lithography simulation have in turn dierent requirements on simulation models. There is no single approach serving all demands
equally well. Consequently, dierent models with specic benets and limitations have been developed. The common trade-o is between required computing resources and accuracy. Proposed modeling approaches can be classied
according to a variety of criteria. No uniform classication scheme exists in
the relevant literature. This thesis is focused on the simulation of photoresist processing. Therefore, the models are classied according to the level
of abstraction at which the components of the photoresist are represented. In
practice, one distinguishes between simplied photoresist models (based on empirically/phenomenologically observed relationships between process conditions
and resulting proles) and full photoresist models (based on the consecutive
simulation of the chemical/physical processes occurring during photoresist processing) [Tol06]. However, there is no sharp theoretical delimitation between
simplied and physical photoresist models. On the one hand, all the physical
models employ simplications. On the other hand, many simplied models are
derived from physical models but are deliberately oversimplied. The focus of
this thesis is on full photoresist models.
The dierent degrees to which the physics and chemistry of the various lithographic processing steps is understood also has motivated development of simulation models at dierent levels of abstraction. Maxwell's equations provide a
well founded physical description of the optics related part of lithographic processing. There exists no established, universal model for the chemistry of the
photoresist processing steps. Several models have been developed that aim to
include all relevant eects. However, comprehensive theoretical understanding
of some photoresist processing steps is lacking and has motivated the development of simplied models (see Section 2.9.1). Simplied models are essentially
based on tting mathematical equations to experimental data.
Lithography simulation toolkits such as Dr.LiTHO [DrL07] also allow the simulation of lithographic processing by providing various simulation approaches
for dierent process steps. Rigorous models for aerial image simulation, for
instance, can be combined with the application of tted mathematical models
for photoresist simulation.

16

CHAPTER 2

PHOTORESIST PROCESSING

2.9.1 Simplied Models
Simplied (phenomenological, ecient) models do not aim at a completely
realistic simulation of the individual photoresist processing steps. Examples of
simplication commonly employed are:
• Utilization of the aerial image instead of computation of the light intensity

distribution inside the photoresist.

• Alternatively, simulation of the intensity distribution inside the photoresist, but only proximate to the surface, which ignores the z (depth) de-

pendence.

• Decoupled simulation of reaction and diusion processes.
• Assumption of a threshold inhibitor concentration. Instead of photoresist

topography evolution simulation, those parts with an inhibitor concentration below the specied threshold are assumed to be dissolved after
development.

Due to deliberate oversimplication, the parameters employed in simplied
models are used merely as tting parameters in a set of equations that provide
a phenomenological description and are only loosely related to the underlying
physical and/or chemical processes. Simplied models do not allow the optimization or analysis of the impact of changing photoresist material parameters.
Thus the application of simplied models is almost exclusively limited to the
optimization of exposure conditions, especially for OPC. They can be used only
for evaluating systems at conditions very close to those used in the calibration.
The basic motivation for developing and employing simplied models is their
comparatively low demand on computing resources. They are the only possibility of simulating areas up to full chip layouts (areas of up to several mm2 ).
Simplied models are also claimed to be easier to use due to the reduced number of parameters [Tol06]. A major drawback, however, is the low accuracy.
They have a 3 to 10 times larger error in the predicted linewidths than full
photoresist models [Mac05]. This error increases considerably if photoresist
or processing parameters are signicantly changed. Existing simplied models
do not predict the 3D prole shape, but only the prole linewidth at a xed
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position [Tol06]. This, however, is not a fundamental limitation. Some popular
models are the diused aerial image (DAIM) [Fua02] or the acid dose diusion
threshold (ADDIT) [Van03] model.

2.9.2

Full Models

Full photoresist models are based on the sequential simulation of single process
steps. They allow the prediction of resulting photoresist proles at a considerably wider range of process parameter variations than simplied models [Tol06].
They can be subdivided into macroscopic, mesoscopic, and microscopic models.
In all approaches published, the photoresist volume is spatially subdivided into
discrete, disjunct cells using a structured regular grid. Dierentiation is made
according to how photoresist components are represented and consequently how
their behavior is modeled.

Macroscopic Models
In macroscopic (also called continuous or deterministic) models, each cell contains all types of photoresist components, represented as a continuous concentration value. They are normalized often to the interval [0. . . 1]. Photoresist
processing is described by a set of partial dierential equations (PDEs). The
models require up to 40 photoresist related parameters. Accurate measurement of these parameters is a partly unsolved problem. Therefore, parameter
calibration techniques are employed. The deviation between experimental and
simulation results can be reduced to the order of a few nanometers in linespace pattern simulations, provided that parameter settings are varied around
the values used for the calibration [Tol06]. Increasing deviation of the simulation parameters from the range of values used in the calibrations, shows there
is a less signicant decrease in the accuracy than in simplied models.
Macroscopic models are the most common description of the photoresist processing steps. Unlike mesoscopic or microscopic models, they have been commercially available since 1990 [Mac05]. Details on macroscopic models for exposure, post-exposure bake (PEB), and development simulation can be found
in Chapter 3.
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Mesoscopic Models
In mesoscopic (also called discrete or stochastic) models, the concentration of
each component in the lattice cells is represented by the discrete number of
molecules. Photoresist processing is simulated with Monte Carlo methods.
New mesoscopic models developed in this thesis have been derived from established macroscopic models. In the hypothetical case of an innite number
of particles, with the impact of each individual particle reduced to zero, both
models would provide an equivalent physical description. An important advantage of this approach is that all photoresist parameters from macroscopic
models can be used. Thus established parameter measurement and calibration
techniques [Tol06] can also be used for determining most parameters required
in the mesoscopic models. The absolute number of PAG, base, and inhibitor
molecules are the only additional parameters required for exposure and PEB
simulation (see Sections 4.2 and 4.3). These quantities are known to the photoresist vendor. Photoresist description (see Section 4.1) and development simulation (see Section 4.4.1), require additional parameters for characterizing the
geometric properties and dissolution behavior of the polymers.
Mesoscopic models allow additionally the prediction of the degree of stochastic
uctuation caused by the discrete composition of the photoresist, the nite
size of the polymer molecules, and the inherently stochastic nature of particle
behavior. In lithographically manufactured structures of well below 100 nm,
stochastic uctuation, causing the so-called line edge roughness (LER) of the
photoresist proles can have a signicant impact on the characteristics of the
devices manufactured (see Chapter 5). A detailed description of existing and
new mesoscopic models developed in this thesis is given in Chapter 4.

Microscopic Models
Simulations based on quantum mechanics are most accurate. Due to the required computational resources, a quantum mechanical photoresist description
may be feasible for systems involving hundreds to thousands of atoms over picosecond time ranges [Mei05]. For practical application, simulation of at least
several hundred thousand molecules over time ranges of tens of seconds is re-
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quired. Therefore, quantum mechanical approaches have never been considered
for photoresist processing simulation.
In the proposed models that have been labeled microscopic (or molecular) simulation approaches, the photoresist is represented by atoms, molecules, or parts
of a molecule (e.g., a monomer unit) placed in cells in a three-dimensional
lattice. As opposed to mesoscopic models, each cell is occupied by maximal
one entity and cannot contain simultaneously multiple particles. Cells can be
left unoccupied to represent free volume. Possible changes in the state of a
cell depend on the chemical identity of its occupying element and the state of
the neighboring cells. The few publications (see for instance Flanagin et al.
[Fla99b], Schmid et al. [Sch00], [Sch01], or Houle et al. [Hou03]), contain no
quantitative comparisons with experimental data. They provide at the most a
qualitative insight into the eects of the molecular photoresist composition on
resulting characteristics. Two major problems hamper the development and application of microscopic models. First, the requirement of far more computing
resources than macroscopic or mesoscopic models. Second, microscopic models
require a totally new set of photoresist parameters. Established measurement
or calibration techniques are not yet available for these parameters.
Microscopic models would permit direct optimization of the molecular photoresist composition. They would allow to predict photoresist parameters in
dependence on its molecular composition. Macroscopic and mesoscopic models,
however, provide no link as to how the photoresist composition is related to
the resulting material properties (e.g., diusion behavior). Instead, parameters
such as the (average) diusion coecients of acid and base molecules or the
development rate curves have to be obtained from measurements, calibrations
or combinations of both methods.

2.10

Process Quality Evaluation

An overall high yield of the processes is essential for the commercial production
of semiconductors. This requires a sucient yield at all stages in the manufacturing chain, from wafer fabrication to packaging. The lithographic patterning
of the photoresist is an essential part in the semiconductor manufacturing cycle.
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This section presents two commonly used lithography process quality criteria.
First, the geometry of the photoresist pattern (see Section 2.10.1). Second, the
sensitivity of these geometric properties in regard to uctuations of the process
parameters (process window evaluation, see Section 2.10.2). Other aspects
such as the mechanical stability in the subsequent etching process are beyond
the scope of this work. The increasingly important criterion photoresist LER,
for which the new models have been developed in this thesis, is discussed in
Chapter 5.

2.10.1 Prole Geometry
Usually 2D vertical prole extractions are used for the evaluation of the geometric properties of the photoresist pattern. The most important and most
common evaluation criterion is the horizontal width of the proles (called critical dimension or CD). Simplied models (see Section 2.9.1) usually provide only
information about the average CD of the prole. The CD alone, however, provides no complete characterization of the photoresist prole. A more detailed
description also includes the average sidewall angles. A complete characterization of the proles is only given by a pointwise description of the interface
between developed and undeveloped parts of the photoresist. Such a detailed
prole characterization, however, is hardly ever used. See Figure 2.3 for an
illustration of the dierent prole description techniques.

2.10.2 Process Windows
Setting up a lithographic process requires nding materials and processing conditions that allow the printing of the designed photoresist pattern within the
specied tolerances. In mass manufacturing, it is then attempted to minimize
any process variation. Process variation, however, can only be controlled to a
certain degree. In particular variation of the exposure dose (due to the limited
stability of the laser) and varying degrees of defocus (e.g., due to mechanical
vibration or wafer topography) can cause signicant variation in the resulting proles. Therefore, low process sensitivity with respect to any variation is
required.
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Figure 2.3: Information provided by dierent prole characterizations. A
pointwise plot of the prole geometry (left) contains detailed information about
the shape. A description with top and bottom CD values also allows the
determination of the average sidewall angles. This represents the prole as
a quadrangle (middle). The most common characterization with a single CD
value represents the prole as a rectangle (right).

The eects of exposure dose and projector defocus variation depend on each
other. Therefore, they have to be analyzed in combination. So-called Bossung
plots (see Figure 2.4) are used to visualize the dose-defocus matrix. They characterize how the resulting photoresist prole CD values react upon projector
defocus variation at dierent exposure dose values. The information contained
in the Bossung plot is often consolidated in so-called process window plots (see
Figure 2.5). They characterize the region of exposure and defocus values at
which the resulting photoresist CD values are within specication. Usually ±5
to 10 percent of the nominal feature width is tolerable [Tol06]. A process window plot extracted from the Bossung plot in Figure 2.4 is shown in Figure 2.5.
Process window plots are generated by interpolation of Bossung plot data (i.e.,
the CD values at dierent dose and defocus values). Several important process
quality criteria can be extracted from process window plots:
• Maximum allowable dose uctuation at a given focus position.

• Maximum allowable dose uctuation at a specied defocus tolerance.
• Maximum allowable defocus uctuation at a specied dose tolerance.
• Maximum product of allowable dose and defocus uctuations.
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Bossung plot showing the photoresist prole CD versus projector
defocus at dierent exposure dose values.
2.4:

Dose-defocus values yielding
90 percent of the target CD

2

Exposure dose (mJ/cm )

16.5
16.0
15.5

Dose-defocus values yielding
the target CD (40 nm)

15.0

Dose-defocus values yielding
110 percent of the target CD

14.5
-200

-100

0

100

200

Projector defocus (nm)

Figure

Process window plot showing the dose-defocus values at which
the minimum tolerable (upper curve), the specied (middle curve), and the
maximum tolerable (lower curve) CD values are printed.
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Chapter 3

Macroscopic Photoresist
Models
This chapter covers macroscopic photoresist description as well as processing
models for exposure, PEB, and development simulation. Most models described
in this thesis are available in Dr.LiTHO [DrL07]. To allow comparisons with the
mesoscopic models described in Chapter 4, a fast marching algorithm [Set99]
has been implemented in this thesis for the 3D simulation of the development
process with macroscopic models. For the simulation of the subsequent etching
process, other programs are available [Len03].

3.1

Photoresist Description

A general description of photoresist materials can be found in Section 2.1. The
photoresist components commonly represented in the simulations are inhibitor
(attached as functional groups to the polymer chains), photoacid generator
(PAG), acid (generated during exposure from the PAG), and base additives.
In addition to the standard photoresist description, the diusion processes during the preceding prebake (especially solvent out-diusion) can be simulated
23
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with a subset of reaction-diusion algorithms applied for PEB simulation. The
amount of solvent remaining can have a signicant eect on acid mobility or
catalytic eectiveness during PEB as well as on the development rates. These
factors, however, do not necessarily have to be explicitly simulated, but can
be accounted for by using properly adjusted photoresist parameters in subsequent processing steps [Oco00]. Simulation models with acid diusion lengths
dependent on the local solvent concentration have been proposed [Mat03], but
no signicant improvements have been achieved. Consequently, solvent is usually not represented in photoresist simulations. Nor is the almost inert salt
formed by the reacted acid and base molecules during PEB represented. The
other reaction by-products are mostly gaseous at typical processing temperatures. They leave the lm very quickly without undergoing additional reactions
[Sch04b]. They, therefore, do not have to be explicitly included in the simulation either. The photoresist composition in each lattice cell of the simulation
grid is represented by a continuous concentration value for each relevant photoresist component. The values are usually normalized to the interval of [0. . . 1].
There is no experimental evidence of a signicant concentration gradient of
any species within thin photoresist lms before exposure [Sch04b]. Due to
random uctuation, concentration variation is only locally (i.e., on small length
scales) evident1 . These uctuations are accounted for in mesoscopic models
(see Section 4.1). Each lattice cell in the macroscopic simulations represents
an identical photoresist composition before exposure.

3.2

Exposure

The imaging of the photomask must be described for photoresist exposure
simulation. This includes light diraction of the photomask and the projection
of this photomask onto the photoresist. The image of the photomask on the
surface of the photoresist is called the aerial image. Light intensity distribution
1 Macroscopic

concentration gradients become more pronounced with increasing photoresist thickness. Especially for photoresist thicknesses of about 100 µm (up to a factor of 1000
thicker than in semiconductor manufacturing), for instance used in the manufacturing of micromechanical systems, signicant macroscopic concentration gradients can exist along the
z-axis [Erd99].
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and the photochemical reaction caused by the resulting dose distribution in the
photoresist can be simulated using the aerial image.
3.2.1

Optical Pro jection System

This section describes the fundamentals of the imaging system according to
Erdmann and Henke [Erd99]. The basic components of the optical imaging
system are shown in Figure 2.2. The condenser ensures a homogeneous illumination of the photomask, assumed in the following.
x and y denote the spatial coordinates on object and image plane. The assump-

tion of an innitely thin photomask allows its modeling by means of a complex
valued transmission function t(x, y). The resulting complex eld amplitude in
the image plane aaerial_img (x, y) can be described using Fourier optics:
aaerial_img (x, y)

= F −1 {F[h(x , y)]F[t(x , y)]}

(3.1)

= F −1 {H (fx , fy )T (fx , fy )}

F denotes the Fourier transform and F −1 the inverse Fourier transform. h(x, y)

is the point spread function of the projection lens system. The photomask
diraction spectrum T (fx , fy ) is the Fourier transform of t(x, y). Accordingly,
the pupil transfer function H(fx , fy ) is the Fourier transform of h(x, y). fx and
fy are the Fourier components in the frequency domain and are given by:
fx
fy

= cos(Θx )/λ
= cos(Θy )/λ

(3.2)
(3.3)

cos(Θx ) and cos(Θy ) denote the direction cosine of the diraction order.
H(fx , fy ) provides a complete description of the projection lens system, including NA, wave aberrations, projector defocus, and photomask reduction (i.e.,

scaling) factor of the imaging system.

The resulting intensity distribution in the image plane at zero defocus
I(x, y, z = 0) can be computed as the product of the complex eld amplitude
aaerial_img (x, y) with its conjugated complex a∗aerial_img (x, y):
I(x, y, z = 0) = aaerial_img (x, y)a∗aerial_img (x, y)

(3.4)
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Since this describes image formation only for coherent illumination and a small
NA, state-of-the-art simulation tools also provide so-called rigorous imaging
models, i.e., solvers for Maxwell's equations. These models are also required for
the simulation of sub-wavelength serifs used in OPC, or for studying thickness
eects in PSMs.
3.2.2

Photoresist Exposure

During exposure of the photoresist, PAG molecules are selectively converted
into acid A (see Section 2.4 for a general description). Simulation of this process
requires as an input the description of incident light, as well as the absorption
and refractive index of the photoresist. This allows the computation of the
light intensity distribution inside the photoresist, the so-called bulk image.
The time dependent bulk image I(x, y, z, t) can be computed from the stationary aerial image I(x, y, z = 0) and the refractive index and absorption coecient of the photoresist material, which may change during exposure (bleaching
of the photoresist).
The overall absorption coecient α̃(t) is the result of the absorptivity of the
individual components:
α̃(t) = α̃PAG cPAG (t) + α̃A (cPAG (0) − cPAG (t)) +

X

α̃R cR

(3.5)

R

α̃PAG denotes the molar absorption coecients of the PAG, α̃A for the generated acid, and α̃R for all other non-bleachable components of the photoresist. cPAG (0) denotes the initial PAG concentration (at t equal to 0), cPAG (t)
the PAG concentration in dependence of the exposure time, and cR the time-

invariant concentration of the non-bleachable photoresist components.

The rst model for photoresist exposure simulation was developed by Dill
[Dil75a]. By transforming Equation (3.5) into Equation (3.6), Dill et al. obtained a photoresist exposure model that requires only two easily measurable
parameters for characterization of the photoresist absorption properties:
α̃(t) = ADill

cPAG (t)
+ BDill
cPAG (0)

(3.6)
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These two parameters are commonly referred to as the A and B Dill parameters
and are dened as:
ADill = (α̃PAG − α̃A )cPAG (0)
(3.7)
BDill =

X

α̃R cR + α̃A cPAG (0)

(3.8)

R

ADill represents the absorption that changes with exposure, while BDill repre-

sents the absorption resulting from components that remain constant during
exposure.

Modern photoresists generally contain only a few weight percentage of photoactive components, and many of the common photoactive components do
not undergo any signicant change in the refractive or absorption index during
exposure. That is, the PAG molecules have about the same optical properties
as the generated acid and by-products. Accordingly, ADill can be assumed to
be zero [Tol04]. This allows separating the photoresist exposure simulation into
two consecutive steps.
First, the stationary bulk image is simulated, allowing the determination of the
local exposure dose. The light intensity is represented by a continuous energy
distribution. State-of-the-art high NA (>0.7) exposure systems require correct
handling of the reection/refraction inside the wafer stack. Under the assumption of a planar photoresist and wafer topography as well as constant optical
photoresist properties, the stationary bulk image can be computed analytically with the transfer matrix method [Erd99]. In the second step, the amount
of acid generated from the PAG during the exposure time of the photoresist
texposure can be computed. The local rate of PAG decomposition corresponds
to the rate of acid generation. It depends on the current PAG concentration,
the photoresist sensitivity CDill , and image intensity I(x, y, z):
dcA (x, y, z, t)
dcPAG (x, y, z, t)
=−
= CDill I(x, y, z)cPAG (x, y, z, t)
dt
dt

(3.9)

The concentration values used in the macroscopic models are normalized to
the interval [0. . . 1]. [X] denotes the normalized concentration of component
X . The relative concentration of acid generated at position (x, y, z) is then
given by:
[A](x, y, z) = 1 − e−CDill d(x,y,z)
(3.10)
d(x, y, z) denotes the local exposure dose I(x, y, z)texposure .
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Post-Exposure Bake

The goal of the PEB simulation is to obtain the resulting inhibitor concentration M (x, y, z, tPEB ) after the specied PEB time tPEB . This concentration
is the basic input data for the subsequent development simulation (see Section 3.4). A general description of the processes occurring during PEB is given
in Section 2.5. In short, the following reactions have to be considered:
• Neutralization of acid A and base B : A + B → XAB .
• Non-catalyzed inhibitor M deprotection: M → XM .

• Acid catalyzed inhibitor deprotection: A + M → A + XM .

• Acid loss due to thermal decomposition of acid molecules: A → XA
• Diusion of acid.

• Diusion of base.

• In- and out-diusion of chemical species.
XA , XAB , and XM , respectively denote the inert reaction by-products of acid

decomposition, acid-base neutralization, and inhibitor deprotection.

Macroscopic models regard time evolution as a continuous, deterministic process described by a set of coupled PDEs. A fairly generic description is the
so-called general Meta model [Hen99], describing a set of coupled PDEs:
∂[M ]
∂t
∂[A]
∂t
∂[B]
∂t

=

−k1 [M ]p [A]q − k2 [M ]

(3.11)

=

−k3 [A]r − k4 [A][B] + ∇(DA ∇[A])

(3.12)

=

−k4 [B][A] − k5 [B]s + ∇(DB ∇[B])

(3.13)

The k parameters are usually specied in s−1 and describe the rates for acid
catalyzed deprotection (k1 ), thermal deprotection of inhibitor (k2 ), acid loss
(k3 ), acid-base neutralization rate (k4 ), and base loss (k5 ). The reaction rate
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orders p, q , r, and s are unitless. The diusion coecients for acid DA and base
DB are usually specied in nm2 /s. A reliable determination of these required
parameters is very dicult. Experimentally measured acid diusion coecients
vary in the extremely wide range between 10−3 to 102 nm2 /s [Yos02]. Assuming
Fickian diusion (i.e., constant diusion coecients), the diusion length σDiff
can be computed from the diusion coecient D and time t according to Fick's
diusion law:
√
σDiff = 2Dt
(3.14)
Converting these diusion coecients into mean displacement results in diffusion lengths ranging from 0.5 to 155 nm during a two minute PEB. While
dierences certainly exist between various types of photoresists (including positive and negative tone types), this extremely large range of acid diusion coefcients measured by dierent methods is unrealistically high and also indicates
the diculties in a reliable experimental determination of diusion lengths.
Theoretical knowledge about the factors aecting the mechanism of the diffusion process is also still insucient. The diusion coecients fold together
multiple microscopic details [Hin01]: They depend on the medium phase (liquid or solid) for a given diusant and on the chemical nature of the interaction
between the diusant and its surrounding atoms and molecules. As in all solids,
an atom or molecule must have a neighboring vacant space in order to move
from one location to another. Such voids are generated transiently in a polymer through uctuations of the chains. As a result, the diusion coecient
depends on the size of the diusant and the range of motion in the polymer.
When the polymer is undergoing decomposition, as in a deprotection reaction,
density changes can be large. The small molecules formed diuse out of the
lm or nd energetically favorable traps, and may leave behind small voids,
which collapse only through polymer motion. These voids, or free volume, play
an important role in mediating transport through the polymer lm [Cra68].
The interaction of a diusant with polymers or chemical reactions can aect
the diusion coecients, leading to concentration dependence, or non-Fickian
behavior [Cra68]. The transport of the diusing molecules involves a series of
transfers from trap to trap, either by direct transfer between proximate pendant groups, or by transfer from a pendant group to a small molecule, which
then moves to another pendant group and transfers the diusant back to the
polymer. The development of an accurate description of the diusion process
during PEB is a formidable challenge [Hin01] which is still partly unsolved.
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Despite extensive work on PEB modeling [Hin01] [Sch02b] [Mat03] the application of a general reaction/diusion model like the Meta model is still hampered by the diculties of an accurate determination of its up to 40 parameters
[Tol06]. In addition, the Meta model permits the simulation of dierent diusion types such as Fickian, linear, or exponential. Houle et al. [Hou02] studied
the emergence of free volume inside the photoresist during the deprotection
process. The amount of generated free volume was below their detection limit
(1 percent) and they concluded that the experimentally available data can
be described by a Fickian diusion model. This motivates the assumption of
constant diusion coecients (i.e., Fickian diusion). Due to the lacking possibilities of determining the multitude of parameters required in the general
Meta model (see Equations (3.11) to (3.13)), state-of-the-art photoresist modeling commonly applies a simplied version of the Meta model [Smi06]. The
rate parameters k2 , k3 , and k5 are assumed to be zero, and all reaction rate
orders (p, q , r, s) are assumed to be one:
∂[M ]
∂t
∂[A]
∂t
∂[B]
∂t

=

−k1 [M ][A]

(3.15)

=

−k4 [A][B] + DA ∆[A]

(3.16)

=

−k4 [B][A] + DB ∆[B]

(3.17)

Even the simplied model described in Equations (3.15) to (3.17) contains multiple reaction-diusion channels and multiple photoresist components. Therefore, it cannot be solved analytically, but only numerically [Gra06]. The values
for the required parameters used in simulation are usually obtained from previous calibrations of experimental data.
Simulation of the diusion processes requires the additional specication of
boundary conditions. In the lateral x and y direction periodic boundary conditions have always been used in the simulation results presented in this thesis.
That is, the simulated area is assumed to be a section of a periodic pattern. Inor out-diusion of chemical species causes undesirable eects on the resulting
photoresist prole shape (e.g., so-called footing or T-topping). State-of-theart lithography processes are therefore designed for the minimization of these
eects and reective boundary conditions (i.e., the diusing components are
back-reected at the border) can be assumed the vertical z direction. That is,
no out-diusion of acid or base occurs in the PEB simulation.
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Development

Simulation of the development process can be divided into two distinct steps.
First, the local development rates have to be computed. They depend essentially on inhibitor concentration. Based on this information, the evolution of
photoresist topography during development can be simulated, which eventually
permits the prediction of the resulting photoresist prole.
3.4.1

Development Rates

During development, the acidic polymers are dissolved in the aqueous base development liquid (see Section 2.6). The locally varying inhibitor concentration
(i.e., degree of polymer deprotection) after PEB results in a highly selective
photoresist dissolution behavior (see Figure 3.1). The exact mechanisms which
determine the dissolution characteristics of the photoresist is still the subject
of ongoing research (see Section 4.4).
The rst models for the description of the development rates consisted of bare
experimental measurements of the development rate data as a function of exposure dose [Dil75a]. A model derived from a simplied form of the reactiondiusion kinetics of the development process was published by Mack in 1987
[Mac78]. It was originally developed for NCARs, but with the advent of CARs
also successfully applied to them. The Mack development rate model assumes
that three relevant processes take place:
• Diusion of developer from the bulk solution to the surface of the pho-

toresist.

• Reaction of the developer with the photoresist.

• Diusion of the reaction product back into the bulk solution.

The diusion of the reaction product back into the bulk solution is assumed
to occur very quickly in comparison to the other two reactions and is therefore
no rate-limiting factor. The diusion rate rD of developer molecules to the
photoresist surface, assuming Fickian diusion, is described as
rD = kD (cbulk − csurface )
(3.18)
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cbulk denotes the bulk developer concentration, csurface the developer concentration at the photoresist surface, and kD the diusion rate constant. The
reaction rate rR at the developer photoresist interface is assumed to be
rR = kR csurface (M0 − M )ne

(3.19)

kR is the reaction rate constant, M (M0 ) the (initial) inhibitor concentration,
and ne the assumed reaction order. ne characterizes the selectivity of the

photoresist development behavior.

In the Mack development rate model, a steady state in the amount of developer
diusing to the photoresist surface and the amount of developer consumed by
the reaction is assumed (i.e., rD = rR ). Based on this assumption, Mack
derived the following description for the development rate r([M ]), depending
on the local relative inhibitor concentration [M ] dened as M/M0 [Mac78]:
(a + 1)(1 − [M ])ne
r([M ]) = rmax
a + (1 − [M ])ne

(3.20)

+1
The constant a is dened as nnee −1
(1 − Mth )ne . Mth describes the threshold
inhibitor concentration at which the development rate curve (see Figure 3.1)
has its steepest slope.

Equation (3.20) predicts a zero development rate for photoresist without any
inhibitor deprotection. In order to take into account the experimentally observed dissolution rate of photoresist without inhibitor deprotection, the term
rmin is added added to Equation (3.20) and the Mack development rate model
is obtained:
(a + 1)(1 − [M ])ne
r([M ]) = rmax
+ rmin
(3.21)
ne
a + (1 − [M ])

The Mack model employs four parameters for the specication of the photoresist development rate curve. rmin describes the development rate in the case
of no inhibitor deprotection, the sum of rmax and rmin in the case of complete
inhibitor deprotection. Mth is the threshold inhibitor concentration at which
the development rate curve has its steepest slope. ne quanties this slope. See
Figure 3.1 for an exemplary photoresist development rate curve described by
the Mack model. Although the derivation of the Mack model is motivated by
a description of polymer-developer reaction [Mac78], it includes no simulation
of those reactions. Thus it provides merely a static mapping of local inhibitor
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Figure 3.1:

Typical development rate curve of a positive tone photoresist as

described by the Mack model.

concentration on the resulting development rate. It contains no explicit description of the physical/chemical reactions which occur during development. The
model assumes permanent equilibrium of the reaction and diusion processes
of developer liquid and photoresist. Constant properties of the development
liquid throughout the whole process are also assumed.
The inuence of processing conditions, such as the prebake temperature, on the
development rate curve is incorporated by adjusting the model parameters to
the given process conditions. The model cannot predict the impact of changing
process conditions (e.g., developer concentration or photoresist formulation)
that aect the resulting development rate curve.
Several extensions of the Mack model have been proposed. An overview and
comparison of available models can be found in the publication by Robertson et al. [Rob01]. None of the suggested models provides a more well-founded
modeling of the underlying reactions during development. They are mere mathematical modications aiming for better tting of the experimentally measured
development rate curves and photoresist proles.
Another empirical extension of the development simulation model is to include
the modeling of an observed dependence of the development rate on the vertical
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z position in the photoresist. This eect is called surface inhibition. On the

top surface the development rate is lower. This eect decreases towards the
bottom of the photoresist. The decrease is usually described as an exponential
decay of the factor by which the dissolution rate is reduced.
3.4.2

Topography Evolution

Based on the knowledge of local development rates, the evolution of photoresist
topography can be simulated by a cell removal, string, or fast marching algorithm. The basic idea of the cell removal algorithm is to represent the geometry
as an array of cells and to assign to each cell a counter value between 0 and
1. Cells that have already been completely passed by the developer front are
assigned a value of 0, cells not yet touched by the front a value of 1. To cells in
which the front resides, a value between 0 and 1 is assigned, depending on the
position of the front which indicates how much of the cell has been removed.
The counters are updated at each time step according to the local development
rate [Hen91]. In the string algorithm, the geometry is represented by triangular
facets. Each node is assigned the development rate of the cell in which it is
located. The shift direction of the nodes is calculated based on averaging the
normal of the segments adjacent to the node. To provide sucient accuracy
and stability during the surface update, thin triangles are deleted before they
collapse, and large triangles are rened to ensure sucient resolution [Bär96].
The fast marching algorithm computes the time tarrival at which the developer
front passes a grid point by solving a PDE where tarrival is computed based
on the time values and development rates of its neighboring grid points. It is
made computationally ecient by (iteratively) computing only the time values
of points in a small region around the current front [Set99].
A comparison of the dierent methods showed that none has distinct advantages in terms of convergence behavior or required computing time [Sch05].
Only small dierences could be observed. The fast marching algorithm showed
the best convergence behavior when the spatial resolution was increased. The
dierences to the cell removal algorithm, however, were marginal. The string
algorithm showed slightly worse convergence behavior.

Chapter 4

Mesoscopic Photoresist
Models
Line edge roughness (LER) of photoresist patterns is becoming an increasingly
important quality criterion because of continuously shrinking structure dimensions in semiconductors (see Chapter 5). As outlined in Section 2.9.2, the
causes of LER are not accounted for by established macroscopic models (see
Chapter 3). Simulation of LER requires additional consideration of the inherent stochastic nature of reactions during photoresist processing and of the size
and shape of the photoresist polymers. These factors are taken into account
by mesoscopic simulation models.
This chapter describes the new mesoscopic models developed in this thesis.
Section 4.1 presents state-of-the-art and new models for the generation of discrete photoresist description, Section 4.2 for exposure simulation, Section 4.3
for PEB simulation, Section 4.4 for development simulation, and Section 4.5
for the postprocessing of simulated prole data. The new models presented in
this thesis are a generalization of macroscopic models, in order to ensure consistency with the established macroscopic models and the reusability of available
photoresist parameters. A comparison of mesoscopic simulation results with
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results obtained from calibrated macroscopic models is given in Section 4.6. A
comparison with experimental LER data can be found in Section 5.6.

4.1

Photoresist Description

The photoresist is spatially discretized using a regular, cubic grid. This is
analogous to the macroscopic models (see Section 3.1). Mesoscopic simulation
requires the description of the local concentration of each photoresist component by the discrete number of molecules in each cell. Additional information
required for a switch from continuous to discrete description is the absolute
number of molecules corresponding to the relative concentration values in the
macroscopic models. The number of molecules for each photoresist component
is then randomly distributed on the grid, since no concentration gradients exist prior to exposure. The size of the photoresist components also has to be
taken into account. Given a radius of gyration of up to 3 to 5 nm for typical
photoresist polymer chains, individual molecules can have a signicant eect
on the structure of the nal photoresist feature [Sch02b]. These eects are lost
in a continuum description, irrespective of the grid size used. The size of other
photoresist component molecules (including the inhibitor groups attached to
the polymer chains) is small compared to the polymer chains. Therefore, only
the geometrical properties of the polymer chains need to be taken into account.
Since the polymer chains are not involved in any reaction during photoresist
exposure, they do not have to be included in the exposure simulation. During
PEB, the polymer chains are suciently described by the attached inhibitor
groups. As a result, polymer chain geometry only has to be taken into account for the simulation of the development process. Consequently, the new
mesoscopic simulation approach developed in this thesis employs two dierent
kinds of photoresist description. The nite number of molecules is accounted
for, but geometrical aspects of the particles are ignored in exposure (see Section 4.2) and PEB (see Section 4.3) simulation. This allows a straightforward
photoresist description, analogous to the macroscopic models. In the development process (see Section 4.4), the polymer chains are the dissolution units
and their geometry is represented additionally. Each lattice cell represents the
volume of a single monomer unit.
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This section presents the existing approaches and new algorithms for the generation of discrete, three-dimensional photoresist structures that describe the
size, shape and positions of polymer chains. This allows the impact of the size
of the polymer chains, polydispersity, and the free volume to be investigated
[Sch01]. Free volume is represented by leaving a certain fraction of the lattice
cells empty. All discrete polymer description schemes are based on an orthogonal, structured grid. This imposes some articial constraints on the shape of
the polymer chains, which would be relaxed by using an unstructured grid for
polymer chain description. Without the use of a structured grid, however, no
well-dened neighboring relationships between the polymer chains would exist.
Probably for this reason, the usage of an unstructured grid for the description
of the polymer positions in photoresist simulation has never been discussed
in publications. The average degree of polymerization (i.e., the number of
monomer units per polymer) and the standard deviation can be obtained from
the molecular weight distribution of the photoresist polymers. The molecular
weight distribution of the polymer chains is close to Gaussian [Fla99b]. The
distribution can be measured by size exclusion chromatography [Sch01].
In all approaches discussed in this thesis, periodic boundary conditions are
applied in lateral x and y directions to remove articial eects due to the limited
size of the simulation area. In the vertical z direction, reective boundary
conditions are assumed.
4.1.1

Existing Approaches

Various methods for the description of the polymer chain geometry have been
suggested in publications. They have been developed in conjunction with the
critical ionization (CI) model [Tsi97] (see Section 4.4.1) to analyze the impact of
polymer chain architecture on the resulting LER of the photoresist. Application
of the CI model for development simulation requires an explicit representation
of the polymer chains, for they represent the dissolution units.
The CI model was rst applied in 1999 by Flanagin et al. for 2D [Fla99b]
and 3D [Fla99c] photoresist development simulation. Their algorithm for the
generation of polymer chain distribution is as follows. Initially, each lattice
cell is assumed to be empty (i.e., unoccupied). A polymer chain is added by
stringing neighboring cells together via random walks. Each occupied lattice
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cell represents a single monomer unit. This process starts for each polymer at
a randomly chosen location that is not already occupied. The number of steps
taken in each random walk for the generation of a polymer chain corresponds
to the specied maximum polymer length (in terms of monomer units). The
random walk may retrace (i.e., revisit cells already occupied by the current
polymer) any of its steps. In this case, a step is taken without adding a new
cell to the chain. Thus, any retracing causes the actual chain to contain fewer
monomers than the number of steps taken. A polymer chain generated with
this algorithm is illustrated in Figure 4.1.
1

Unoccupied
cell

2,6

5,13

3,7

4,12

8

11

9

10

14
Monomer unit

Figure 4.1: A 2D illustration of the algorithm proposed by Flanagin et al.
[Fla99b] [Fla99c]. The numbers in the cells indicate the sequence in which the
monomer units are added. Multiple numbers in a cell indicate it is visited more
than once during the creation of the polymer chain. The polymer shown has a
specied length of 14 and an actual length of 10 monomer units.

The addition of polymers continues until the specied fraction of lattice cells is
occupied by at least one polymer chain. In this algorithm, a single cell may be
occupied by more than one polymer chain. The resulting polymer chain length
distribution is reported to come close to a Gaussian distribution.
The random walk algorithm proposed by Schmid et al. [Sch00] [Sch01] [Sch04b]
places initially straight chains randomly on the lattice. This is done by stringing neighboring cells together. The algorithm requires the specication of the
number of polymer chains, their average lengths, and length distribution. Conformation of the polymer chains is then randomized via many simulated reptation type moves into empty lattice cells adjacent to one end of the polymer
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chain. This process is continued until the mean end-to-end distance of the
polymer chains is converged. A quantitative denition of the process termination criterion is not given. The disadvantage of this approach is that a certain
percentage of cells must be left unoccupied for this process to work. This
problem has been addressed by the authors, but the fraction of cells required
to be left unoccupied is not quantied in any publication. The algorithm is
also described as very time consuming [Sch01], requiring nine hours on a one
GHz workstation to generate the polymer distribution of a simulation lattice
comprising 144×144×144 cells.

The lack of volume exclusion constraints among varying monomer units in the
algorithms proposed by Flanagin et al. and Schmid et al. result in physically
unrealistic overlaps of monomer units from dierent polymers (so-called site
sharing) [Pat05a]. Therefore, Patsis et al. [Pat05a] proposed the self-avoiding
random walk algorithm. This is a modied version of the random walk algorithm proposed by Flanagin et al. [Fla99b] described above. In order to add
a monomer unit to the polymer, the position is selected randomly from those
neighboring cells that are not yet occupied by a polymer chain. Overlapping
of polymer chains occurs only if all neighboring cells are already occupied. See
Figure 4.2 for an illustration of a polymer chain generated by means of this
algorithm.

Patsis et al. [Pat05a] proposed an additional variant for generating a polymer
distribution, the randomly grafted chain algorithm. An unoccupied lattice cell
is randomly selected for adding the rst monomer unit of a polymer chain. All
additional monomer units are sequentially placed as neighbors of any previously
added monomer, if possible in an unoccupied lattice cell. An example of a
polymer chain generated by this approach is illustrated in Figure 4.3.
The polymer distribution generated by the self-avoiding random walk and the
randomly grafted chain algorithms lead to more realistic polymer distributions.
They partly incorporate volume restriction (i.e., polymers may not overlap),
resulting in only a low spatial overlap of monomer units [Pat06b]. The fraction
of remaining overlap, however, has never been quantied by the authors.
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Figure 4.2: A 2D illustration of the algorithm proposed by Patsis et al.

[Pat05a]. The numbers in the cells indicate the sequence in which the monomer
units are added. Multiple numbers in a cell indicate it is visited more than once
during the generation of the polymer chain. The small arrows on each number
indicate the neighboring cells to which the next monomer unit may be added
without causing an overlap. For simplicity in the illustration, the polymer chain
is restricted to the boundaries of the grid. The polymer shown has a specied
length of 14 and an actual length of 13 monomer units.

4.1.2

New Models

The shortcoming of the algorithms suggested for the generation of polymer
distribution is that they permit site sharing. This problem has already been
addressed by the self-avoiding random walk and the randomly grafted chain
algorithms. Site sharing, however, is only reduced by this algorithms but not
prevented.
The new algorithm presented in this thesis avoids the occurrence of spatial
overlap between dierent monomer units. It is illustrated in Figure 4.4. At
rst, only a stub shorter than the specied polymer length is added to the
lattice cells for the representation of each polymer chain. For this purpose, a
free lattice cell is chosen randomly and is preliminarily occupied by a monomer.
Next, a free neighbor cell is selected randomly and preliminarily occupied by
the second monomer unit. The line formed by the rst two monomer units
denes the initial growth direction. Each subsequent monomer unit is added
as neighbor to the monomer added previously, with the exact position dened
by the current growth direction. An externally specied parameter denes the

4.1

PHOTORESIST DESCRIPTION

12
1

6
2

4

3
14

Figure 4.3:
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A 2D illustration of the algorithm proposed by Patsis et al.

The numbers in the monomer units indicate the sequence in which

they are added. Each monomer unit is placed adjacent to a randomly selected
one which was previously added. Site sharing occurs only if the polymer chain
has no free neighboring site, i.e, if all neighboring sites are already occupied by
other polymer chains.

probability that the growth direction could change with the addition of a new
monomer unit. Additional monomer units are added until the polymer stub is
of the specied length. The appending of a monomer unit fails if the selected
cell is already occupied by another polymer. In this case, all (preliminarily)
added monomer units are removed again and the whole procedure starts at a
dierent, randomly selected, location. The probability for the procedure to fail
on many consecutive tries is kept low by only placing shorter stubs initially. The
restriction that these polymer stubs must not contain too many monomer units
is a drawback of the new approach: Without this restriction, it may happen
that not all polymer stubs can be added to the grid. After the specied number
of polymers (i.e., polymer stubs) has been placed onto the grid, remaining free
cells are appended to adjacent polymer stubs. By this mechanism, the desired
average polymer chain length can be guaranteed, but not an exact polymer
chain length distribution.
The algorithm requires the specication of either the total number of polymers
or the average number of monomer units per polymer. Optionally, a fraction of
grid cells to be left unoccupied can be specied. The variance of the polymer
length distribution can be modied by the method applied for adding free cells
to adjacent polymer stubs: One option is to select the polymer stub randomly.
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Figure 4.4: A 2D illustration of the polymer chain generation algorithm. First,
stubs with a number of monomer units lower than specied for the polymer
chain are placed on the grid (a). Then, unoccupied cells are added to neighboring polymer chains in order to achieve the specied polymer chain length
distribution.

Alternatively, the variance of the polymer length distribution can be reduced by
avoiding the addition of unoccupied lattice cells to polymers that already exceed
a certain number of monomer units. Conversely, deviation can be increased by
initially adding stubs of dierent lengths or by adding unoccupied cells to the
neighboring polymer with the highest number of monomer units.

4.2

Exposure

Mesoscopic exposure simulation is required to determine which of the PAG
molecules are converted into acid. The corresponding probability depends on
the local exposure dose for each molecule. The average, or nominal, exposure dose distribution is dened by the bulk image. In optical lithography, the
treatment of the photoresist as a continuum material for bulk image simulation is still appropriate because the length scale of diraction during exposure is
much larger than the length scales of the photoresist molecules [Sch01]. Stateof-the-art exposure systems used for semiconductor manufacturing operate at
wavelengths down to 193 nm. In comparison, the largest molecules in the
photoresist, the polymer chains, have end-to-end distances well below 10 nm
(see Section 4.1). While the average exposure dose distribution in the photore-
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sist can be obtained from macroscopic imaging models, the actual number of
photons in a given area is Poisson distributed even for a nominally uniform
exposure [Goo85].
The expected average value of the number of generated acid molecules at a
given exposure dose distribution must correspond to the fraction of PAG that
is converted into acid according to macroscopic models for consistency of both
approaches. At exposure wavelengths down to 193 nm, each photon converts at
most one PAG molecule into acid. Measurements of quantum eciency yielded
a value of approximately 0.3 [Bra04].
Previous publications on mesoscopic exposure simulation, described in Section 4.2.1, are based on simulating the local dose uctuation according to the
Poisson distribution of the actual number of photons absorbed. Section 4.2.2
presents a new, much simpler but mathematically equivalent model. It has
been proven that explicit modeling of the Poisson distribution and the computationally expensive generation of Poisson distributed random numbers is
unnecessary.
An extension of the models would be necessary for the application of mesoscopic
exposure models in extreme ultraviolet (EUV) lithography. A single photon can
convert more than one PAG molecule into acid with the much higher photon
energy in EUV lithography that employs an exposure wavelength of 13.5 nm.
Therefore, acid generation events are no longer stochastically independent of
each other. This is also the case in electron beam lithography.

4.2.1

Existing Approaches

The model proposed by Yuan and Neureuther [Yua04] includes the consecutive
simulation of two sources of noise. First, the dose uctuation in the average
area W occupied by a PAG is computed. In this approach, W is also assumed
as the cross section of the PAGs. Based on the nominal local dose d, the
probability pk that actually k photons incur, each with the energy Ephoton , is
Poisson distributed [Goo85]:
(W d/Ephoton )k −W d/Ephoton
e
pk (W d/Ephoton ) =
k!

(4.1)
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This inherent uctuation of the actual exposure dose caused by the quantum
nature of light is also called photon shot noise. It increases with increasing
Ephoton for a constant average exposure dose. Ephoton is proportional to the
frequency ν of the light:
Ephoton = hν
(4.2)
The second simulation step is the generation of acid molecules. PAG conversion probability is computed according to the Poisson distributed actual dose
at the position of each PAG molecule. Analogous to Equation (3.10) in the
macroscopic model, the probability P that an acid molecule is generated from
a PAG molecule at position (x, y, z) is a function of exposure dose d(x, y, z)
and photoresist sensitivity CDill :
P (x, y, z) = 1 − eCDill d(x,y,z)

(4.3)

The total incident energy on the assumed cross section of a single PAG molecule
is the number of photons k times the energy per photon Ephoton .
Since the generation of Poisson distributed random numbers is computationally expensive, Yuan and Neureuther approximated the Poisson distribution
by a Gaussian distribution. A fundamental drawback of this model is the requirement of an additional, unknown parameter, the cross section of the PAG
molecules. In the simulations presented by Yuan and Neureuther [Yua04], this
is arbitrarily assumed to be the average area W occupied by each PAG
Another modeling approach was proposed by Brainard et al. [Bra04]. Again,
the nominal bulk image intensity distribution is simulated based on macroscopic
models. After this the Poisson distributed number of photons that corresponds
to the totally absorbed exposure dose is computed. The bulk image is interpreted as the probability density function for the positions where each photon
is absorbed. The probability as to whether an absorbed photon generates an
acid molecule or not is set to the experimentally measured (average) quantum
eciency of the absorbed photons. This model accounts for the photon absorption statistics in the photoresist. The simulation of the acid generation
process, however, is oversimplied. Each photon absorbed in a given exposure
process is attributed an identical probability of converting a PAG into an acid
molecule. The local fraction of PAG molecules that has already been converted
into acid is ignored. Thus PAG depletion eects are not included in this model.
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Gallatin [Gal05] presented an analytical model for the analysis of statistical
uctuation during photoresist processing. Based on the fact that the number
of photons absorbed in any volume of interest follows Poisson statistics, he
concluded that the corresponding number of generated acid molecules is also
Poisson distributed. Like the simulation model by Brainard et al. [Bra04]
described above, this model ignores the depletion of PAG molecules during the
photoresist exposure process.

4.2.2

New Models

Existing mesoscopic simulation approaches all have some fundamental shortcomings. The models proposed by Brainard et al. [Bra04] and Gallatin [Gal05]
both ignore PAG depletion. In the model proposed by Yuan and Neureuther
[Yua04] two additional parameters need to be specied. The cross section W
of a PAG molecule and the probability r ≤ 1 for any single photon incurring
in this cross section to convert the PAG into acid. These two parameters are
interdependent. According to the specication of the cross section, the probability that a single photon converts a PAG molecule into acid has to be adapted
to ensure consistency with the macroscopic models. That is, the ratio of cross
section and the probability that a PAG is converted into acid by a single photon
in its cross section has to be constant. This is required for consistency of the
expected fraction of converted PAG molecules with macroscopic models.
In this section it is proven that any setting of the parameters cross section
W and probability r (provided it is consistent with the overall fraction of
converted PAG molecules predicted by macroscopic models) always also yields
to the identical mesoscopic probability distribution of generated acid molecules.
This proof allows the derivation of a new straightforward mesoscopic exposure
model.
Let pk denote the probability that k photons occur in the cross section of a
PAG molecule. Since r denotes the probability that a single photon in the
cross section converts a PAG, (1 − r)k is the probability that k photons cause
no PAG conversion. The probability q that a PAG is not converted into acid
depends on r and pk . pk depends on W and the expected value for the local
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exposure dose d according to Equation 4.1. q can than be computed according
to:
q(d, W, r) =

inf
X

k=0

(4.4)

pk (dW/hν)(1 − r)k

For the following mathematical transformation, m is dened as 1/r. To reect
the interdependence between W and r, the variable w is dened as W/m and
used in the following (w is called eective cross section):
q(d, w, m) =

inf
X

k=0

pk (dmw/hν)(1 −

1 k
)
m

(4.5)

Using Equation (4.1), this can be rewritten as:
q(d, w, m) =

inf
k
X
(dmw/hν)

k=0

=

k!

e

−dmw/hν

e−dmw/hν (1 −

e

e

(4.6)

inf
X
(dmw/hν − dw/hν)k

k=0

=

1 k
)
m

−dw/hν −dw(m−1)/hν

k!

inf
X
(dw(m − 1)/hν)k

k=0

k!

The Taylor series of the exponential function is then substituted, leading to:
q(d, w, m) =
=

e−dw/hν e−dw(m−1)/hν edw(m−1)/hν
e−dw/hν

(4.7)

In the Model by Yuan and Neureuther, the probability q that a PAG is not converted into acid (at a given average exposure dose) is described in dependence
on the cross section size W and the reaction probability r. Equations (4.4) to
(4.7) prove that due to the interdependence of W and r, their combined eect
on the probability q can be described by the parameter w.
The physical interpretation of this proof is that changing the cross section associated with a single PAG (e.g., shrinking it by a factor r), provided it is greater
or equal than the eective cross section w, and adapting the probability that a
single photon causes a PAG conversion (i.e., increasing it by a factor r), does
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not aect the resulting probability distribution of generated acids. The term
e−dw/hν is the Poisson probability that no photon occurs in the area of the
eective cross section w (compare Equation (4.1)). This is the probability that
a single PAG molecule is not converted into acid and is consistent with the
fraction of PAG not converted into acid according to the established macroscopic models (see Equation (3.10)). The photoresist sensitivity CDill is now
described in terms of the PAG's eective cross section w, which is also an intuitive interpretation for photoresist sensitivity. Thus, w can be calculated using
only parameters from macroscopic exposure models. This shows it is not necessary to take into account the distribution of the absorbed photons. Therefore,
noise introduced during exposure can be described by a straightforward extension of macroscopic models. Only the absolute number of PAG molecules that
correspond to the relative concentration values used in macroscopic models is
required as an additional parameter.
It can be also intuitively explained that the overall probability for each PAG
to be converted into acid is equal to the relative acid concentration obtained
with macroscopic exposure simulation models at the corresponding position.
All PAG to acid conversions are stochastically independent of each other since
they depend only on the locally incident number of photons. However, in the
previously published models for stochastic exposure simulation [Yua04] [Bra04]
there has been no awareness that it is unnecessary to model the Poisson distribution of photons (i.e., photon shot noise) for an exact stochastic exposure
simulation. This has made the exposure models not only more complex than
necessary, but also less computationally ecient. Without the explicit modeling of photon shot noise (i.e., the generation of Poisson distributed random
numbers), a reduction of the exposure simulation times by a factor of more
than 3 has been achieved. This, however, only has a minor impact on the total
photoresist simulation time. As described in Section 4.6.2, most of the photoresist processing simulation time is required for the PEB process, in macroscopic
as well as mesoscopic models.
The simplicity of the new model also allows the important clarication of a
prevailing but erroneous opinion in literature. It is commonly stated that using a shorter exposure wavelength (i.e., fewer photons at a constant exposure
dose, see Equation 4.2) to generate the same amount of acid inherently increases uctuation during the exposure process and ultimately the LER (see
for instance Smith [Smi86], Dentinger et al. [Den02], Yuan and Neureuther
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[Yua04] or Gallatin [Gal05]). Indeed, photon shot noise increases according to
Poisson distribution with a decreasing average number of particles. Also the
quantum nature of the photon absorption and the nite, discrete number of
PAG molecules inevitably causes some uctuation. The Poisson distribution of
the absorbed photons, however, can only inuence indirectly through the introduction of noise into the number and location of the PAGs which have been
converted into acid molecules. The statistics of the generated acid molecules is
crucial for the resulting photoresist LER, not the statistics of absorbed photons.
A decrease in the number of absorbed photons and a simultaneous increase in
the quantum eciency of the photons compensate each other.

This has al-

ready been observed experimentally by Brainard et al. [Bra04]. The authors,
however, only speculated that the statistics of generated acid molecules may
be a better indicator of LER than the number of absorbed photons and the
exposure model proposed by the authors is based on modeling the Poisson
distribution of the photons (see Section 4.2.1). In this thesis it has been also
shown theoretically, why LER induced during exposure does only depend on
the number of generated acid molecules.

4.3

Post-Exposure Bake

Macroscopic models, discussed in Section 3.3, assume a continuous and deterministic evolution of the photoresist PEB. At the molecular level, however,
photoresist component concentration values can only change in discrete quantities. Given only the spatial distribution of the molecules for each photoresist
component (and no information about the momenta of the particles), the reaction and diusion processes are non-deterministic also from the viewpoint
of classical mechanics [Gil77]. Thus, an appropriate description for the evolution of the PEB process is the probability
distribution

~ = (N
~ A, N
~ B, N
~ M ). N
~A
N

~ (t)]
p[N

nding at time

t

the spatial

denotes the number of acid molecules for

all cells in the simulation grid. The notation is analogous for the base
inhibitor

M

B

and

molecules.

Given distribution

~ (t),
N

then

~ (t + ∆t)]
p[N

depends only on

pendent of the history of the process before time

t.

~ (t)
N

and is inde-

This fullls the conditions
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for a time invariant Markov process. The property that the process is time
invariant (i.e., memoryless) can be formally described as follows:
~ 1 (t + ∆t)|N
~ 0 (t), N
~ −1 (t − ∆t), N
~ −2 (t − 2∆t), ...] = p[N
~ 1 (t + ∆t)|N
~ 0 (t)] (4.8)
p[N
~ 1 (t + ∆t)|N
~ 0 (t)] denotes the conditional probability of the distribution N
~1
p[N
~ 0 is given
of the molecules to occur at time t + ∆t, provided the distribution N
at time t. Equation (4.8) is the so-called master equation. Given the initial

number of photoresist component molecules in each cell and the rates for all
possible reaction and diusion events, the master equation describes the time
evolution of the probability of each possible state of the system. For all but the
most trivial cases, however, the description of the master equation obtained is
mathematically intractable, both analytically and numerically [Elf03].

The algorithms for mesoscopic simulation of chemical kinetics [Gil76], [Gib00]
(described below in Section 4.3.1) do not aim at nding the solution for the
~ (t)], which describes the probability of all possible states
master equation p[N
(i.e., particle distribution) over the whole simulation time. Instead, they simulate by Monte Carlo methods a single trajectory (realization) of the stochastic
process described by the master equation.
The mesoscopic description is equivalent to the (deterministic) macroscopic
model in the thermodynamic limit (wherein the number of molecules of each
species and the containing volume both approach innity in such a way that
the molecular concentrations approach nite values) [Gil76].
4.3.1

Existing Approaches

An algorithm aiming at the ecient simulation of single trajectories that are
consistent with the master equation description was rst proposed by Gillespie
[Gil76]. This method is limited to systems without macroscopic concentration
gradients. An extension of the Gillespie algorithm was developed by Gibson
and Bruck [Gib00] for systems requiring the additional simulation of diusion
processes due to concentration gradients.
The discrete photoresist description required for mesoscopic PEB modeling
has been discussed in Section 4.1. As for photoresist exposure simulation,
the number of molecules that corresponds to the relative concentration values
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are the only additional parameter required for the mesoscopic models. This
information is required for acid, base, and inhibitor components. The initial
distribution of acid molecules is obtained from mesoscopic exposure simulation.
Base and inhibitor molecules are distributed randomly in the photoresist.
At any point in time, the state of the system is dened by the number of
molecules of each component in each cell. It changes either by the reaction of
photoresist components inside a cell or by a jump, i.e., diusion, of a molecule
to a neighboring cell. The mesoscopic reaction and diusion probabilities can
be derived from the corresponding macroscopic description in Equations (3.15)
to (3.17).
The average time it takes for a molecule to move to a neighboring cell, for
instance in x direction, can be derived from the macroscopic description of a
one-dimensional Fickian diusion process:
∂c
∂2c
=D 2
∂t
∂ x

(4.9)

Equation (4.9) can be numerically approximated by a nite dierence scheme:
c(xn+1 , tm ) − 2c(xn , tm ) + c(xn−1 , tm )
c(xn , tm+1 ) − c(xn , tm )
=D
∆t
∆x2

(4.10)

Equation (4.10) can be rewritten to obtain ∆t:
c(xn , tm+1 ) − c(xn , tm )
∆x2
∆t =
c(xn+1 , tm ) − 2c(xn , tm ) + c(xn−1 , tm ) D

(4.11)

c(xn , tm ) denotes the concentration in cell xn at time tm . xn+1 denotes the
neighbor on the right of xn , xn−1 the neighbor on the left. tm+1 is dened
as tm + ∆t. Provided that the diusing molecule has not been previously
neutralized or diused to a neighboring cell in y or z direction, this allows

computation of the average time until a molecule diuses to a neighboring cell
in x direction. ∆t can be interpreted as the average time tavrg until a molecule
diuses to a neighboring cell. Assuming that the cell xn contains one molecule
at time tm while the neighboring cells are empty, tavrg (i.e., the average time
until the molecule diuses to a neighboring cell) can be obtained by rewriting
Equation (4.11):
tavrg

∆x2
−c(xn , tm )∆x2
=
=
−2c(xn , tm )D
2D

(4.12)
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Replacing ∆x with the macroscopic diusion length σDiff shows that the average time can be obtained from Fick's diusion law described in Equation (3.14).
The numerical approximation becomes an exact description in the limit of decreasingly small cell size.
Six diusion event types are possible for acid as well as base molecules. A
particle can diuse to a neighboring cell in x, y , or z direction. tavrg (Ax− ) and
tavrg (Ax+ ) denote the average time until an acid molecule diuses to the left
and right neighbor, respectively in x direction. The notation is analogous for
base molecules and diusion events in y and z directions. The average time
until the diusion events occur can be computed as follows:
tavrg (Ax− ) = tavrg (Ax+ )

=

tavrg (Ay− ) = tavrg (Ay+ )

=

tavrg (Az− ) = tavrg (Az+ )

=

tavrg (Bx− ) = tavrg (Bx+ )

=

tavrg (By− ) = tavrg (By+ )

=

tavrg (Bz− ) = tavrg (Bz+ )

=

∆x2
2DA NA
∆y 2
2DA NA
∆z 2
2DA NA
∆x2
2DB NB
∆y 2
2DB NB
∆z 2
2DB NB

(4.13)
(4.14)
(4.15)
(4.16)
(4.17)
(4.18)

In analogy to the diusion events, the average time until a reaction event occurs
can be also derived from the macroscopic PEB models. They can be computed
as follows:
tavrg (M −) =
tavrg (A−, B−) =

1
k1 [A][M ]
1
′
k4 [A][B]
′

(4.19)
(4.20)

A−, B−, and M − denote a reduction in the number of acid, base, and inhibitor

molecules in the cell by one.

The basic step of the algorithm is to determine which reaction or diusion event
happens next. In order to globally determine the type, time, and location of
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the next event, this information has to be computed for each individual cell.
The rst step is to check which type of event can in principle occur. Then the
expected value of the time tavrg at which it will occur is computed for each
possible event type according to Equations (4.13) to (4.20).
The event rate is the reciprocal of the average time until the next event occurs.
Adding up the event rates for each possible event type yields the overall event
rate. The reciprocal of the overall event rate results in the expected value tavrg
of the time for the next event in a single cell. The actual time tact is obtained
from an exponentially distributed random number with the corresponding tavrg .
The exponential distribution of tact corresponds to the property memoryless of
the system (see Equation 4.8). The type of reaction that will occur is determined randomly according to the previously computed rates of each possible
type of event.
The basic procedure of the mesoscopic PEB simulation is outlined in Figure 4.5.
In the initialization of the algorithm, the type of and time for the next event is
computed for each cell. This information about each cell is stored in an next
event queue, which is sorted according to the time values of the events. Then
the main loop of the algorithm begins. The cell with the lowest time value is
selected from the next event queue, and the corresponding event is simulated.
The simulated PEB time is set to the event time value of the selected cell.
If a reaction event is simulated, the number of molecules of each component
is updated. In the case of acid-base neutralization, for instance, the number
of acid and base molecules are both reduced by one. The type of and the
time for the next event in this cell is computed based on the updated cell
conguration. Then the cell is again inserted into the next event queue with
the sum of the time computed for the next event plus the currently simulated
PEB time. If a diusion event is simulated, the same procedure as described
above for a reaction event is additionally performed for the cell to which the
molecule diused. In the case of a reaction, the next reaction time only has
to be updated for one cell. In case of a diusion event, two cells have to be
updated. These steps of selecting the cell with the lowest time value from the
next event queue and updating the cell in which the number of resist component
molecules change, are iteratively performed until the specied PEB time has
been simulated.
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For each cell:
ú Calculate the expected value tavrg of the time of the next reaction.
ú Based on tavrg, determine the exponentially distributed actual time tact.
ú Determine which type of reaction will occur at tact.
ú Insert the cell with tact in the next event queue.

ú Select the cell with the smallest time value from the next event queue.
ú Set the simulated PEB time tsim to tact of the selected cell.
ú Perform the reaction determined for the selected cell.
In case of a diffusion reaction, the following steps are also performed
for the cell in which the molecule diffused:
ú Based on the updated cell configuration, calculate the expectancy of
ú the time of the next reaction.
ú Determine the exponentially distributed actual time tact.
ú Determine which type of reaction will occur at tact.
ú Update the time value for the cell to tact+tsim in the next event queue.

Simulated PEB time <
specified PEB time?

Yes

No
PEB simulation finished.

Figure 4.5:

Framework of the mesoscopic PEB simulation algorithm.

Mesoscopic simulation of coupled reaction-diusion systems requires the spatial
discretization of the photoresist to be small when compared to the diusion
length. This allows to assume a homogeneous distribution of all molecules
within any single cell. More precisely, for any diusing photoresist component
X (i.e., acid or base) the condition
[max(∆x, ∆y, ∆z)]2 ≪ DX min(tX )

(4.21)

must be fullled [Elf03]. max(∆x, ∆y, ∆z) is the maximal spatial discretization
length of the photoresist cell along the coordinate axes, DX is the diusion
coecient and min(tX ) is the minimum average time for all possible reactions
of the diusing component X.
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The theoretical scaling behavior of the mesoscopic PEB simulation time with
respect to the number of gridpoints

n is O(n log n).

The number of reaction and

diusion events that have to be simulated increases linearly with the number of
gridpoints. Also the number of access operations to the next event queue scales
linearly. In addition, an increase of

n

leads to a linear increase in the average

number of cells in the next event queue. The required time for retrieving and
updating cells in the event queue scales logarithmically with the number of
elements in the next event queue.
The required simulation time is especially important for the PEB. Compared
to exposure (provided the bulk image is already computed) and development,
PEB simulation requires most of the total photoresist processing simulation
time. This applies to mesoscopic as well as macroscopic models. Section 4.6.2
compares the computing time required for macroscopic and mesoscopic photoresist simulation and the percentage required for the PEB process.

4.3.2

New Models

Existing methods for discrete, stochastic modeling of reaction and diusion
processes provide generic simulation algorithms. The applicability of these concepts for PEB simulation was demonstrated by Mülders et al. [Mül05]. Based
on the same simulation approach, the option of immediate acid-base neutralization has been adapted for mesoscopic PEB simulation for the rst time. The
reaction rate for acid base neutralization is usually by a factor of

105

to

106

higher than for acid catalyzed inhibitor deprotection [DrL07] (see Table 4.1
for typical parameter values).

In cells containing acid, base, and inhibitor

molecules, the neutralization of acid and base is therefore orders of magnitude
more likely than inhibitor deprotection. The immediate neutralization of acid
and base is called fast neutralization. It is implemented in this work by using
a common description for the acid as well as the base molecules in the photoresist.

Since acid and base molecules almost never exist simultaneously in

the same cell, a single acid-base component can be used to describe the acid
and base distribution in the photoresist.

The diusion probability needs to

be computed depending on whether the cell contains acid or base molecules,
because the diusion coecients for acid and base molecules usually dier.
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Since only two (acid/base and inhibitor), instead of three, photoresist components require separate descriptions, the amount of memory required can be
reduced by one third using this new method. This is an additional advantage
compared to the fast neutralization options available for macroscopic models.
The impact of the fast neutralization option on the computing time and simulation results is described in Section 4.6.
4.4

Development

Macroscopic development rate models (see Section 3.4) provide a description
of the rate in dependence on the average inhibitor concentration. They provide neither a description of the actual chemical processes nor of the size of
the polymer chains. Thus, unlike exposure or PEB models, the macroscopic
development models cannot be generalized to mesoscopic models.
At the mesoscopic level, photoresist development is a binary process in which
each polymer molecule either remains in the photoresist lm or is dissolved in
the developer liquid during the specied process time [Sch02b]. Based on the
discrete photoresist description outlined in Section 4.1, mesoscopic development
simulation requires a description of the dissolution behavior of each polymer.
Polymer solubility is essentially governed by the degree of deprotected (i.e.,
ionizable) monomer units where the initially attached inhibitor group was decomposed during PEB. The primary reactions during the development process
are [Mac78] [Bur02]:
• Diusion of developer molecules (hydroxide anions) to the photoresist

lm surface.

• Deprotonation (ionization) reaction of the developer molecules with the

deprotected acidic phenolic polymer sites (generation of phenolate anions).

• Diusion of the dissolved, ionized polymers into the bulk of the developer

liquid.

All chemical models for the dissolution of phenolic polymers in an aqueous
base assume one of these processes as the rate-limiting step and the others as
occurring almost immediately [Fla99a].
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Section 4.4.1 provides an overview of existing models describing the development process at the level of polymer dissolution behavior. None of them
provides a reasonable quantitative match with experimentally measured development rate curves. In fact, the simulated photoresist proles have never been
quantitatively compared to experimental data or proles simulated by means
of macroscopic models.
The new development simulation approach developed in this thesis is presented
in Section 4.4.2. It is based on the combination of calibrated macroscopic
development rate models with a discrete photoresist description. It includes
modeling the impact of the polymer chain geometry on LER while still yielding
photoresist proles that are quantitatively consistent with the results obtained
through calibrated macroscopic models (see Section 4.6.1).
4.4.1

Existing Approaches

The fundamental mechanisms that dominate dissolution behavior of the polymer chains, and thus the photoresist development rate behavior, have been the
subject of considerable discussion. Various chemical theories have been proposed [Bur02]. A universally accepted theory that accounts for all observed
dissolution phenomena is still not existing. Two models are prevalently discussed in literature [Pat04] and have been applied for simulation: Percolation
theory [Yeh92] and the critical ionization (CI) model [Tsi97].

Percolation models

The membrane model by Arcus [Arc86] was one of
the rst molecular level explanations of photoresist development rate behavior.
According to this model, the dissolution rate-limiting factor is the diusion
of alkalic developer molecules to the photoresist polymers through a gel layer
that emerges on the developer-photoresist interface. The time required for the
reaction of developer molecules with the polymers and the transport of the
ionized polymers to the bulk of the developer is neglected.
Based on the same assumption that the transport of the developer molecules
to the undissolved polymers is the dissolution rate-limiting step, a model based
on percolation theory [Gri99] was proposed by Yeh et al. [Yeh92]. Percolation
models have been applied many times for the simulation of the development
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process [Kam97], [Pat99], [Ma03a], [Ma03b], [Ma05]. However, only qualitative comparisons with experimental proles have been published. Percolation
models lack a quantitative match with empirical data and do not account for
experimentally observed impact factors on development rate curves. For example, these models cannot explain the inuence of molecular weight or length
of the polymers [Tsi97] or the pH value of the developer on the resulting photoresist dissolution rates.

Critical ionization model

Attempting to overcome at least some deciencies of the percolation models, Tsiartas et al. [Tsi97] developed the CI model.
It postulates that a polymer dissolves if a minimum (critical) fraction of its
monomer units is simultaneously ionized. According to the CI model, the rate
of the development process is determined by the developer-polymer ionization
rate. Diusion of the developer anions to the deprotected polymer sites, as well
as diusion of the dissolved polymers to the bulk of the developer is assumed
to occur very fast compared to the ionization process.
A polymer with n unblocked groups in contact with the developer liquid can
undergo the following reversible set of ionization/de-ionization steps until dissolution:
OH − + Pn Hn

1−
+ H2 O
⇋ Pn Hn−1

1−
OH − + Pn Hn−1

2−
⇋ Pn Hn−2
+ H2 O

(i−1)−

i−
⇋ Pn Hn−i
+ H2 O

..
.

OH − + Pn Hn−i+1

i−
Pn Hn−i
+ H2 O

..
.

..
.

→ dissolved

(4.22)

i−
Pn Hn−i
denotes a polymer with n − i unionized, ionizable sites and i ionized
sites. Of all monomer units exposed to developer liquid, the fraction κ that is
ionized at equilibrium can be calculated from the pKa value of the polymer1
and the pH value of the developer [Fla99a]:

10pH−pKa
[P O− ]
=
κ=
[P OH] + [P O− ]
1 + 10pH−pKa
1 The pK

(4.23)

a value is dened as the negative decadic logarithm of the acid ionization constant.
It characterizes the ability of an ionizable group of an organic compound to donate a proton
in an aqueous solution.
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P O− represents an ionized site, P OH a unionized (but ionizable) site. Un-

like percolation models, the CI model explicitly accounts for the impact of
photoresist and developer chemistry. Equation (4.23), however, neglects the
eects of the electrostatic double layer discussed below, the theoretical value
of κ according to Equation (4.23) is signicantly higher than the actual value.
Application of the CI model for development simulation is based on a discrete polymer chain description (see Section 4.1). The additional information
required about the polymer chains is the fraction of the ionizable sites (i.e.,
monomer units). This can be obtained from exposure and PEB simulations
that predict the local extent of inhibitor deprotection. Each decomposed inhibitor molecule represents an unblocked, ionizable site.

The framework now commonly used for development simulation based on the
CI model (see for instance Houle et al. [Hou03], Patsis et al. [Pat04], or Meiring
et al. [Mei05]) was proposed by Flanagin et al. [Fla99b]. It is outlined in Figure 4.6. The specied development time is divided into xed time steps ∆t. At
the beginning of development simulation, the polymer sites on the top surface
of the photoresist (i.e., those not covered by other polymers) were exposed to
the developer. Each of the ionizable sites in contact with the developer has
the probability κ of being set to the state ionized. The user-specied parameter κ depends on the pH value of the developer and the pKa value of the
photoresist, see Equation (4.23). Those polymer chains where the percentage
of ionized sites exceeds the (user-specied) critical threshold dissolve and are
removed from the simulation lattice. In the algorithms proposed in literature,
cells may be occupied by multiple polymers (see Section 4.1). In this case a
cell is not set to dissolved (and cannot be occupied by the developer) as long
as at least one polymer chain remains in the cell. This cycle of iterated ionization and dissolution continues until the specied development time has been
simulated. ∆t is adapted to calibrate the simulated development rate in case
of complete inhibitor deprotection to the measured maximum (macroscopic)
development rate rmax . In other words, a numerical parameter is used for the
calibration. The ionization state of a monomer is determined independently in
each time step since several changes of the ionization state are assumed within
each time step. It has to be noted, however, that these assumptions result in an
inconsistent modeling approach: If the time step is assumed to be long enough
that the ionization states of two consecutive time steps are independent, a sin-
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Add the polymers at the top of the photoresist to the surface-list.

Ionize each unblocked monomer unit of the polymers in the surface-list
with probability κ. Remove each polymer chain for which the number of
ionized groups exceeds the critical fraction.

Add neighbors of dissolved polymers to the surface-list.

Increment the simulated development time by Δt.

Yes

Simulated development time <
specified development time?
No
Development simulation finished.

Figure

4.6: Time step based development simulation algorithm.

gle stable state for each monomer (ionized or unionized) cannot be assumed
during a single time step.
The predictions of the CI model are qualitatively in accordance with several
experimental ndings [Tsi97] [Fla99b] [Fla99a]. An increase of
with increasing molecular weight, with increasing
with decreasing

pKa

pH

rmax

is predicted

value of the developer and

value of the photoresist. The simulated dissolution rates

also show a non-linear decrease with an increasing degree of blocking (which
corresponds to higher inhibitor concentration).

A quantitative congruence,

however, is by no means achieved: The ratio between the simulated maximum
and minimum development rate is below 10 [Fla99b]  as opposed to the experimentally measured factors of 1000 and more [Rob01]. Houle et al. [Hou03] also
reported that their simulations based on the CI model predict a highly non-
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linear dependence of the dissolution rate from the degree of unblocked sites,
but provided no absolute numbers or comparisons with experimental data.
An explanation for the lack of quantitative predictability was rst provided by
Burns et al. [Bur02]. The ionized sites of undissolved polymer chains cause a
negative charge accumulation on the photoresist surface. The resulting electrostatic repulsion of anions causes a depletion of developer anions in the proximity
of the photoresist surface (see Figure 4.7), resulting in the formation of a socalled electrostatic double layer.

In consequence, the more sites are already

ionized (i.e., the higher the accumulation of negative charge) in the proximity of an ionizable site, the more depleted the surrounding development liquid
of developer anions.

A lower concentration of developer anions reduces the

probability that an additional unblocked site becomes ionized.
—

Burns et al.
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Developer liquid

Photoresist
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Developer cation (e.g. Na+)

4.7: An electrostatic double layer emerges during photoresist devel-

opment. The undissolved, negatively charged polymers attract positively, and
repel negatively charged developer anions. This results in a depletion of developer anions in the proximity of the photoresist-developer interface.

[Bur02] analyzed the eects of the electrostatic double layer for the idealized
assumption of a at photoresist surface. Schmid et al. [Sch02a] investigated the
inuence of simple, idealized photoresist topography and nonuniformly ionized
polymers on the developer concentration on the photoresist surface. Both approaches are limited to static analysis. Due to the computing time and memory
resources required, molecular level simulation, covering the eects of the elec-
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trostatic double layer, is not applicable for dynamic development simulations,
which include at least hundreds of thousands of molecules.
To sum up, the CI model provides a more chemically sound explanation of the
development process than percolation theory or other suggested models. Simulations with the CI model dissolution mechanism might be useful for qualitatively estimating the potential and limitations of new photoresist formulations
or the optimization of existing ones. Despite several renements of the simulation approach since the rst publication of the CI model in 1997, it has not
proven to be suitable for quantitatively predicting the development rate curve
required for the accurate simulation of photoresist prole geometry.

4.4.2

New Models

Existing mesoscopic development models do not predict development rate
curves that are quantitatively consistent with experimental measurements.
Thus they cannot be used for predicting the average linewidth of the resulting photoresist proles. The basic idea of the new algorithm developed in this
thesis is to perform simulation based on the discrete, mesoscopic photoresist description (see Section 4.1). The dissolution time of each polymer is determined
according to calibrated macroscopic development rate curves (see Section 3.4)
and the local inhibitor concentration. The photoresist proles simulated with
the new models are consistent with those simulated using macroscopic models
in terms of the average prole linewidths (see Section 4.6). In addition, they
allow to simulate the resulting photoresist prole LER (see Section 5.6).
The new algorithm shares some functions with the existing simulation framework developed for the CI model (see Section 4.4.1, especially Figure 4.6). The
common feature is the use of a surface-list, which contains all undeveloped
polymers currently in contact with the developer liquid. When a polymer dissolves, it is removed from the surface-list. Cells previously occupied by this
polymer chain are immediately occupied by developer liquid. All previous
neighboring chains of the removed polymer, which have now the rst contact
with the developer, are added to the surface-list. Not only directly adjacent
polymers are identied as neighbors, but also polymers connected via any path
of cells representing free volume. A ow chart of the new algorithm is shown
in Figure 4.8.
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Add initial surface polymers to the surface-list.
Determine their dissolution time and set this as their development time.

Remove polymer with shortest development time from the surface-list.
Set the simulated time to the development time of the removed polymer.

Add neighbors of the removed polymer to the surface-list.
Set their development time to the development time of the removed
polymer plus their dissolution time.

Simulated development time <
specified development time?

Yes

No
Development simulation finished.

Figure 4.8:

Event-based shortest path development simulation algorithm.

There are two major dierences to the previously presented concept. One is the
iteration procedure in which the polymers are removed. In the new algorithm,
the occurrence of polymer chain dissolution is not restricted to xed time steps.
Instead, they are simulated on a continuous time scale. The simulated development time is incremented adaptively according to the occurrence of polymer
dissolution events. The actual dissolution event simulated in each iteration is
determined by selecting the polymer with the lowest current development time
from the surface-list. To allow ecient retrieval of this polymer, the surface-list
is sorted according to the development times of the polymers. The algorithm
terminates as soon as the simulated development time is equal to or greater
than the specied simulation time. It also terminates if all polymer chains are
dissolved. Like the mesoscopic PEB simulation algorithm (see Section 4.3.1,
especially Figure 4.5) this development simulation algorithm follows an eventbased approach. It is basically an extension of Dijkstra's algorithm [Dij59]

4.4

DEVELOPMENT

63

for nding the shortest path in a directed graph with non-negative weights.
The weights in Dijkstra's algorithm correspond to the dissolution times of the
polymers and are dynamically computed and updated according to the evolution of the development process. The paths between the vertices in the graph
correspond to the neighboring relationships between the polymers.
This event-based simulation approach requires the dissolution times for the
polymers in the surface-list to be computed and updated. The dissolution time
denotes the time when a polymer dissolves relative to its rst contact with
the developer liquid. In contrast, the development time refers to the time at
which a polymer dissolves relative to the start time of the development process.
That is, the simulated development time at which a polymer is added to the
surface-list plus its dissolution time yields its development time. The second
major dierence to the previously existing simulation concept is the method
by which the dissolution time is obtained for the polymers in the surface-list.
The development rate for the polymer is set to the median development rate
of the cells occupied by the polymer chain2 .
The average dissolution time for each polymer currently on the photoresistdeveloper interface is computed from the end-to-end distance of the polymer
chain in the direction of the development front divided by the development
rate computed for this polymer. The orientation of the polymers towards the
direction of the development front has to be taken into account to obtain development rates consistent with the calibrated macroscopic development rates
(see Figure 4.9). A polymer already in the surface-list can come into contact
2 In

the original draft of this algorithm, the average instead of the median development
rate of the cells occupied by the polymer chain was used [Sch06c]. Using macroscopic exposure and PEB models, this yielded a good convergence between mesoscopic and macroscopic
development simulation in respect to the average linewidth. In combination with mesoscopic
exposure and PEB simulation, however, the resulting prole linewidths depend strongly on
the polymer chain length: Larger polymers result in a smaller prole linewidth. Due to
statistical uctuation in the inhibitor concentration, cells in nominally unexposed parts can
also have a high degree of inhibitor deprotection. A single cell with an inhibitor concentration signicantly below the threshold development concentration has almost the nominal
maximum development rate. This signicantly reduces the dissolution time of the complete
polymer. With larger polymer chains, a single cell aects a larger volume since it is part of
a larger polymer chain. In short, using average development rates, a single cell can render a
complete polymer chain soluble. In retrospect, it is also at odds with the CI model that a
single monomer unit alone determines the dissolution behavior of a complete polymer chain.
Using the median, the dissolution behavior of polymers is essentially determined by the ratio
of cells with and without inhibitor blocking groups.
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Monomer unit

Developer

To ensure consistency with the macroscopic models, the end-to-

end distance of the polymers relative to the direction of the development front
has to be taken into account. The numbers in the monomer units denote the
relative average dissolution times of the polymers.

with the developer additionally from another direction. In this case, the resulting development time is computed according to the development rate of this
polymer and the end-to-end distance in the new direction. The development
time of the polymer is then set to the minimum value of the development times
obtained for the x, y , and z direction. An innite development time is assumed
for those directions, in which the polymer has no contact with the developer.
An exemplary development process illustrating this approach for a 2D example
is shown in Figure 4.10.
Originally, the new event-based development simulation algorithm was developed for simulations using the CI model to directly obtain dissolution times. It
provides a considerably more ecient simulation approach than the previously
used time step based development simulation algorithm [Sch06a].
Despite the provisions to obtain development behavior consistent with the
macroscopic models, there remains a dierence between the discrete mesoscopic
and the continuous macroscopic development approach [Set99]. These dierences are illustrated in Figure 4.11 for the evolution of a front originating at
a single point. The use of a regular cartesian grid for the mesoscopic development simulation restricts the evolution of the developer front to the directions
of the coordinate axis. In contrast, the correct description for the continu-
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ous development simulation approach is that the developer front propagates
in all directions likewise. This theoretical dierence, however, does not cause
signicant dierences in practical applications. Comparison of the mesoscopic
models with macroscopic models, using the fast marching algorithm for development simulation implemented in this thesis (see Section 3.4.2), show good
convergence behavior of both approaches (see Section 4.6.1). The cell removal
algorithm (see Section 3.4.2), which is used in macroscopic development simulation models, also works on a regular cartesian grid and the evolution of the
development front is restricted to the cartesian coordinate axes [Hir87]. Like
the comparisons of the mesoscopic approach with the fast marching algorithm,
also the comparisons of the cell removal algorithm with the fast marching algorithm yielded very good convergence behavior [Sch05].
The limitation of this mesoscopic development simulation approach is that the
side eects of a change in polymer properties on other (macroscopic) photoresist parameters are not accounted for. Modication of polymer properties like
average molecule size, molecular weight distribution, or geometric properties
have side eects and aect several other photoresist properties. For instance,
an increase in the development rates with increasing molecular weight of the
polymers was found in experiments (see Section 4.4.1). Thus, as in macroscopic
models, modication of the photoresist formulation requires a recalibration of
the development rate curves and possibly other parameters such as acid and
base diusion lengths. Another limitation is that this approach does not automatically account for variations in the polymer dissolution times. Due to
the stochastic nature of the polymer dissolution process, the dissolution times
uctuate while the macroscopic models predict only the mean value. In the
models developed in this thesis, the option to use Gaussian distributed dissolution times has been implemented. There is, however, no experimental
or theoretical information available about the actual distribution characteristics of polymer dissolution times. The use of Gaussian distributed dissolution
times with varying standard deviations caused no signicant dierences in the
resulting linewidth uctuations or in the average prole linewidth [Sch06c].
Therefore, in all simulations presented in this thesis, no additional probability
distribution has been applied for the determination of the polymer dissolution
times.
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Figure

Development after 1 time unit

Developer

Free volume

A 2D illustration of an exemplary development simulation. A
constant macroscopic development rate of one cell unit per time unit is assumed.
The numbers in the polymer chains denote the resulting development (not
dissolution) time on contact of a polymer chain with the developer in horizontal
(x) and vertical (z) directions. The development times are computed when the
polymer has the rst contact with the developer. The development times are
computed when a neighboring cell in x or z direction of the polymer chain is
initially occupied by the developer. If a polymer is in contact with the developer
in multiple directions, the minimum of the development times obtained is used.
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Polymer

Developer
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Figure

Schematic of the topography simulation during development. The
dierences between the evolution of the developer front in a continuous (a) and
a discrete (b) photoresist description are illustrated. The development process
starts in both cases in the upper left corner. A constant development rate is
assumed.
4.11:
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4.5 Postprocessing of Simulated Prole Data
Evaluation of photoresist proles requires clear identication of the boundaries
between undeveloped polymer chains and those parts that have been dissolved
during development. That is, each lattice cell has to represent either undeveloped photoresist or void volume. Given well-dened criteria, proles simulated
with macroscopic models can be immediately evaluated after the development
process. Stochastic mesoscopic modeling, however, results in areas without
inhibitor deprotection even in regions with nominally high inhibitor deprotection. This can result in undissolved photoresist islands not connected to the
substrate layer (see Figure 4.12). In reality, those photoresist parts are washed
away during the development process [Oco03]. In simulation, however, the undeveloped islands remain as residues and have to be removed in an additional
postprocessing step in order to allow prole evaluation.
4.5.1

Existing Approaches

Undeveloped photoresist islands, as shown in Figure 4.12, occur frequently in
mesoscopic development simulation (see for instance Flanagin et al. [Fla99b]
or Meiring et al. [Mei05]). Nevertheless, the necessity of and methods for
additional postprocessing steps to prune the data of the simulated proles
from the undeveloped islands have not yet been addressed in literature. The
reason may be that quantitative process performance studies, which require
automated evaluation routines (e.g., process window analysis), have not yet
been carried out with mesoscopic models.
4.5.2

New Models

In this work, the development process has been augmented with an optional
postprocessing step. This steps removes undeveloped photoresist islands. It
requires to check each gridcell that represents photoresist for a continuous path
of photoresist cells connecting it to the substrate layer.
A separate check for each cell is computationally inecient: Let n denote the
total number of gridpoints. Each check would then require a control of up to
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Figure 4.12: Photoresist prole simulated with mesoscopic models from Meiring et al. [Mei05].

n points, leading to a computational eciency of O(n2 ). A computationally

more ecient node-marking algorithm, implemented in this thesis, requires
only a single run to tag all cells connected to the substrate layer. In a second
step, all lattice cells that represent undeveloped photoresist but have no tag
are converted to void volume. The basic procedure of the algorithm is outlined
in Figure 4.13. The tagging of the cells requires visiting up to n cells. At each
cell also the six neighbor cells have to be visited3 . These operations require
a constant time at each cell. Cells representing photoresist are added to the
list when they are tagged. Since this list is unsorted, inserting and retrieving
a cell also requires a constant time. The scaling behavior of the algorithm is
therefore O(n).
Simulated photoresist proles before and after the additional postprocessing
step are shown in Figure 4.14.

3 For

the cells at the top and the bottom of the photoresist layer, only the four neighboring

cells in lateral

x

and

y

direction have to be visited.
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For each cell directly above the substrate layer that represents photoresist:
ú Tag this cell.
ú Check its neighbor cell in z-direction. If it represents photoresist, tag it
ú and add it to the list.

Pick and delete an arbitrary cell from the list. For this cell:
ú Tag all of the untagged neighbor cells that represent photoresist and add
ú them to the list.

No

List empty?
Yes
Convert all untagged cells that represent photoresist to void volume.

Photoresist postprocessing finished.

Figure

(a)

Figure

4.13:

Prole data postprocessing algorithm.

(b)

Developed photoresist prole before (a) and after (b) the additional postprocessing step. Isolated and nominally undissolved polymers in
direct contact with the substrate layer are not removed by the postprocessing
algorithm (see right prole).
4.14:
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Comparison with Macroscopic Models

The new mesoscopic models developed in this thesis allow the prediction of the
average photoresist prole linewidths (also called critical dimension, CD) as
well as the degree of roughness of the proles. This section compares the new
mesoscopic models with established macroscopic models that have been implemented in Dr.LiTHO [DrL07]. The CD values obtained at varying parameter
settings are compared in Section 4.6.1, the required computing times in Section 4.6.2. Simulations of LER dependence on material and process parameters
and comparisons with experimental data are presented in Section 5.6. Unless
otherwise stated, the parameters given in Table 4.1 are used in the simulation.
They are based on previous calibrations of CD values of experimental data4
using Dr.LiTHO 's macroscopic models. For a general discussion of the accuracy
of calibrated photoresist parameters, see the publication by Tollkühn [Tol06].
Macroscopic and mesoscopic models have most parameters in common, although each approach has a few specic parameters. Macroscopic models require the specication of some additional numerical parameters, most prominently the number of time steps into which the specied PEB simulation is
divided. Mesoscopic exposure and PEB models additionally require the specication of the absolute numbers of PAG molecules and inhibitor groups. The
specic numbers for the simulated photoresist are known to the resist vendor
but are not publicly available. According to Mülders et al. [Mül04], the typical
range of values for the initial number of inhibitor groups is approximately 2
per nm3 and the initial number of PAG molecules varies between 0.1 to 0.7
molecules per nm3 . In addition, mesoscopic development models require as
input the geometric properties of the polymer chains. Estimations of the polymer monomer unit diameters range from 0.7 nm [Sch00] to 1 nm [Pat99]. The
typical average number of monomer units per polymer chain (degree of polymerization) is according to Flanagin et al. [Fla99b], in the range between 10 to
50 monomer units. Other estimations range from about 10 [Tsi97] to about 35
[Sch01] monomer units per polymer.

4 The

exact parameter values obtained in the calibration are condential, so the data given
in Table 4.1 are only an approximation of the calibrated parameters.
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Table

4.1: Standard simulation parameters applied in this thesis. The photoresist is applied on an anti-reective coating (ARC) layer.
Category
Illumination

Imaging

Photomask
Photoresist

Parameters
Quadrupole condenser
λ = 193 nm
Pole opening angle: 20◦
σinner = 0.8, σouter = 0.96
NA = 1.2 (immersion liquid: water)
Projector reduction factor: 4.0
Projector defocus: −75 nm
No aberrations, no are
Feature size (linewidth): 50 nm
Pitch: 100 nm
Thickness: 100 nm
Initial quencher base concentration (relative to PAG): 0.1
Refractive index: 1.7
ADill = 0.0 µm−1
BDill = 2.36 µm−1
CDill = 7.15 · 10−2 cm2 /mJ

ARC
Exposure
PEB

Development

Average polymer chain length: 30 monomer units
Diameter of a polymer monomer unit: 0.8 nm
2 inhibitor groups per nm3
0.3 PAG molecules per nm3
Refractive index: 1.6
Extinction: −0.036
Dose: 13.7 mJ/cm2
Dacid = 5.21 nm2 /s
Dbase = 5 · 10−2 nm2 /s
tpeb = 60 s
Tpeb = 120 ◦ C
k1 = 0.59 s−1
k4 = 2.7 · 105 s−1
tdev = 60 s

Mack model (no surface inhibition):
rmax = 3.72 · 101 nm/s
rmin = 1.74 · 10−2 nm/s
Mth = 0.41
ne = 25.14
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4.6.1 Average Prole Linewidth
This section compares the photoresist prole CD values predicted by macroscopic models with the new mesoscopic models. Although both modeling approaches have most simulation parameters in common, each has a few specics.
The impact of these parameters specic to macroscopic and mesoscopic models, respectively, on the resulting CD values is analyzed rst. The macroscopic
models require the specication of numerical parameters to be set to values
that provide stable and convergent results. The simulation of reaction and diffusion processes during PEB is divided into discrete time steps. The number
of time steps required for a good convergence depends on the total PEB time
and the acid and base diusion lengths as well as on the reaction rate parameters [Sch06b]. The convergence of the CD values in dependence on the number
of PEB time steps is shown in Figure 4.15(a) for the parameters specied in
Table 4.1. A higher number of time steps (i.e., a ner time discretization)
provides more accurate results at the cost of increased simulation time. 100
PEB time steps were specied for all comparisons with mesoscopic simulation
to ensure a suciently small numerical error while avoiding a further increase
in computing time (see Section 4.6.2) for the benet of marginal improvements
in the numerical accuracy. Mesoscopic PEB models (see Section 4.3) do not
require this parameter since they perform a strictly coupled simulation of reaction and diusion events. That is, elementary reaction and diusion events
can occur in any order.
The mesoscopic models require additional physical parameters. Variation of
these parameters within reasonable limits5 does not cause any signicant deviations in the CD values. This is consistent with the fact that those parameters
are not required by the macroscopic models. The CD values obtained at varying numbers of PAG molecules that correspond to the normalized concentration values of one used in macroscopic models, and for varying polymer chain
lengths, are shown in Figure 4.15(b). The specication of the absolute number
of PAG molecules also determines the absolute number of base molecules, since
the base concentration is always specied relative to the PAG concentration. In
accordance with Mülders et al. [Mül04] (see Section 4.6) two inhibitor groups
per nm3 are assumed.
5 Simulation

results consistent with the macroscopic models cannot be obtained at phys-

ically unrealistic settings, for instance if the complete simulation area is occupied only by a
single, huge polymer chain.
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Figure 4.15: Impact of parameters specic to macroscopic (a) and mesoscopic

(b) simulation models on the average CD bottom value.

Due to the stochastic nature of the mesoscopic simulation models, some uctuation in the resulting CD values can be observed. To reduce the degree of
uctuation, the results presented for the mesoscopic models are the average
values of three independent simulation runs. While there are still signicant
uctuations in the mesoscopic models, on average they show a good convergence with the macroscopic simulations.
An important criterion for the evaluation of process quality is the analysis of
the CD value variation in respect to the inevitable exposure dose and projector defocus variation (see Section 2.10.2). Therefore, the simulations have
to provide an accurate prediction of the CD values for varying exposure dose
and defocus settings. The CD values obtained from the calibrated macroscopic
models and the new mesoscopic models are compared in Figure 4.16(a) and (b)
for varying projector defocus and exposure dose variations, respectively. To
reduce the eect of inevitable random uctuation of the CD values obtained
with mesoscopic models, the results of three independent simulation runs have
again been averaged. Here, the maximum deviation between the mesoscopic
and macroscopic simulation is 4.6 nm for the dose and 4.5 nm for the defocus
variation. The average absolute dierence of each simulated exposure dose and
defocus value is 1.1 nm. The CD value averaged over dierent focus positions
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obtained with the mesoscopic models is 0.9 nm higher than the value obtained
with the macroscopic models. This dierence is 0.3 nm for the exposure dose
variation. Overall, there seems to be a systematic tendency that for dark features the CD values obtained with the mesoscopic models are slightly larger
than those obtained with the macroscopic models.
Mesoscopic simulation approaches proposed in the literature have never been
quantitatively compared with the results of macroscopic simulation or experimental data. There are no benchmarks for the evaluation of the dierences
reported here. In literature, only macroscopic models have been benchmarked
in respect to convergence behavior. The maximum dierences in the CD values
obtained for line-space patterns with three dierent numerical approaches for
development simulation was in all simulations larger than 2.5 nm at varying
spatial discretizations [Sch05].

4.6.2

Required Computing Time

The computing time required by macroscopic models scales linearly with the
number of gridpoints n used in the simulation (O(n)). In mesoscopic models,
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the theoretical increase is O(n log n) (see Section 4.3.1), which is, for practical purposes, insignicantly worse than the linear increase of the macroscopic
models. For a xed number of gridpoints, the computing time required by the
macroscopic models increases linearly with the number of time steps into which
the PEB is divided, see Figure 4.17(a). In mesoscopic simulations, the time
increases O(n log n) with the number of molecules n that correspond to relative
concentration values of one macroscopic models. This dependence is dominated
by the number of PAG and base molecules, since they are the only particles
involved in the diusion processes and the number of diusion events that need
to be simulated clearly outnumbers the reaction events for typical parameter
settings. The impact of the number of PAG molecules on the simulation time
is shown in Figure 4.17(b). The time required for mesoscopic PEB simula-
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Figure 4.17: Comparison of the computing time required for the photoresist

process steps simulation with macroscopic models depending on the number
of PEB steps (a) and mesoscopic models depending on the number of PAG
molecules (b). A logarithmic scale is used for the y axis since the simulation time required for the dierent processing steps diers by several orders of
magnitude.
tion also depends on the acid and base diusion lengths, since the number of
diusion events increases linearly with the acid and base diusion coecients
(see Figure 4.18). The simulation time also depends on the reaction rate pa-
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rameters, but since the number of reaction events is small when compared to
the number of diusion events, those parameters only have a small eect. The
new PEB simulation with the fast neutralization of acid and base reduces the
required simulation time by an average of 20 percent. The resulting CD values
obtained with and without the fast neutralization option show no systematic
dierence.
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Figure 4.18: Required simulation time of the mesoscopic PEB models in dependence on the acid diusion coecient.

For typical parameter settings used in this comparison (i.e., 100 PEB time
steps and 0.3 PAG molecules per nm3 , see Table 4.1 for more details), the new
mesoscopic models even outperform the macroscopic models for 3D simulations
in terms of computing time. For 2D simulation problems, however, macroscopic
models can exploit the invariance properties of the nominal geometry. Thus the
simulation of a line-space pattern can be reduced to a 2D problem. This allows
in practice a signicantly reduced computing time for the macroscopic models,
see the comparison for the 2D and 3D PEB simulation times in Figure 4.17(a).
For mesoscopic models, averaging along a suciently long line is necessary to
obtain a stable average CD value since it is subject to statistical uctuations
(see Section 4.6.1). Therefore, macroscopic models are more suitable for the
prediction of average CD values of the photoresist prole.
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Chapter 5

Line Edge Roughness of
Photoresists
Photoresist roughness along the line edge of patterns is an ever-present phenomenon in optical lithography. The relative uctuations of the linewidth increase with shrinking dimensions of the printed features and a constant degree
of roughness (see Figure 5.1). This causes an increasingly detrimental impact
on transistor performance.
The main purpose of this chapter is to demonstrate the applicability of the
new mesoscopic models (see Chapter 4) for the prediction of photoresist LER
and subsequently semiconductor device LER. In order to enable a quantitative
comparison of experimental and simulated data, the most relevant LER metrics
are discussed in Section 5.1. An overview of LER measurement techniques
(see Section 5.2) indicates that they allow a reliable determination of relative
LER dierences. The measurement of absolute LER values, however, can be
very error prone. This has to be taken into account in the comparison of
dierent LER measurements as well as in the comparison of simulations and
experiments.
Experimental studies on the transfer of photoresist LER to the transistor gate
during etching, summarized in Section 5.3, show that the LER originating from
79
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Gate length

Gate length

Gate length

Figure 5.1: Relative linewidth uctuations increase with decreasing gate

lengths and constant degree of roughness.

the lithographic processing steps which can be simulated with the new models
is the dominating cause of LER in manufactured semiconductor devices. A
brief overview of the device characteristics negatively aected by LER is given
in Section 5.4. Available experimental studies on the impact of various material
and processing parameters on LER and their suitability for comparison with
simulations are discussed in Section 5.5. The validity of the new mesoscopic
models for the prediction of photoresist LER is demonstrated in Section 5.6.
This chapter ends with a general discussion of the possibilities and limitations of
the new mesoscopic models as well as the specic advantages and disadvantages
of simulations and experiments (see Section 5.6.6).

5.1

Characterization

Characterization of LER is driven by the need for gures that allow a prediction
of its impact on device performance (see Section 5.4). Thus the denition of
suitable metrics relies on the knowledge of exactly how LER aects device
performance. Various metrics have been proposed, see for instance the reviews
by Bunday et al. [Bun04] or Leunissen et al. [Leu05]. LER in CARs and
its possible causes were rst discussed in 1992 by Yoshimura et al. [Yos92].
No quantitative characterization of the measured roughness was given in this
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paper. In 2000, LER was commonly dened as the half dierence between
maximum and minimum CD values along a line [Mas00]:
LER = (CDmax − CDmin )/2

(5.1)

The 2001 ITRS edition [ITR01] specied LER as three times the standard
deviation σ of the actual line edge from a linear t:
LER = 3σ = 3

s

PN

− xavrg )2
N −1

i=1 (xi

(5.2)

N is the number of measurement points, xi are the measured edge positions
along the gate width, and xavrg is the average edge position in the measurement
interval. The division by N − 1 reects the degree of freedom due to tting
xavrg . This 3σ characterization was widely adopted and is nowadays by far the

most widespread LER metrics [Pat05a]. It allows the characterization of the
Gaussian distribution of the line edge coordinates by a single parameter. The
Gaussian distribution type was detected experimentally for a single example
by Oldiges et al. [Old00] and conrmed later by several more extensive studies,
see for instance Leunissen et al. [Leu05] or Patsis et al. [Pat05b].
An equivalent description of LER is line width roughness (LWR). It characterizes gate length variations along the gate width. The general relationship
between LWR and LER is [Con03a]:
2
σLWR

=

2
σLER
left

+

2
σLER
right

N
2 X
xi xi
−
N i=1 left right

(5.3)

xileft and xiright are the distances of the actual line edge coordinates from the

mean values of the left and right line edge, respectively. The term on the right
in Equation (5.3) describes the correlation between the left and right edge of
the line. Experimental measurements by Croon et al. [Cro02] showed that
both line edges are uncorrelated. This was conrmed later in several more
extensive experimental studies, see for instance Marschner et al. [Mar04] or
Constantoudis et al. [Con05]. As shown in the corresponding simplication of
Equation (5.3), LER and LWR values are directly proportional to each other:
σLWR =

√

2σLERleft =

√

2σLERright

(5.4)
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The 3σ characterization abstracts from correlations among neighboring points.
It provides rst-order statistical information, describing the statistical properties of the individual points. Higher order functions are necessary for a mathematically complete description of the surface properties. Second-order statistical metrics also contain information of mutual relationships of two points
on the measured line. They provide, in addition, spatial LER characterization (i.e., the frequency distribution). Analysis of numerous photoresist LER
frequency spectra showed that no dominating components were present, since
LER is caused by the interaction of many factors (see Section 5.5) [Con03b].
Spatial aspects are thus of minor importance. They can be described by the
dependence of the measured 3σ value on the length L along which the LER
is measured. This is described by the σ(L) curve (see Figure 5.2). The σ(L)
5

3σ LER (nm)

4
3

2

1
10

100

1000

Measured line length (nm)

Figure 5.2:

Schematic illustration of the LER depending on the line length

along which it was measured (adapted from Constantoudis et al. [Con03b]).

curves of photoresist lines evaluated in many experimental studies show a common pattern: First there is an approximately linear increase, and beyond a
certain measurement length the value stagnates [Con03a]. Increasing awareness of the LER dependence on the length along which it is measured, is also
reected in the evolution of LER specications in the ITRS. Editions before
2003 [ITR01] did not specify the line length over which LER had to be measured. In the 2003 edition [ITR03], this length was dened in relation to the
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pitch of the respective technology node. The 2004 edition [ITR04] specied a
measurement length of at least 2 µm. This is long enough to ensure obtaining
the saturated LER value. Saturation of the LER value occurs at measurement
lengths of around 100 to 400 nm [Con03b].

Gate width

Gate length

Gate width

Gate length

Gate length

Gate length

Figure 5.3: For small gate widths (left), inter device uctuation of the average
transistor gate lengths are large and uctuations within a single device are
small. The situation is the opposite for large gate widths. The dashed lines
describe the average gate length sampled over all transistors (adapted from
Lorusso et al. [Lor06]).

Since the LER value depends on the line length along which it is measured, a
reduced gate width can decrease the LER value of a single gate. This reduction,
however, is achieved at the cost of increased variation in the average gate length
among dierent transistors (see Figure 5.3). The quantitative trade-o between
2
2
LWR of single gates σLWR
and variation of the average gate length σCD
was
demonstrated experimentally by Leunissen et al. [Leu04]:
2
2
2
σLWR
(L) + σCD
(L) = σLWR
(L → ∞)

(5.5)

In addition to the σ(L) curve, alternative spatial LER characterization methods
have been suggested. Another description for the distribution of edge coordinates around their average value, including the relationships among spatial
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neighboring points, is correlation analysis. Based on the observation that photoresist LER shows a fractal or self-ane property (i.e., it remains invariant
against anisotropic scaling), Constantoudis et al. [Con03a], [Con03b] proposed
a three parameter LER characterization. This fractal property, however, does
not extend to arbitrary low frequencies1 (i.e., large length scales). This upper
length scale limit is described by the correlation length ξ , which is the rst
parameter. (the exact denition of ξ is given below). The second parameter
α describes the slope of the linear increase of the σ(L) curve before saturation occurs. The third parameter σ describes the saturated LER value (i.e.,
σ(L → ∞)). As well as obtaining the parameters from σ(L) curves, they can
be computed from the height-height correlation function2 G(md):
v
u
u
G(md) = t

NX
−m
1
(δi+m − δi )2
N − m i=1

(5.6)

δi is the distance of the line edge at the measurement point i from the average
line edge position of all N measurement points. d is the equidistant space
between two adjacent measurement points, and m the number of evaluated
measurement points for the computation of G(r = md). G(r) is the value of the
height-height correlation functions at the distance r. The fractal characteristics

of LER cause power law behavior of the height-height correlation function:

(5.7)

G(r) ∝ (r)α

α, the exponent of the power law, is therefore also called roughness exponent.
The power law is only valid up to a certain distance
beyond which G(r) satu√
rates. For r → ∞, G(r) saturates at the value 2σ . The
pdistance r, at which
the height-height correlation function reaches the value 1 − 1/eσ , is the correlation length3 ξ . As above, σ denotes the standard deviation of the measured

coordinates of a line edge. Two points on the same line edge are correlated
if their distance r is below ξ . Conversely, if r is much greater than ξ , their δ
1 The
2 The

function

upper frequency limit is of no practical relevance.
height-height correlation function

R(r): R(r) = 1 −

(G2 (r)/2σ 2 ).

G(r)

is related to the normalized autocorrelation

As above,

σ

denotes the standard deviation of the

data.

3 At

this distance, the corresponding autocorrelation function

value at

r

equal to 0.

R(r)

drops to

1/e

of its
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values are independent of each other. Since the height-height correlation describes for small r values the contributions of high frequency uctuation to the
total LER, α is a measure for the relative contribution of high frequencies to
LER. The smaller α, the higher the relative contribution of high frequencies to
the overall σ value [Con04]. Since high LER frequencies cannot be measured
accurately (see Section 5.2), determination of α is very sensitive to the applied
measurement technique and parameters. Depending on the lter function used
in scanning electron microscopy (SEM) measurements (see Section 5.2), the
value of α varied between 0.22 and 0.48, while the value of ξ varied only between 18 and 23 nm [Con03b].
Alternatively to the above described scaling analysis in the spatial domain,
LER could be analyzed in the frequency domain. Scaling analysis is the spatial
domain counterpart of Fourier analysis in the frequency domain. In practise,
however, LER analysis in the spatial domain is mostly preferred over the frequency domain since experimental comparisons of both methods suggest that
it is less subject to noise [Con03b].

5.2

Measurement Techniques

After the inclusion of LER specications in the 2001 edition of the ITRS
[ITR01], LER measurement has become a major topic of concern for lithometrology and the semiconductor industry as a whole [Bun03]. The applied
measurement techniques are scanning electron microscopy (SEM) and atomic
force microscopy (AFM).
In SEM, a low energy electron beam (usually between 0.4 and 1 keV) is directed
perpendicularly to the photoresist surface (top-down view) in a vacuum environment. The impinging electrons cause the ejection of low energy secondary
electrons from the surface of the scanned sample. These secondary electrons are
collected and transformed into grayscale pictures of the surface. An overview
of SEM measurement technology is given for instance by Liu [Liu05].
AFM scans photoresist structures with a measurement tip placed on a cantilever. The tip has a radius of curvature of a few nanometers. In proximity,
the force between the AFM tip and photoresist causes a bending of the cantilever. Measurement of the cantilever's deection allows reconstruction of the
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scanned photoresist surface. Alternatively, the topography can be measured by
maintaining a constant deection of the cantilever. A description of AFM LER
measurement techniques can be found in [Orj04]. A general overview of AFM
measurement technology is given for instance by Schirmeisen et al. [Sch04a].
Neither SEM nor AFM provides automated, accurate, and high-throughput
measurement of the photoresist LER. A severe shortcoming of SEM is its limitation to top-down measurements [Shi02]. Without cross sectioning the wafer,
height dependent LER variations cannot be measured. AFM that employs
high aspect ratio carbon nanotube tips enables LER measurements at dierent lateral positions. This provides 3D photoresist surface information without
cross sectioning the wafer. The biggest disadvantage of AFM measurements
is scan speed. A measurement time of 30 minutes was reported by Shin et al.
[Shi02] for a 5 µm times 5 µm scan with a resolution of 500 times 500 pixels.
Most published LER data are obtained by SEM [Ma05] because of the higher
measurement speed. Quantitative comparisons of the throughput of SEM and
AFM LER measurements have not been published. A general problem with
SEM measurements is that they have the same eect as a local hardbake (see
Section 5.5.7). Thus SEM measurements can cause local photoresist slimming
and a permanent modication of the photoresist prole, including the degree
of LER [Fou06].
The resolution capability of the instrument limits the measurement possibilities of high frequencies in LER. Measurement accuracy and its dependence
on the applied tool and evaluation algorithms is quite dierently described in
publications. Foucher et al. [Fou05] [Fou06] reported a 3σ LER measurement
accuracy for AFM of around 1 nm and described the size of the used tip as essential for the resolution of high frequencies. Stewart et al. [Ste03] pointed out
that the unknown interaction between the AFM tip and the polymer surface
as well as the nite size of the tip allow LER measurements only up to certain
spatial frequencies. Ercken et al. [Erc04] reported that features smaller than 2
to 3 nm cannot be accurately resolved due to the nite electron spot and tip
size in SEM and AFM, respectively. Lawrence [Law03] reported that accurate
reproduction of LER measurements is limited in practise to spatial frequencies up to about 0.04 nm−1 (or length scales larger than 25 nm), although
their SEM instrument theoretically allows the resolution of spatial frequencies
up to 0.32 nm−1 . For higher frequencies, consecutive measurements of the
same line diered by approximately 75 percent. The measurement of ampli-
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tudes of frequencies lower than 0.04 nm−1 deviated only by a few percent.
Similarly, Bunday et al. [Bun03] report that measurement of LER frequencies
above 0.025 nm−1 is very sensitive to SEM measurement parameters and thus
noise. Measurement of lower frequencies is almost invariant to change in measurement parameters. Van Steenwinckel et al. [Van05] reported a considerably
higher measurement accuracy of SEM tools. They described LER frequencies
exceeding 0.2 nm−1 as dicult to measure. Reynolds et al. [Rey99] estimated
their 3σ AFM measurement error at around 8 percent and attributed most of
the error to measurement tip wear. Marschner et al. [Mar04] reported a 10 percent precision of their SEM LER measurements. Shin et al. [Shi06] reported
a 7 percent uncertainty of their SEM measurements. Again, the variations in
the measurements are attributed to a lacking reproducibility of high frequency
roughness measurements.
To summarize, the available measurement possibilities allow the detection of
relative LER dierences among dierent photoresist lines. The 3σ values obtained with dierent AFM and SEM measurement tools are highly correlated.
It is problematic, however, to compare absolute LER values obtained by dierent metrology tools or techniques. Brainard et al. [Bra99] report a dierence
of 4 to 7 nm in 3σ LER measurements between two laboratories involved in a
photoresist metrology study. The absolute 3σ LER values in a comparison of
SEM and AFM instruments reported by Orji et al. [Orj04] dier by a factor of
up to three.

5.3

Transfer to the Transistor Gate

After the hardbake process (see Section 5.5.7 for the impact of the hardbake
on LER), the photoresist pattern acts as a mask for etching the layout pattern,
including the transistor gates. It has been experimentally observed that LER
in the etched substrate layer, for instance polycrystalline silicon (poly-Si), is
often slightly lower than in the corresponding photoresist pattern. Pawloski et
al. [Paw06] reported in an experimental study a reduction of up to 20 percent
of the measured transistor gate LER when compared to photoresist LER. The
extent to which photoresist LER is transferred into the substrate dependeds on
its spatial frequency. High frequency roughness components with spatial periods of several tens of nanometers and below were considerably reduced in many

88

CHAPTER 5

LINE EDGE ROUGHNESS OF PHOTORESISTS

cases. Amplitudes of low frequency components, however, transferred almost
unchanged [Yam03a]. This was quantitatively analyzed by Lawrence [Law03]
for etching of poly-Si. Amplitudes of spatial frequencies below 0.01 nm−1 transferred almost unchanged, while amplitudes of frequencies above 0.02 nm−1
were in some cases reduced to half the value of the photoresist. Pawloski et
al. [Paw06], however, concluded that the LER reduction in the etched substrate is not necessarily strictly a function of high frequency roughness. They
highlighted in particular the limited measurement accuracy in the pre- and
post-etch quantication of high frequencies (compare Section 5.2).
The etched poly-Si gate acts as a mask for dopant implant. However, only LER
wavelengths which are larger than the dopant diusion length have a signicant
eect on the distribution of the doped volume. Depending on the implantation
parameters, LER components with a wavelength of up to about 30 nm can
be smoothed during implantation and annealing processes, thus having LER
smoothing eects similar to those reported for etching [Bun03] [Yam03a].
Unlike the amplitudes of low frequencies, the amplitudes of high frequencies
may be reduced during etching and subsequent implantation and annealing
processes. In case the LER frequency spectrum can be shifted towards higher
frequencies, as suggested by Leunissen et al. [Leu05], the reduction of high
frequency roughness during the process steps following lithography may become
more important in the future.

5.4

Impact of Transistor Gate Roughness on Device Performance

The detrimental impact of transistor gate LER on the device characteristics
has been shown in numerous experimental and simulation studies. Photoresist
LER is the prime source of gate roughness [Pat04], although it does not transfer
one-to-one into gate roughness (see Section 5.3).
Transistor performance in state-of-the-art metal-oxide semiconductor technology is predominantly aected by the size and shape of the gate. The relevant characteristic for analyzing the impact of roughness on transistor performance is the variation of the gate length (CD) along the width of the transistor
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[Con03a]. The corresponding metrics is thus LWR. Since LWR is directly proportional to LER according to Equation (5.3), the term LER instead of LWR
is used also in this chapter in order to maintain a more uniform notation.
LER has two dierent eects on gate length uniformity. The rst is variations
within a single device (intra gate width variations) which is more aected by
high frequencies of the LER. The second is variations in the uniformity of the
average gate length of nominally identical transistors (inter gate width variations). Intra and inter gate width variations are closely interrelated according
to Equation (5.5) and both negatively aect device characteristics. Inter device roughness aects the same parameters as intra device roughness and in
addition those depending linearly on the gate length.
Since the degree of roughness does not automatically scale down with decreasing feature dimensions, its relative impact on device performance increases
[Ric03]. Experimental analysis of the impact of LER on device performance is
still challenging due to the statistical uctuations inherent in the measurement
process [Lor06]. Linton et al. [Lin02b] demonstrated that higher LER causes
an increase in signal transit time tsig . Croon et al. [Cro03] showed theoretically
and experimentally that the leakage current Ioff increases exponentially with
increasing LER. Lee et al. [Lee04] conrmed these ndings and additionally
demonstrated an increases of the threshold voltage Vth variance.
Oldiges et al. [Old00] compared 2D and 3D device simulation models and
demonstrated that 2D models provide a sucient approximation of 3D models
for the prediction of LER eects. In 2D simulation, the gate is represented
as being composed of 2D slices of dierent lengths. The length distribution
is Gaussian. This method is about a hundred thousand times faster than 3D
models. The good agreement of this 2D simulation approach with experimental
data was later veried by Linton et al. for 70 nm long transistor gates. It is
the commonly applied simulation technique used nowadays for analyzing the
impact of transistor gate LER on device behavior (see for instance Croon et al.
[Cro02], [Cro03] or Patsis et al. [Pat06a]).
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5.4.1

Intra Gate Width Variations

Intra gate LER aects all device parameters that have a non-linear dependence
on the gate length. Here the contrary eects of shorter and longer gate parts
do not average out but result in systematic bias. In long channel devices, the
signal transit time tsig along the gate depends on the eective channel length
L of the transistor, the average mobility of the electrons µ, and the voltage
between source and drain VSD [Shi06]:
tsig

L2
=
µVSD

(5.8)

Although Equation (5.8) cannot be used for accurately calculating the signal
transit time in short channel devices, the predicted quadratic dependence is a
reasonable approximation [Shi06]. The resulting increase of the signal transit
time with increasing LER can signicantly degenerate circuit performance, for
the overall speed is limited by the slowest device.
The o-state Ioff current depends exponentially on the threshold voltage and
subthreshold slope. This results in a lognormal distribution and thus gives rise
to an increase in the average Ioff value [Cro03]:
2

Ioff ∝ eσLER /2

(5.9)

This increased leakage current can cause a signicant increase in the power
consumption of the transistors [Shi06].
On-state current Ion of the transistor is about inversely proportional to the
average gate length L [Cro03]:
Ion ∝

1
L

(5.10)

Since the relative increase of Ioff is higher than the relative increase of Ion , the
relevant gure of merit Ion /Ioff decreases. This results in a net adverse eect
of LER on the transistor characteristics.
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Inter Gate Width Variations

Inter device gate length variations cause a variations of all transistor parameters
that depend on the gate length. Most notably, they increase the variations of
Ioff [Lin02b], Vth [Cro02], and tsig across the transistors of a die. The variations
of Ion , for instance, are proportional to the variations of the average gate length
σCD [Cro03]:
σIon ∝

5.5

dIon
σCD
dL

(5.11)

Experimental Findings on the Causes

A great many photoresist material properties and processing variables have
been experimentally analyzed for their impact on resulting linewidth uctuation, with increasing intensity since the mid 1990s. This section presents a
review of factors that have been identied as aecting photoresist LER, ranging
from macroscopic scale linewidth variation caused by resist thickness variation,
to microscopic scale uctuation caused by the geometry of the polymer chains.
For some factors (e.g., aerial image contrast) a quantitative relationship with
the resulting LER has been identied. For other factors (e.g., polymer molecular size), contradictory ndings have been reported in literature.
5.5.1

Photoresist Thickness Variations

The impact of photoresist thickness variation on linewidth uniformity is discussed by Berger et al. [Ber06]. Due to the formation of standing wave patterns during photoresist exposure, variations of photoresist thickness result in
changes in the average amount of light absorbed per volume unit. Photoresist thickness variations therefore modify eective photoresist sensitivity. As
illustrated in Figure 5.4, this can result in signicant linewidth variation, the
so-called swing eect.
This swing eect depends not only on global coating uniformity, but also on
local substrate topography. Its consequences can be minimized by targeting the
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Actual photoresist thickness – nominal photoresist thickness (nm)

Figure 5.4:

Experimentally measured linewidth dependence of several critical

line and space patterns on the photoresist thickness [Ber06].

photoresist thickness to a local extremum of the swing curve. This, however, is
often problematical since the target photoresist thickness cannot be designed
with respect to the swing eect alone. In addition, if several dierent critical structures are to be printed, they usually do not have a common optimal
photoresist thickness (see Figure 5.4). The swing eect can be reduced to a certain degree by using photoresists with a higher optical density, so-called dyed
photoresists. This reduces the amount of light reected on the photoresistsubstrate interface. An ARC layer between photoresist and the substrate layer
leads to a further reduction of the swing eect.
The degree of linewidth uctuation caused by swing eects cannot be quantied
generally. The overall impact will be minimal if the photoresist is spin-coated
on planar topography, with the additional use of an ARC layer, and if there is
only a single critical structure and the photoresist thickness has been optimized
so that the swing eect is minimized. In contrast, swing eects could clearly
dominate linewidth variation if the photoresist is spin-coated on a wafer with
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pronounced topography, without the use of an ARC layer, and if the photoresist
thickness is not optimized with respect to swing eects or if there are dierent
structures with critical linewidths (as in Figure 5.4). Swing eects caused by
photoresist thickness variation can be simulated with macroscopic photoresist
models (see Section 5.6.2).
5.5.2

Photomask Roughness

The photomask pattern denes the formation of the image used for photoresist
exposure. Thus any roughness or irregularity (i.e., defect) in the topography of
the photomask may cause linewidth uctuation in the developed photoresist.
Reynolds et al. [Rey99] showed in x ray exposure experiments that a higher
LER in the photomask pattern increases the photoresist LER, but provided
no quantitative data. Yan et al. [Yan99] performed an experimental study on
the transfer of photomask LER into the photoresist for optical lithography. By
systematically varying the photomask LER, they concluded that only approximately 10 percent is transferred into the photoresist.
Macroscopic deviations from the nominal CD value can be caused by defects
in the photomask. The impact of photomask defects can be evaluated with
existing continuous simulation models [Ros01]. Eects of high frequency photomask LER can in principle also be simulated with existing rigorous imaging
algorithms. High frequencies, however, are ltered out by the optical projection
system and thus not transferred into the photoresist.
In EUV lithography, which is a potential successor to optical lithography
[ITR06a], photomask roughness may become a more critical issue. Due to
the utilization of a 13.5 nm exposure wavelength, compared to 193 nm in optical lithography, the same degree of roughness causes a much higher modulation
of the phase of the light. The switch from refractive imaging applied in optical
lithography to reective optics and masks in EUV lithography also increases
the eects of unwanted phase-shifts created by photomask roughness or defects.
Due to the small angle of incidence, the phase-shifts of the light are scaled by
a factor of nearly two. Due to partly coherent illumination, local phase shifts
can cause speckle patterns in the exposure dose distribution in the photoresist
[Nau04]. This degrades the image contrast and increases thereby the LER (see
Section 5.5.3).
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5.5.3

Aerial Image Quality

A strong correlation between LER and aerial image quality was shown experimentally by Hinsberg et al. [Hin98]. LER increases monotonically with decreasing aerial image contrast (AIC). Hinsberg et al. [Hin98] also provided an
explanation for this dependence. In photoresist parts with a low exposure dose
resulting in low inhibitor deprotection, the polymers are almost all basically
insoluble. At suciently high doses, almost all polymers are highly soluble. In
the transition region between low and high exposure doses (i.e., low and high
solubility), polymer chain dissolution behavior is very sensitive to small dose
variation. The Poisson distribution of the photons absorbed in the photoresist
causes local, microscopic uctuation in the resulting acid concentration. In
combination with the innate random nature of the PEB process, variations of
the degree of inhibitor deprotection are even present in photoresist regions with
a nominally uniform degree of inhibitor deprotection. Due to these stochastic
variations, some polymers are highly soluble, while others remain practically
insoluble. The line edge of the photoresist pattern is usually at a position where
the nominal inhibitor concentration is around the threshold concentration (see
Equation (3.21)) of the inhibitor and uctuations of polymer solubility are most
pronounced, see Figure 5.5. Lower AIC results in a lower chemical contrast of
the macroscopic inhibitor concentration after PEB, i.e., a more gradual variation of the dissolution rates. With a decreasing image contrast, the transition
region with the highest uctuation in polymer dissolution behavior becomes
broader leading to increasing LER.
Brainard et al. [Bra99] analyzed also the LER dependence on the aerial image
log slope (ILS). ILS is a metrics closely related to AIC. It describes the slope
of the logarithm of aerial image intensity, evaluated at the nominal edge of the
pattern. It was found that, up to a certain value, a higher ILS strongly reduces
LER. Above an ILS of approximately 10/µm, a further increase causes no
further signicant LER reduction. This lower limit of LER that can be achieved
by improving the aerial image quality is determined by subsequent processing
steps and the photoresist composition [Cob03]. Many later experimental studies
conrmed the correlation of LER with the AIC and ILS, respectively, see for
instance Shin et al. [Shi01], [Shi02], Ma et al. [Ma03a], Pawloski et al. [Paw04],
or Cao et al. [Cao04]. In an experimental study by Williamson et al. [Wil03],
the minimal 3σ LER that was obtained for an optimal AIC close to 1 varied
among dierent photoresist formulations between 3.7 and 8.6 nm.
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Relative nominal aerial image intensity

Relative nominal aerial image intensity
High exposure dose:
Polymers are highly soluble

Statistical fluctuations dominate
polymer dissolution behavior
Low exposure dose:
Polymers are almost insoluble

Lateral position

Lateral position

Exposure
PEB
Development

Exposure
PEB
Development

Photoresist profiles

Photoresist profiles

Figure 5.5:

A higher aerial image contrast (left) results in a smaller transitional

region of high variation in polymer dissolution behavior than a lower aerial
image contrast (right) (adapted from Hinsberg et al. [Hin98]).

5.5.4 Acid Diusion Length
The impact of various photoresist material and processing parameters on LER
can be explained by their eect on the acid diusion length during PEB. A
shorter prebake time and/or lower temperature result in a higher amount of
remaining solvent (see Section 2.3). A higher solvent concentration in turn results in a less dense photoresist and consequently larger diusion lengths. In an
experimental study by Watanabe et al. [Wat99], lowered prebake temperature
resulted in reduced LER. This was explained by the higher level of residual solvent, which in turn increased the acid diusion length. The same dependence
has been reported in several other studies, see for instance Ryoo et al. [Ryo01],
Yoshizawa and Moriya [Yos02], Brainard et al. [Bra04], or Steenwinckel et al.
[Van06].
LER reduction using increased PEB temperature was reported by Masuda et
al. [Mas00]. This, and the initial speculation that this eect is due to the
increased acid diusion length was conrmed in several later studies, see for

96

CHAPTER 5

LINE EDGE ROUGHNESS OF PHOTORESISTS

instance Shin et al. [Shi02], Yoshizawa and Moriya [Yos02], or Steenwinckel et
al. [Van06]. The unanimous conclusion of the studies is, that increased acid
diusion length reduces LER. A potential reduction of the diusion length at
higher temperatures due to further solvent out-diusion and resist densication
during PEB is negligible. Thus a longer PEB time or higher temperature both
increase diusion length.
The size of the acid molecules also has a signicant impact on their diusion length. This was experimentally analyzed rst by Masuda et al. [Mas00].
Smaller molecules in general have larger diusion lengths. Larger molecules are
hampered more in their motion, with resulting shorter diusion lengths. Masuda et al. concluded from their experiments that larger acid molecules yield
to lower LER. Van Steenwinckel et al. [Van06], however, reported that smaller
acid molecules with larger diusion lengths resulted in the lowest LER.
These converse eects of acid diusion on the LER have been explained by
Yoshizawa and Moriya [Yos02]. On the one hand, diusion has a smoothing effect. After photoresist exposure microscopic acid concentration gradients exist.
Higher acid mobility during PEB results in more homogeneous acid distribution despite the stochastic nature of the diusion process. This can reduce local
polymer dissolution inhomogenity and thus reduce LER. In contrast, however,
higher acid diusion degrades the macroscopic chemical contrast of inhibitor
deprotection between the exposed and nominally unexposed areas. This has
the same eect as a degradation of the aerial image contrast (see Figure 5.5).
The transition region between highly and hardly soluble polymers increases,
leading to increased LER.
While several authors report the measured LER dependence of the prebake and
PEB conditions (i.e., time and temperature), only two experimental studies report directly on the LER in dependence on the acid diusion length. Yoshizawa
et al. [Yos02] varied the acid diusion length in an estimated range between
15 to 40 nm by modifying the prebake temperatures. Van Steenwinckel et al.
[Van05] used a combination of dierent prebake and PEB temperatures and
reported diusion lengths of between 37 and 90 nm. The LER dependencies
measured by Yoshizawa et al. and Van Steenwinckel et al. are shown in Figure 5.6.
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Figure 5.6: Experimentally measured LER dependence on the acid diusion

length for dense line patterns with 100 nm linewidth and 200 nm pitch using
a negative tone e-beam CAR [Yos02] (a) and a positive tone 193 nm CAR
[Van05] (b).

Up to a certain value, an increase of the acid diusion length reduces the
LER. Above a certain diusion length, this trend is reversed and a further
increase results in a higher LER. A comparison of the data in Figures 5.6(a)
and (b) shows that the diusion lengths resulting in the lowest LER values dier
signicantly, by a factor of around two. This can be explained by the dierences
in the other material and process parameters. Further on, the experimental
diculties in determining the absolute acid diusion lengths (see Section 3.3)
have to be taken into account when comparing Figures 5.6(a) and (b).
Analytical calculations by Van Steenwinckel et al. [Van05] also predicted a
non-monotonous impact of the acid diusion length on the LER. These calculations are limited to the uctuation and contrast of the distribution of the
acid molecules alone and neither account for the impact of added quencher base
(see Section 5.5.5) nor for the inhibitor deprotection reaction. Therefore, they
predict only qualitatively the same trend as the experimental values but could
not provide a quantitative prediction of the impact of the acid diusion length
on LER. LER in dependence on the acid diusion length simulated with the
new models is compared to experimental data in Section 5.6.4.
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5.5.5

Quencher Base Concentration

Reynolds et al. [Rey99] rst observed that photoresist formulations requiring
a higher exposure dose exhibit systematically lower LER values. This eect,
however, was not investigated further. The possibility of reducing photoresist LER by increasing the base concentration was rst explicitly described in
a patent by Fedynyshyn [Fed01]. This patent states that photoresist compositions with a quencher base concentration, relative to the amount of PAG,
higher than 0.2 and lower than 1.0 (most preferably in the range between 0.4
to 0.6), exhibit the lowest LER values. The explanation of this experimentally observed eect given in the patent is that a suciently large amount of
base buers the acid generated during exposure, thereby leading to more homogeneous photoresist deprotection concentration proles. Generation of acid
from PAG is a statistical process. The amount of quencher base added to the
photoresist formulation aects the availability of generated acid molecules for
catalyzing inhibitor deprotection reaction. Thus the quencher base concentration governs the number of acid molecules required for a certain degree of
inhibitor deprotection. A relatively high amount of base in the photoresist requires to generate more acid molecules for printing the same average linewidth.
The number of acid molecules involved in the inhibitor deprotection in turn
aects the resulting LER. The stochastic eects of acid generation and diusion processes are reduced with a higher number of acid molecules. Steward et
al. [Ste03] give a similar explanation of this eect. Since the diusion of each
single acid molecule is a random process, molecules that diuse exceptionally
far into the region with an inhibitor concentration above dissolution threshold
can cause signicant inhomogeneity in these regions. The addition of sucient
base neutralizes these far-diusing molecules before they cause deprotection
inhomogeneity in regions with an average inhibitor concentration above the
dissolution threshold. See the literature for additional experimental studies
conrming this eect [Den02], [Cut03], [Van05].
Only few experimental studies provide quantitative data on the LER dependence on the initial amount of base in the photoresist. In the rst experimental
studies, the LER was reported in dependence on the required dose to print the
same average prole linewidth. Dose-to-size characterizes the exposure dose
required to obtain the target prole linewidth. Higher quencher base concentration reduces photoresist sensitivity and a higher exposure dose is required to
print a photoresist pattern with the same average dimensions. Thus a higher
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Experimental results from Dentinger et al. [Den02]
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base concentration results in a higher dose-to-size. The data from Dentinger
et al. [Den02] are consistent with the observation that a higher quencher base
concentration reduces LER, but they are subject to considerable noise, see Figure 5.7(a). Next Cutler et al. [Cut03] quantitatively analyzed the impact of
the initial base concentration on the resulting LER. Their measurements indicate a clear trend without signicant uctuation, see Figure 5.7(a). Additional
data are provided by Michaelson et al. [Mic04] [Mic05]. In these experimental
studies, the LER was reported in dependence on the base concentration relative to PAG, see Figure 5.7(b). The reduction of LER with increasing base
concentration, at least up to a certain concentration level, is clearly shown.
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The experimentally measured LER versus the required dose-to-

size (a) and the relative base concentration (b). Also in (b) the exposure dose
was adapted to maintain a constant average nominal linewidth for all levels of
quencher base concentration.

According to a theoretical model developed by Gallatin [Gal05], LER is inversely proportional to the square root of the exposure dose. Due to the simplifying assumptions made in this model, it does, for instance, not predict
the observed LER increase at high exposure doses, which are required if the
photoresist contains a high quencher base concentration (see Figure 5.7(b)).
Gallatin's model does not, for instance, take into account the lifetime of a generated acid molecule until its possible neutralization by a base molecule. It is
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too simplied for accurate LER predictions. The mesoscopic models developed
in this thesis predict quantitatively the same dependence of the photoresist
LER on the quencher base concentration than the experimental measurements
(see Section 5.6.5).
The higher exposure dose required at increased quencher base concentration
results in a lower throughput and consequently higher costs for the exposure
process. Therefore, an increase in the base concentration is an economically
undesired method of reducing photoresist LER.

5.5.6

Polymer Chain Geometry

Factors dening the polymer chain geometry, or architecture, were the rst
to have been analyzed for their impact on photoresist LER. This includes the
molecular weight (which correlates to the size of the polymers) [Yos93a], the
molecular weight distribution [Shi94], and the architecture [Yos93b] of the polymer chains which have been discussed as factors aecting the LER. Even qualitatively, contradictory results on their impact on the photoresist LER have
been reported in literature.
Several authors have concluded from experimental studies that LER increases
with a higher molecular weight of the polymer molecules, see for instance the
publications by Yoshizawa and Moriya [Yos02] (and references cited there) or
Rice et al. [Ric03]. The common explanation for this observation is that larger
polymers have a larger pixel size (i.e., polymer granularity). Since polymers
are not distributed in a regular, crystal-like manner, a larger pixel size is likely
to result in more pronounced deviation from a straight line.
Namatsu et al. [Nam98] studied the impact of the polymer type, size, and
shape and reported that smaller polymers can result in higher LER values.
According to their publication, the pixel or grain size of the photoresist cannot
be primarily attributed to the size and shape of individual polymer chains.
Polymer chains can form clusters or aggregates of several polymer molecules.
These clusters either dissolve or remain undissolved as an entity. Yamaguchi
et al. [Yam98] detected in some photoresist formulations polymer clusters with
a diameter of 20 to 30 nm using AFM. They were formed before or during
photoresist spin-coating and not in subsequent photoresist processing steps.
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Yamaguchi et al. also conrmed the formation of cluster units, which can be
dissolved only as entities. They described the aggregates as a clustering of a
large molecule entangled with many smaller molecules. They reported these
polymer aggregates as the primary LER cause. Later, they rened their theory
[Yam99] and concluded that the size and shape of the polymers and polymer
aggregates cause the high frequencies (wavelength up to 50 nm) of LER and
are not aected by the photoresist exposure and subsequent processing conditions. The low frequencies of LER are attributed to local non-uniformity of
chemical reactions during photoresist processing. Also Stewart et al. [Ste03]
detected polymer clusters with an average estimated diameter of approximately
20 nm using AFM. The theory of Yamaguchi et al. is further supported by the
SEM measurement study of LER by Bunday et al. [Bun03]. They also reported that the resulting low frequency roughness (wavelengths above 40 nm)
varied strongly between 6.5 and 19.5 nm with dierent processing conditions.
In contrast, the high frequency (wavelength below 40 nm) LER contributions
changed only slightly between 3.0 and 3.5 nm. This further supports Yamaguchi et al.'s explanation that high frequency roughness is due to the size and
shape of the single polymers and, at least in some photoresist formulations, to
polymer clusters. That is, the molecular granularity of the photoresist polymer
material causes the high frequencies of the LER.
Yamaguchi et al. [Yam03b] demonstrated, that an increase in the polymer size
may also result in a lower LER value. They again explained this with the formation of polymer clusters. Smaller, low molecular weight polymers can have
a stronger tendency to form polymer aggregates than larger, high molecular
weight polymers. Also Cutler et al. [Cut03] reported a slight increase of LER
with decreasing molecular weight using SEM measurements. While strong cohesion forces between the molecules promote the formation of clusters (and
may increase LER), Namatsu et al. [Nam98] emphasized that a certain degree
of cohesion between the molecules is necessary to provide enough mechanical
strength to avoid pattern collapse.
The experimental ndings and conclusions in literature can be summed up as
follows. If a reduction of the polymer molecular size promotes the formation
of larger polymer clusters, this will most probably cause an increase in LER.
If, in certain photoresist compositions, a reduction in the polymer size does
not result in the formation of polymer clusters, this may reduce the photoresist
LER. Another explanation why larger polymers may result in lower LER values
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is that they have more inhibitor groups. Since the dissolution behavior depends
on a larger number of inhibitor groups, it is less subject to statistical uctuation
than that of smaller polymers. The resulting higher variation in dissolution
behavior of small polymers may also increase LER.
A change in the geometric properties of the polymers can also aect other photoresist parameters. Namatsu et al. [Nam98] reported that polymer clusters
have a higher density than non-clustered molecules. A denser photoresist reduces acid and base diusion lengths during PEB. As described in Section 5.5.5,
this in turn also aects the resulting LER. No models, however, exist yet, on
how modication of the polymer geometry aects the (macroscopic) photoresist
material parameters.
To summarize, from experimental ndings there is no clear relationship between
the variation of the polymer geometry and the resulting photoresist LER. Simulation studies, however, that analyzed the isolated impact of polymer chain
geometry on LER reported unanimously an increase of LER with the average size of the polymer chains (see for instance Patsis et al. [Pat04], [Pat05b],
Gogolides et al. [Gog06], or Schnattinger et al. [Sch06c]).

5.5.7

Hardbake

Novembre et al. [Nov99] reported that a post-develop photoresist hardbake (see
Section 2.7) can reduce LER. Peters et al. [Pet03] showed that a photoresist
hardbake reduces the LER of some photoresist formulations by up to 10 percent.
They explained this eect by polymer chain relaxation and reordering during
the hardbake and subsequent cool down period. The lower energy state of the
polymers is the cause assumed for the reduced LER. Rice et al. [Ric03] achieved
a LER reduction of up to up to 25 percent with the hardbake process. Patsis et
al. [Pat06a] reported a 10 percent reduction of photoresist LER after hardbake.
A general problem of a post-develop hardbake is that it not only aects LER,
but can also cause undesired variation in the photoresist prole shape. Rice et
al. [Ric03] reported a signicant reduction of the sidewall angle of some features
after the hardbake. No models exist for the simulation of the hardbake process.
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Comparison of Simulations and Experiments

The main benet and motivation for the development of new mesoscopic models presented in this thesis is their ability to predict the photoresist LER. This
section compares the LER of simulated proles with experimental data. Section 5.6.1 compares the basic LER and LWR properties of photoresist line patterns. The impact of macroscopic process uctuation is shown in Section 5.6.2
by analyzing the impact of photoresist thickness variations on linewidth variation. Then the simulated photoresist LER dependence on process and material parameters is compared to published experimental ndings. This includes
the impact of aerial image contrast (Section 5.6.3), acid diusion length (Section 5.6.4), and quencher base concentration (Section 5.6.5).
Except for those parameters that have been analyzed for their impact on LER,
published experimental studies do not provide a general description of the photoresist material or process parameters. Therefore, unless otherwise stated, the
parameter values listed in Table 4.1 are used in the simulation. The dierent
sets of parameter values used in the simulation and experiments result in different absolute LER values. Consequently, relative values of the experimental
and simulated LER data are compared in this section. That is, experimental
LER data are shown scaled linearly in the comparisons.
A principal dierence exists between simulations and experiments when varying systematically a specic photoresist parameter for analyzing its impact on
photoresist LER: Simulation allows a truly independent variation of each single process or material parameter. Experimentally, however, some parameters
cannot be modied independently of each other. This eect is of particular importance for modication of the polymer chain architecture. Since the polymers
are the matrix of the photoresist, they are a key factor of its material properties. Size or shape modications of the polymer chains have, for instance, side
eects on the photoresist density and thus the acid and base molecule mobility
(i.e., their diusion lengths). Therefore, a direct experimental analysis of the
isolated impact of the polymer chain geometry on LER is dicult to carry out.
On the one hand, the possibility of analyzing the isolated impact of variation of
a single parameter is a distinct advantage of the simulation model. On the other
hand, this makes a comparison between simulation and experiment problematic
because it requires a recalibration of the photoresist parameters after each
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change in the photoresist polymers. This aspect has not been accounted for in
previous simulation studies on the impact of polymer chain geometry on LER,
see for instance Patsis et al. [Pat04], [Pat05b], Gogolides et al. [Gog06], or
Schnattinger et al. [Sch06c]. It is also the likely explanation why qualitatively
dierent trends have been observed in published simulation and experimental
studies (see Section 5.5.6). In experimental studies on the impact of photoresist
polymer chain geometry on LER, the material parameters that correspond to
the various forms of polymer chain architecture have not been determined. Due
to the unavailability of these parameters, the simulated impact of the polymer
chain geometry on LER has not been compared to experimental ndings in this
thesis.

5.6.1

Line Edge Roughness Characterization

The 3σ value that is commonly used for characterizing the photoresist LER
depends on the line length along which it is measured (see Equation 5.5). It
was shown experimentally, that measurement over a suciently long line results
in a saturated 3σ value. A description of the 3σ LER dependence on the used
5

3σ LER (nm)

4
3

2
Simulated LWR
Simulated LER (left profile side)
Simulated LER (right profile side)
Schematic trend of LER measurements

1
10

100

1000

Measured line length (nm)

Figure 5.8:

σ(L) curves of a simulated photoresist prole for the LWR and

LER of the left and right prole side. For comparison, the schematic trend
observed in experiments [Con03b] is shown.
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line length also includes spatial characterization of the prole roughness. An
overview of dierent LER characterization metrics can be found in Section 5.1.
σ(L) curves of the LWR as well as left and right side LER of a simulated

photoresist prole are shown in Figure 5.8. For very short measurement lengths
(20 nm and below), high uctuation occurs due to the low number of sampling
points. Then an approximate linear increase in the LWR and LER curves can
be observed. This conforms to experimental results.
The most remarkable observation in the comparison is that the σ(L) curves
of the simulated prole saturate at approximately 100 nm. This is the lower
end of the 100 to 400 nm line length range at which saturation of the σ(L)
curves has been observed experimentally [Con03b]. This indicates the absence
of low frequencies in the simulated proles, which can be explained as follows:
Low frequency linewidth variation can originate from variation of the photoresist thickness or non-uniformity of the photomask pattern. These eects can
be simulated using existing macroscopic models. In the simulations shown in
Figure 5.8, an ideal planar photoresist surface and an idealized photomask pattern without roughness or defects has been assumed. The eect of photoresist
thickness variation on the linewidth variation and σ(L) curves is described in
Section 5.6.2. In order to ensure that the saturated LER value is obtained in
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and CD variations (inter gate LWR) in dependence on the line length used for
the evaluation.
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the simulations, a 300 nm long photoresist line was used in all the comparisons
made with experimental LER data.
Experimentally, it was found that the sum of the squares of intra gate LWR
and inter gate LWR is constant [Leu04], see Equation 5.5 and Figure 5.9(a).
For the simulated photoresist prole, the sum is also almost constant, see Figure 5.9(b). A dierence between simulation and experiment, however, exists
in the line length at which the intra linewidth variations begin to exceed the
inter linewidth variations. This dierence is due to the missing low frequency
roughness contributions in the simulated photoresist prole discussed above.

5.6.2

Impact of Photoresist Thickness Variations

The degree to which photoresist thickness variation causes linewidth uctuations depends primarily on the optical properties of the wafer stack, which
aect the light intensity distribution in the photoresist during exposure.
The formation of standing wave patterns in the photoresist is very sensitive
to changes in the ratio of the refractive index of the photoresist and substrate
60
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Figure 5.10: Simulated impact of photoresist thickness on the prole linewidth
for substrate layers with dierent refractive indices.
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layers. The resulting dependence of the photoresist linewidth on the substrate
refractive index and the photoresist thickness is illustrated in Figure 5.10. The
results have been simulated with Dr.LiTHO 's macroscopic models. The impact
of photoresist thickness variation is less pronounced for substrate refractive
indices of 1.6 and above. For simulating the impact of photoresist thickness
variations, a plane wafer and sinusoidal photoresist thickness variations were
assumed due to the lack of experimental data on photoresist and wafer topography. The photoresist thickness varied between 90 and 110 nm, i.e., ±10 percent of the nominal value. The refractive index of the photoresist was 1.7 (see
Table 4.1 for the other parameters). To investigate the linewidth variations
resulting from photoresist thickness variations, an oset in accordance to the
results shown in Figure 5.10 was added to the linewidth simulated for constant
photoresist thickness. The resulting σ(L) functions simulated with mesoscopic
models and additional linewidth uctuation due to photoresist thickness variation is shown in Figure 5.11.
While the results are very similar for measured linelengths below 100 nm, the
additional roughness contributions caused by photoresist thickness variation,
result in around ten percent higher LER values for measured line lengths above
200 nm and thus a higher saturated LER value. Furthermore, the saturated
value of the σ(L) curve is obtained at a longer measured line length than for
the case without photoresist thickness variations.
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5.6.3

Impact of Aerial Image Contrast

Aerial image quality was the rst factor reported to have a clear correlation
with the resulting LER (see Section 5.5.3). Williamson et al. [Wil03] reported
in their experimental study that the AIC has a higher correlation with the
resulting LER than the ILS. Therefore, the AIC is used here for the comparison
of experimental to simulation results.
From those experimental studies that analyzed the dependence of LER on AIC,
the most recent data available [Paw04] were selected for comparison with simulations. In this experimental study by Pawloski et al. the AIC was varied
by the introduction of an asymmetric image magnication error between the
reticle and wafer stage. The AIC corresponding to the experiments was obtained by simulation [Paw04]. In the LER simulation presented in this section,
the AIC was varied by using dierent projector defocus values. The impact of
the projector defocus on the contrast of the simulated aerial image is shown
in Figure 5.12. The highest contrast is achieved at zero defocus and decreases
quadratically with increasing defocus. A photoresist prole was obtained for a
projector defocus up to 180 nm.
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Figure 5.12:

Impact of the projector defocus on the aerial image contrast

simulated with Dr.LiTHO .
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Comparison of the simulated and experimental dependence of the LER on AIC
is shown in Figure 5.13. While the trend in both data sets can be approximated
by linear dependence, the LER values experimentally measured are roughly a
factor of 1.3 higher than the simulated values. To allow better comparison of
the trend, the experimental values are shown additionally scaled by a factor of
0.75 in Figure 5.13. The dierences in absolute values can be easily explained,
since the LER value depends not only on the quality of the aerial image alone
but also on the photoresist material and process conditions.
Experimental results from Pawloski et al. [Paw04]
Linear fit of the experimental results
Experimental results scaled by a factor of 0.75
Simulation results
Linear fit of the simulation results
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Figure 5.13:

Impact of the aerial image contrast on LER.

5.6.4 Impact of Acid Diusion Length
Only two experimental studies on the impact of acid diusion length on LER
are available that report a quantitative dependence (see Section 5.5.4). Since
Yoshizawa et al. [Yos02] used a negative tone CAR processed with e-beam
lithography, the only available data for a positive tone CAR and optical lithog-
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raphy are from Van Steenwinckel et al. [Van05]. The experimental results of
the positive and negative tone CARs dier signicantly (see Section 5.5.4, especially Figure 5.6). For a comparison with the simulations in Figure 5.14, the
data for the positive tone CAR, processed with optical lithography, was used.
Due to the diculties in determining the acid diusion length, a considerable potential error of the experimentally determined diusion length (see Section 3.3) has to be accounted for. Assuming a constant, negative oset of 15 nm
for the measured diusion length, the experimental and simulated results show
a good quantitative match.
Additionally, it has to be taken into account that both the prebake and PEB
temperature aect not only the acid diusion length but also base diusion
length. The PEB temperature additionally aects the reaction rate of acid
catalyzed inhibitor deprotection. Therefore, experimental studies always report
the combined eects of all parameters on LER that are aected by the prebake
and PEB temperatures.
05]
15 nm offset w.r.t. the diffusion length

Experimental results from Van Steenwinckel et al. [Van
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Figure 5.14: Simulated LER dependence on the acid diusion length compared
with experimental data for 100 nm dense lines with a 200 nm pitch.
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Impact of Quencher Base Concentration

The impact of added quencher base on the resulting LER is qualitatively described by many experimental studies (see Section 5.5.5). Only few authors,
however, provide quantitative data. The results reported by Dentinger et al.
[Den02] are subject to considerable noise (see Figure 5.7(a)). All other available
experimental data are compared to simulations in this section.
The amount of base added to the photoresist formulation can be accurately
determined. In the experimental study by Cutler et al. [Cut03], however, the
LER was reported only in dependence on the dose-to-size required at various
levels of base concentration. Dose-to-size denotes the exposure dose at which
the simulated or measured prole has the specied average linewidth. The
dose-to-size increases with higher quencher base concentration. Since the base
concentration values that correspond to the dose-to-size values are not included
in the publication by Cutler et al., the dose-to-size dependence on the quencher
base concentration has been additionally simulated (see Figure 5.15).
In the simulations, the initial quencher base concentration relative to the PAG
was varied between 0 and 0.96. Simulations and experiments are compared in
Figure 5.16. Since photoresist LER depends on many factors other than base
concentration, a comparison of absolute LER values is not possible because the
experimental studies provide no comprehensive specication of the process and
material parameters. Therefore, the experimental results are scaled linearly.
Figure 5.16(a) shows how LER depends on the dose-to-size, which was varied
using dierent levels of base concentration. Figure 5.16(b) shows directly the
LER in dependence on the amount of added quencher base.
The simulated results show a close matching of the experimental data. Both
predict the minimum LER values for a relative base concentration of about 0.6,
see Figure 5.16(b).
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5.16: Impact of the simulated and experimental LER dependence on

the dose-to-size (a) and the base concentration (b). Experimental LER values
in (a) have been scaled by a factor of 0.85 and in (b) by a factor of 0.62.

5.6

COMPARISON OF SIMULATIONS AND EXPERIMENTS

5.6.6

113

Possibilities and Limitations of the New Models

Simulation helps to reduce process and material development time and costs. It
is not limited to processes and materials already available, either commercially
or as prototypes. Therefore, a much wider range of parameters can be tested for
their suitability with simulations than experimentally. In addition, simulation
allows the analysis of the isolated impact of any parameter on the photoresist
proles. This helps in understanding the mechanisms causing LER. However,
the isolated variation of each parameter in simulation is a problem for comparison with experimental data. In reality, modication of a parameter such
as the photoresist density (i.e., through varying the solvent concentration) has
side eects on other parameters, such as acid and base diusion lengths. These
side eects are not automatically accounted for in simulations. Consequently,
the combined application of experiments and simulation is the most suitable
method for optimizing existing processes and developing new ones. Simulation
can be used for identifying promising parameters whereas process ne-tuning
has to be done experimentally.
When new models are employed or existing models are applied to novel process conditions, model validation is of prime importance. In this thesis, a good
match of the new models with experimental data has been demonstrated for the
dependence of LER on AIC, acid diusion length, and quencher base concentration. A more detailed evaluation should be done by comparing simulations
to experiments where all parameters, including polymer chain geometry, are
available. The particular advantage of the mesoscopic models developed in
this thesis is that they are an extension of established macroscopic models and
therefore require only few additional parameters to the macroscopic models.
Further evaluation of the models will also help to identify necessary modications and extensions.
A known limitation is that the determination of the photoresist dissolution is
based on phenomenological development rate curves. A predictive model for the
simulation of the development rate curves based on photoresist and developer
chemistry is still lacking. This deciency does not necessarily lower simulation
accuracy. However, additional experiments for the photoresist parameter recalibration are required after any material modication aecting the development
rate curves. A better understanding of just how photoresist chemistry aects
the material parameters would be a major help in the further replacement of
time consuming and expensive experiments.
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Chapter 6

Summary and Outlook
In this thesis, new mesoscopic models for photoresist exposure, post-exposure
bake (PEB), and development simulation are presented. A new algorithm has
been developed that generates an overlap-free distribution of the polymer chains
for the discrete description of the photoresist polymer chain geometry. In
addition to the simulation methods, a new postprocessing algorithm for the
simulated prole data has been developed. The new mesoscopic simulation
framework allows for the st time a quantitatively accurate prediction of the
average photoresist prole dimensions as well as of the line edge roughness
(LER) dependencies from material and processing parameters.
The new exposure simulation model is mathematically equivalent to previously
published approaches, but more straightforward and computationally ecient.
It has been proven that modeling of the Poisson distributed photon absorption
is unnecessary for the simulation of the acid molecule distribution generated
during exposure. This is in contrast to common belief in the literature. Algorithms for the mesoscopic simulation of coupled reaction-diusion processes
have been tailored to the conditions for PEB simulation. These new algorithms reduce memory consumption and computing time without causing any
signicant dierence in the results. The new mesoscopic exposure and PEB
models are a generalization of established macroscopic models. This permits
the use of model parameters from established macroscopic models and thus the
115
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use of existing measurement and parameter calibration techniques. The new,
event-based development simulation algorithm combines discrete photoresist
representation with polymer dissolution times based on calibrated photoresist
development rate curves. In contrast to the mesoscopic development simulation
approaches previously proposed in the literature, this new method yields photoresist proles with average dimensions quantitatively consistent with those
predicted by calibrated macroscopic models and experimental data. In addition, the new models enable the prediction of the photoresist prole LER.
Experimental data are available for the impact of aerial image contrast,
quencher base concentration, and acid diusion length on the photoresist LER.
The simulated impact of these parameters shows a good quantitative matching
with the experimental data. When a photoresist layer with a uniform thickness
and a defect free photomask is assumed, the simulated photoresist prole has, in
contrast to the experimental data, no signicant low frequency roughness components (i.e., macroscopic linewidth variation with wavelength above 100 nm).
The inclusion of the eects of low frequency sinusoidal photoresist thickness
variation, simulated with Dr.LiTHO 's macroscopic models, results in a closer
match between the simulated and experimental low frequency LER components. Quantitative analysis of the eect of macroscopic photoresist thickness
variation would require experimental data on the actual photoresist topography after spin-coating. Such data, however, have not yet been published for
thin lm processes.
The simulation of photoresist LER can be applied for the optimization of the
trade-o between the costs incurring in minimizing LER. A more expensive
exposure tool, for instance, with a higher aerial image contrast could be used
to reduce LER. Alternatively, LER could be reduced with a higher quencher
base concentration at the cost of a higher exposure dose and a consequently
lower throughput. Furthermore, simulation of LER could also be used as an
additional evaluation criterion in photoresist parameter calibration. This may
help to solve the problem of multiple parameter sets that describe experimental
data with equal quality [Tol06]. Possible extensions of the photoresist models
could include model options such as non-Fickian diusion or the inclusion of
photoresist bleaching in the exposure simulation.
Further evaluation and validation of the new mesoscopic models should be
based on a comparison with LER data from processes for which calibrated
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photoresist parameters are available. If the photoresist parameters, such as
acid diusion length, are determined dependent upon the polymer geometry,
this would allow the inclusion of the impact of polymer geometry on LER.
Ideally, this should be combined with the simulations of macroscopic process
uctuation.
The vision of lithography simulation and technology computer-aided design
(TCAD) in general is to provide a cheaper, faster, and more reliable (e.g., without measurement errors) alternative to experiments. A particular advantage of
simulation is the possibility of exploring material and process options where no
prototypes yet exist. With state-of-the-art simulation models, the best practise is the combined application of simulation and experiment. Simulations
allow the exploration of parameter space and the identication of promising
process parameters and materials. Experiments are still necessary for parameter calibration, process ne-tuning, and model verication. The contribution
of new mesoscopic models developed in this thesis is that they also include the
prediction of the quality criterion of photoresist LER.
Although it is a mere technical aspect, a seamless integration of simulation
software for various processing steps is of eminent practical importance for the
automated and ecient application of simulations. The simulation modules
to be integrated, need to provide open interfaces at programming language
level. In this work, the simulation framework Dr.LiTHO proved to be a suitable
platform for the integration of new simulation modules into existing, predened
process ows. This permitted ecient testing, evaluation, and application of
the new models.

118

CHAPTER 6

SUMMARY AND OUTLOOK

Bibliography
[Arc86]

R. A. Arcus, A membrane model for positive photoresist development, in C. G. Willson, editor, Advances in Resist Technology and
Processing III, vol. 631, 124134, SPIE, 1986

[Ber06]

C. Berger, R. Schiwon, S. Trepte, M. Friedrich, M. Kubis, J. Horst,
and A. G. Grandpierre, Critical dimension variations of I-line processes due to swing eects, in C. N. Archie, editor, Metrology, Inspection, and Process Control for Microlithography XX, vol. 6152,
12451252, SPIE, 2006

[Bär96]

E. Bär and J. Lorenz, 3-D simulation of LPCVD using segment-based
topography discretization, IEEE Trans. Semiconductor Manufacturing 9(1), 67, 1996

[Bra99]

R. L. Brainard, C. Henderson, J. Cobb, V. Rao, J. F. Mackevich,
U. Okoroanyanwu, S. Gunn, J. Chambers, and S. Connolly, Comparison of the lithographic properties of positive resists upon exposure
to deep- and extreme-ultraviolet radiation, J. Vac. Sci. Technol. B
17(6), 3384, 1999

[Bra04]

R. L. Brainard, P. Trefonas, J. H. Lammers, C. A. Cutler, J. F.
Mackevich, A. Trefonas, and S. A. Robertson, Shot noise, LER, and
quantum eciency of EUV photoresists, in R. S. Mackay, editor,
Emerging Lithographic Technologies VIII, vol. 5374, 7485, SPIE,
2004

[Bru03]

T. A. Brunner, Why optical lithography will live forever,
Sci. Technol. B 21(6), 2632, 2003
119

J. Vac.

120

BIBLIOGRAPHY

[Bun03]

B. D. Bunday, M. Bishop, J. S. Villarrubia, and A. E. Vladar,
CD-SEM measurement line-edge roughness test patterns for 193-nm
lithography, in D. J. Herr, editor, Metrology, Inspection, and Process
Control for Microlithography XVII, vol. 5038, 674688, SPIE, 2003

[Bun04]

B. D. Bunday, M. Bishop, D. W. McCormack, J. S. Villarrubia, A. E.
Vladár, R. Dixson, T. V. Vorburger, N. G. Orji, and J. A. Allgair,
Determination of optimal parameters for CD-SEM measurement of
line edge roughness, in R. M. Silver, editor, Metrology, Inspection,
and Process Control for Microlithography XVIII, vol. 5375, 515533,
SPIE, 2004

[Bur02]

S. D. Burns, G. M. Schmid, P. C. Tsiartas, C. G. Willson, and
L. Flanagin, Advancements to the critical ionization dissolution
model, J. Vac. Sci. Technol. B 20(2), 537, 2002

[Cao04]

H. B. Cao, W. Yueh, B. J. Rice, J. Roberts, T. Bacuita, and
M. Chandhok, Sources of line-width roughness for EUV resists, in
J. L. Sturtevant, editor, Advances in Resist Technology and Processing XXI, vol. 5376, 757764, SPIE, 2004

[Cob03]

J. L. Cobb, S. Rauf, A. Thean, S. Dakshina-Murthy, T. Stephens,
C. Parker, R. D. Peters, and V. Rao, Controlling line-edge rougness
to within reasonable limits, in T. H. Fedynyshyn, editor, Advances
in Resist Technology and Processing XX, vol. 5039, 376383, SPIE,
2003

[Con03a] V. Constantoudis, G. P. Patsis, and E. Gogolides, Photoresist lineedge roughness analysis using scaling concepts, in D. J. Herr, editor, Metrology, Inspection, and Process Control for Microlithography
XVII, vol. 5038, 901909, SPIE, 2003
[Con03b] V. Constantoudis, G. P. Patsis, A. Tserepi, and E. Gogolides, Quantication of line-edge roughness of photoresists. II. Scaling and fractal analysis and the best roughness descriptors, J. Vac. Sci. Technol.
B 21(3), 1019, 2003
[Con04]

V. Constantoudis, G. Patsis, L. H. A. Leunissen, and E. Gogolides,
Line edge roughness and critical dimension variation: Fractal characterization and comparison using model functions, J. Vac. Sci. Technol. B 22(4), 1974, 2004

BIBLIOGRAPHY

121

[Con05]

V. Constantoudis, E. Gogolides, J. Roberts, and J. K. Stowers, Characterization and modeling of line width roughness (LWR), in R. M.
Silver, editor, Metrology, Inspection, and Process Control for Microlithography XIX, vol. 5752, 12271236, SPIE, 2005

[Cra68]

J. Crank and G. S. Park,
Inc., 1968

[Cro02]

J. A. Croon, G. Storms, S. Winkelmeier, I. Pollentier, M. Ercken,
S. Decoutere, W. Sansen, and H. E. Maes, Determination of the line
edge roughness specications for 34 nm devices, in IEDM Technigal
Digest, 307310, 2002

[Cro03]

J. A. Croon, L. H. A. Leunissen, M. Jurczak, M. Benndorf, R. Rooyackers, K. Ronse, S. Decoutere, W. Sansen, and H. E. Maes, Experimental investigation of the impact of line-edge roughness on MOSFET performance and yield, in J. Franca and P. Freitags, editors,

Diusion in Polymers, Academic Press

Proceedings of the 33th European Solid-State Device Research Conference ESSDERC, 227230, 2003
[Cut03]

C. A. Cutler, J. F. Mackevich, J. Li, D. J. O'Connell, G. F. Cardinale, and R. L. Brainard, Eect of polymer molecular weight on
AFM polymer aggregate size and LER of EUV resists, in R. L. Engelstad, editor, Emerging Lithographic Technologies VII, vol. 5037,
406417, SPIE, 2003

[Den02]

P. M. Dentinger, L. L. Hunter, D. J. O'Connell, S. Gunn, D. Goods,
T. H. Fedynyshyn, R. B. Goodman, and D. K. Astol, Photospeed
considerations for extreme ultraviolet lithography resists, J. Vac.
Sci. Technol. B 20(6), 2962, 2002

[Dij59]

E. W. Dijkstra, A note on two problems in connection with graphs,
Numerische Mathematik 1 269271, 1959

[Dil75a]

F. H. Dill, Optical lithography, IEEE Trans. Electron Devices 22(7),
440, 1975

[Dil75b]

F. H. Dill, W. P. Hornberger, P. S. Hauge, and J. M. Shaw, Characterization of positive photoresist, IEEE Trans. Electron Devices
22(7), 445, 1975

122

BIBLIOGRAPHY

[Dil75c]

F. H. Dill, A. R. Neureuther, J. A. Tuttle, and E. J. Walker, Modeling projection printing of positive photoresist, IEEE Trans. Electron
Devices 22(7), 456, 1975

[DrL07]

Fraunhofer IISB, Dr.LiTHO  Development and research lithography
simulator, 2007

[Elf03]

J. Elf, A. Don£i¢, and M. Ehrenberg, Mesoscopic reaction-diusion
in intracellular signaling, in S. M. Bezrukov, H. Frauenfelder, and
F. Moss, editors, Fluctuations and Noise in Biological, Biophysical,
and Biomedical Systems, vol. 5110, 114124, SPIE, 2003

[Erc04]

M. Ercken, L. H. A. Leunissen, I. Pollentier, G. P. Patsis, V. Constantoudis, and E. Gogolides, Eects of dierent processing conditions on line edge roughness for 193nm and 157nm resists, in R. M.
Silver, editor, Metrology, Inspection, and Process Control for Microlithography XVIII, vol. 5375, 266275, SPIE, 2004

[Erd99]

A. Erdmann and W. Henke, Simulation of optical lithography, in
K. Singh, O. P. Nijhawan, A. K. Gupta, and A. K. Musla, editors,
Selected Papers from International Conference on Optics and Opto-

, vol. 3729, 480494, SPIE, 1999

electronics 1998

[Fed01]

T. H. Fedynyshyn, United states patent 6936398: Resist with reduced line edge roughness, 2001

[Fla99a]

L. W. Flanagin, C. L. McAdams, W. D. Hinsberg, I. C. Sanchez,
and C. G. Willson, Mechanism of phenolic polymer dissolution: Importance of acid-base equilibria, Macromolecules 32(16), 5337, 1999

[Fla99b]

L. W. Flanagin, V. K. Singh, and C. G. Willson, Molecular model
of phenolic polymer dissolution in photolithography, J. Polym. Sci.
B 37(16B), 2103, 1999

[Fla99c]

L. W. Flanagin, V. K. Singh, and C. G. Willson, Surface roughness
development during photoresist dissolution, J. Vac. Sci. Technol. B
17(4), 1371, 1999

[Fou05]

J. Foucher, From CD to 3D sidewall roughness analysis with 3D
CD-AFM, in R. M. Silver, editor, Metrology, Inspection, and Process
Control for Microlithography XIX, vol. 5752, 966976, SPIE, 2005

BIBLIOGRAPHY

123

[Fou06]

J. Foucher, A. L. Fabre, and P. Gautier, CD-AFM vs CD-SEM for
resist LER and LWR measurements, in C. N. Archie, editor, Metrology, Inspection, and Process Control for Microlithography XX, vol.
6152, SPIE, 2006

[Fua02]

D. Fuard, M. Besacier, and P. Schiavone, Assessment of dierent
simplied resist models, in A. Yen, editor, Optical Microlithography
XV, vol. 4691, 12661277, SPIE, 2002

[Gal05]

G. M. Gallatin, Resist blur and line edge roughness, in B. W. Smith,
editor, Advances in Resist Technology and Processing XXII, vol.
5754, 3852, SPIE, 2005

[Gib00]

M. A. Gibson and J. Bruck, Ecient exact stochastic simulation of
chemical systems with many species and many channels, J. Phys.
Chem. 104(9), 1876, 2000

[Gil76]

D. T. Gillespie, A general method for numerically simulating the
stochastic time evolution of coupled chemical reactions, J. Computat.
Phys. 22(4), 403, 1976

[Gil77]

D. T. Gillespie, Exact stochastic simulation of coupled chemical reactions, J. Phys. Chem. 81(25), 2340, 1977

[Gog06]

E. Gogolides, V. Constantoudis, G. P. Patsis, and A. Tserepi, A
review of line edge roughness and surface nanotexture resulting from
patterning processes, Microelectronic Engineering 83, 1067, 2006

[Goo85]

J. W. Goodman,

[Gra06]

T. Graves, M. D. Smith, and C. A. Mack, Methods for benchmarking photolithography simulators: part IV, in D. G. Flagello, editor,
Optical Microlithography XIX, vol. 6154, SPIE, 2006

[Gri99]

G. Grimmett,

[Hen91]

W. Henke and M. Weiss, Three dimensional simulation of reticle defects in optical lithography, in Proc. KTI Microlithography Seminar,
257275, INTERFACE, San Jose, 1991

[Hen99]

W. Henke and M. Torkler, Modeling of edge roughness in ion projection lithography, J. Vac. Sci. Technol. B 17(6), 3112, 1999

, John Wiley & Sons Inc., 1985

Statistical Optics

, Springer, 2nd edn., 1999

Percolation

124

BIBLIOGRAPHY

[Hin98]

W. Hinsberg, F. A. Houle, J. Honagle, M. Sanchez, G. Wallra,
M. Morrison, and S. Frank, Deep-ultraviolet interferometric lithography as a tool for assessment of chemically amplied photoresist
performance, J. Vac. Sci. Technol. B 16(6), 3689, 1998

[Hin01]

W. D. Hinsberg, F. A. Houle, M. I. Sanchez, and G. M. Wallra,
Chemical and physical aspects of the post-exposure baking process
used for positive-tone chemically amplied resists, IBM J. Res. Dev.
45(5), 667, 2001

[Hir87]

Y. Hirai, M. Sasago, M. Endo, K. Ikeda, S. Tomida, and S. Hayama,
Three dimensional process simulator for photo and electron beam
lithography, and estimations of proximity eects, in IEEE Symposium on VLSI Technology Digest of Technical Papers, 1516, 1987

[Hou02]

F. A. Houle, W. D. Hinsberg, M. I. Sanchez, and J. A. Honagle,
Inuence of resist components on image blur in a patterned positivetone chemically amplied photoresist, J. Vac. Sci. Technol. B 20(2),
924, 2002

[Hou03]

F. A. Houle, W. D. Hinsberg, and M. I. Sanchez, Using the critical
ionization model for resist development to estimate contrast curves
and roughening, in T. H. Fedynyshyn, editor, Advances in Resist
Technology and Processing XX, vol. 5039, 334342, SPIE, 2003

[Ito83]

H. Ito and C. G. Willson, Chemical amplication in the design of
dry developing resist materials, Polymer Engineering and Science
23(18), 1012, 1983

[ITR00]

International technology roadmap for semiconductors 2000 update
 Lithography, 2000

[ITR01]

International technology roadmap for semiconductors 2001 edition
 Lithography, 2001

[ITR03]

International technology roadmap for semiconductors 2003 edition
 Lithography, 2003

[ITR04]

International technology roadmap for semiconductors 2004 update
 Lithography, 2004

BIBLIOGRAPHY

125

[ITR06a] International technology roadmap for semiconductors 2006 update
 Lithography, 2006
[ITR06b] International technology roadmap for semiconductors 2006 update
 Modeling & Simulation, 2006
[Jak99]

N. H. Jakatdar, J. Bao, C. J. Spanos, R. Subramanian, and B. Rangarajan, Physical modeling of deprotection-induced thickness loss, in
W. E. Conley, editor, Advances in Resist Technology and Processing
XVI, 275282, SPIE, 1999

[Kam97] K. Kamon, K. Nakazawa, A. Yamaguchi, N. Matsuzawa, T. Ohfuji,
K. Kanzaki, and S. Tagawa, T-top forming simulation using percolation theory, J. Vac. Sci. Technol. B 15(6), 2610, 1997
[Kon75]

K. L. Konnerth and F. H. Dill, In-situ measurement of dielectric
thickness during etching or developing processes, IEEE Trans. Electron Devices 22(7), 452, 1975

[Law03]

W. Lawrence, Spatial frequency analysis of line-edge roughness in
nine chemically related photoresists, in T. H. Fedynyshyn, editor,
Advances in Resist Technology and Processing XX, vol. 5039, 713
724, SPIE, 2003

[Lee04]

J.-Y. Lee, J. Shin, H.-W. Kim, S.-G. Woo, H.-K. Cho, W.-S. Han,
and J.-T. Moon, Eect of line-edge roughness (LER) and line-width
roughness (LWR) on sub-100-nm device performance, in J. L. Sturtevant, editor, Advances in Resist Technology and Processing XXI, vol.
5376, 426433, SPIE, 2004

[Len03]

O. Lenhart and E. Bär, Three-dimensional triangle-based simulation of etching processes and applications, IEICE Trans. Electronics
E86-C, 427, 2003

[Leu04]

L. H. A. Leunissen, W. G. Lawrence, and M. Ercken, Line edge
roughness: experimental results related to a two-parameter model,
Microelectronic Engineering 73-74(1), 265, 2004

[Leu05]

L. H. A. Leunissen, G. F. Lorusso, M. Ercken, J. A. Croon, H. Yang,
A. Azordegan, and T. DiBiase, Full spectral analysis of line width
roughness, in R. M. Silver, editor, Metrology, Inspection, and Process
Control for Microlithography XIX, vol. 5752, 499509, SPIE, 2005

126

BIBLIOGRAPHY

[Lin02a]

E. K. Lin, C. L. Soles, D. L. Goldfarb, B. C. Trinque, S. D. Burns,
R. L. Jones, J. L. Lenhart, M. Angelopoulos, C. G. Willson, S. K.
Satija, and W.-l. Wu, Direct measurement of the reaction front in
chemically amplied photoresists, Science 297(5580), 372, 2002

[Lin02b]

T. Linton, M. Chandhok, B. J. Rice, and G. Schrom, Determination
of the line edge roughness specication for 34 nm devices, in IEDM
Technical Digest, 303306, 2002

[Liu05]

J. Liu, Handbook of Microscopy for Nanotechnology, chap. High Resolution Scanning Electron Microscopy, 323359, Kluwer Academic
Publishers, 2005

[Lor06]

G. F. Lorusso, L. H. A. Leunissen, C. Gustin, A. Mercha, M. Jurczak, H. M. Marchman, and A. Azordegan, Impact of line width
roughness on device performance, in C. N. Archie, editor, Metrology, Inspection, and Process Control for Microlithography XX, vol.
6152, SPIE, 2006

[Ma03a]

Y. Ma, J. Shin, and F. Cerrina, Line edge roughness and photoresist
percolation development model, J. Vac. Sci. Technol. B 21(1), 112,
2003

[Ma03b]

Y. Ma, G. Tsvid, and F. Cerrina, Line edge roughness of sub-100 nm
dense and isolated features: Experimental study, J. Vac. Sci. Technol. B 21(6), 3124, 2003

[Ma05]

Y. Ma and C. F., Eect of a surface inhibition layer on line edge
roughness, J. Vac. Sci. Technol. B 23(3), 1096, 2005

[Mac78]

C. A. Mack, Development of positive photoresists,
Soc. 134(1), 148, 1978

[Mac05]

C. A. Mack, Charting the future (and remembering the past) of
optical lithography simulation, J. Vac. Sci. Technol. B 23(6), 2601,
2005

[Mar04]

T. Marschner, A. Lee, S. Fuchs, L. Voelkel, and C. Stief, 193-nm
resist roughness characterization and process propagation investigation using a CD-SEM, in R. M. Silver, editor, Metrology, Inspection,
and Process Control for Microlithography XVIII, vol. 5375, 477485,
SPIE, 2004

J. Electrochem.

BIBLIOGRAPHY

127

[Mas00]

S. Masuda, X. Ma, G. Noya, and G. Pawlowski, Lithography and
line-edge roughness of high-activation-energy resists, in F. M. Houlihan, editor, Advances in Resist Technology and Processing XVII, vol.
3999, 252263, SPIE, 2000

[Mat03]

D. Matiut, A. Erdmann, B. Tollkühn, and A. Semmler, New models for the simulation of post-exposure bake of chemically amplied
resists, in T. H. Fedynyshyn, editor, Advances in Resist Technology
and Processing XX, vol. 5039, 11321142, SPIE, 2003

[Mei05]

J. E. Meiring, T. B. Michaelson, A. T. Jamieson, G. M. Schmid, and
C. G. Willson, Using mesoscale simulation to explore photoresist
line edge roughness, in J. L. Sturtevant, editor, Advances in Resist
Technology and Processing XXII, vol. 5753, 350360, SPIE, 2005

[Mic04]

T. B. Michaelson, A. T. Jamieson, A. R. Pawloski, J. Byers,
A. Acheta, and C. G. Willson, Understanding the role of base
quenchers in photoresists, in J. L. Sturtevant, editor, Advances in
Resist Technology and Processing XXI, vol. 5376, 12821293, SPIE,
2004

[Mic05]

T. B. Michaelson, A. R. Pawloski, A. Acheta, Y. Nishimura, and
C. G. Willson, The eects of chemical gradients and photoresist composition on lithographically generated line edge roughness, in J. L.
Sturtevant, editor, Advances in Resist Technology and Processing
XXII, vol. 5753, 368379, SPIE, 2005

[Mül04]

T. Mülders and T. Marschner, Line edge roughness: Measurement
and simulation, 2nd IISB Lithography Simulation Workshop, Hersbruck, 2004

[Mül05]

T. Mülders, W. Henke, K. Elian, C. Nölscher, and M. Sebald, New
stochastic post-exposure bake simulation method, J. Microlith., Microfab., Microsyst. 4(4), 2005

[Mor85]

R. A. Morgan,
vier, 1985

, Else-

Plasma Etching in Semiconductor Fabrication

[Nam98] H. Namatsu, Y. Takahashi, K. Yamazaki, T. Yamaguchi, M. Nagase,
and K. Kurihara, Three-dimensional siloxane resist for the formation

128

BIBLIOGRAPHY

of nanopatterns with minimum linewidth uctuations,
Technol. B 16(1), 69, 1998

J. Vac. Sci.

[Nau04]

P. P. Naulleau, Relevance of mask-roughness-induced printed lineedge roughness in recent and future extreme-ultraviolet lithography
tests, Appl. Opt. 43(20), 4025, 2004

[Nov99]

A. E. Novembre, M. I. Blakey, R. C. Farrow, R. J. Kasica, C. S.
Knurek, J. A. Liddle, and M. L. Peabody, Pattern processing results
and characteristics for SCALPEL masks, Microelectronic Engineering 46(1-4), 271, 1999

[Oco00]

L. E. Ocola, P. A. Orphanos, W.-Y. Li, W. Waskiewicz, A. E. Novembre, and M. Sato, Roughness study of a positive tone high performance SCALPEL resist, J. Vac. Sci. Technol. B 16(6), 3435, 2000

[Oco03]

L. E. Ocola, Soluble site density model for negative and positive
chemically amplied resists, J. Vac. Sci. Technol. B 21(1), 156, 2003

[Old00]

P. Oldiges, Q. Lin, K. Petrillo, M. Sanchez, M. Ieong, and M. Hargrove, Modeling line edge roughness eects in sub 100 nanometer
gate length devices, in Simulation of Semiconductor Processes and
Devices 2000, 131134, 2000

[Orj04]

N. G. Orji, M. I. Sanchez, J. Raja, and T. V. Vorburger, Applied
Scanning Probe Methods, chap. AFM Characterization of Semiconductor Line Edge Roughness, 277301, Nanoscience and Technology,
Springer, 2004

[Pat99]

G. P. Patsis, N. Glezos, I. Raptis, and E. S. Valamontes, Simulation
of roughness in chemically amplied resists using percolation theory,
J. Vac. Sci. Technol. B 17(6), 3367, 1999

[Pat04]

G. P. Patsis, V. Constantoudis, and E. Gogolides, Eects of photoresist polymer molecular weight on line-edge roughness and its metrology probed with Monte Carlo simulations, Microelectronic Engineering 75(3), 297, 2004

[Pat05a]

G. P. Patsis and E. Gogolides, Eects of model polymer chain architectures of photo-resist on line-edge-roughness: Monte Carlo simulations, J. Phys.: Conference Series 10(1), 389, 2005

BIBLIOGRAPHY

129

[Pat05b] G. P. Patsis and E. Gogolides, Material and process eects on lineedge-roughness of photoresists probed with a fast stochastic lithography simulator, J. Vac. Sci. Technol. B 23(4), 1371, 2005
[Pat06a]

G. P. Patsis, V. Constantoudis, and E. Gogolides, Integrated simulation of line-edge roughness (LER) eects on sub-65nm transistor
operation: From lithography simulation, to LER metrology, to device operation, in M. J. Lercel, editor, Emerging Lithographic Technologies X, vol. 6151, SPIE, 2006

[Pat06b] G. P. Patsis and E. Gogolides, Eects of model polymer chain architectures and molecular weight of conventional and chemically amplied photoresists on line-edge roughness. Stochastic simulations,
Microelectronic Engineering 83(4-9), 1078, 2006
[Paw04]

A. R. Pawloski, A. Acheta, I. Lalovic, B. M. La Fontaine, and H. J.
Levinson, Characterization of line-edge roughness in photoresist using an image fading technique, in J. L. Sturtevant, editor, Advances
in Resist Technology and Processing XXI, vol. 5376, 414425, SPIE,
2004

[Paw06]

A. R. Pawloski, A. Acheta, S. Bell, B. La Fontaine, T. Wallow, and
H. J. Levinson, The transfer of photoresist LER through etch, in
Q. Lin, editor, Advances in Resist Technology and Processing XXIII,
vol. 6153, SPIE, 2006

[Pet03]

R. D. Peters, K. Lucas, J. L. Cobb, C. Parker, K. Patterson, R. McCauley, M. Ercken, F. Van Roey, N. Vandenbroeck, and I. K. Pollentier, Line-edge roughness reduction and CD slimming using hardback
processing, in D. J. Herr, editor, Metrology, Inspection, and Process
Control for Microlithography XVII, vol. 5038, 11311142, SPIE, 2003

[Rey99]

G. W. Reynolds and J. W. Taylor, Factors contributing to sidewall
roughness in a positive-tone, chemically amplied resist exposed by
x-ray lithography, J. Vac. Sci. Technol. B 17(2), 334, 1999

[Ric03]

B. J. Rice, H. B. Cao, M. Chandhok, and R. P. Meagley, Eects of
processing parameters on line-width roughness, in T. H. Fedynyshyn,
editor, Advances in Resist Technology and Processing XX, vol. 5039,
384392, SPIE, 2003

130

BIBLIOGRAPHY

[Rob01]

S. A. Robertson, C. A. Mack, and M. J. Maslow, Toward a universal
resist dissolution model for lithography simulation, in C. A. Mack
and T. Stevenson, editors, Lithography for Semiconductor Manufacturing II, vol. 4404, 111122, SPIE, 2001

[Ros01]

A. Rosenbusch, A. Erdmann, and C. Friedrich, Optical simulation
of 3D mask eects, Semiconductor FABTECH 12, 187, 2001

[Ryo01]

M. Ryoo, S. Shirayone, H. Oizumi, N. N. Matsuzawa, S. Irie,
E. Yano, and S. Okazaki, Control of line edge roughness of ultrathin resist lms subjected to EUV exposure, in F. M. Houlihan,
editor, Advances in Resist Technology and Processing XVIII, vol.
4345, 903911, SPIE, 2001

[Rys86]

H. Ryssel and I. Ruge,
1986

[Sch00]

G. M. Schmid, V. K. Singh, L. W. Flanagin, M. D. Stewart, S. D.
Burns, and C. G. Willson, Recent advances in a molecular level
lithography simulation, in F. M. Houlihan, editor, Advances in Resist
Technology and Processing XVII, vol. 3999, 675685, SPIE, 2000

[Sch01]

G. M. Schmid, M. D. Smith, C. A. Mack, V. K. Singh, S. D. Burns,
and C. G. Willson, Understanding molecular-level eects during
post-exposure processing, in F. M. Houlihan, editor, Advances in Resist Technology and Processing XVIII, vol. 4345, 10371047, SPIE,
2001

[Sch02a]

G. M. Schmid, S. D. Burns, P. C. Tsiartas, and C. G. Willson, Electrostatic eects during dissolution of positive tone photoresists, J.
Vac. Sci. Technol. B 20(6), 2913, 2002

Ion Implantation,

John Wiley & Sons Inc.,

[Sch02b] G. M. Schmid, M. D. Stewart, V. K. Singh, and C. G. Willson,
Spatial distribution of reaction products in positive tone chemically
amplied resists, J. Vac. Sci. Technol. B 20(1), 185, 2002
[Sch04a]

A. Schirmeisen, B. Anczkowski, and H. Fuchs, Applied Scanning
Probe Methods, chap. Dynamic Force Microscopy, 339, Nanoscience
and Technology, Springer, 2004

BIBLIOGRAPHY

131

[Sch04b] G. Schmid, M. Stewart, S. Burns, and C. G. Willson, Mesoscale
Monte Carlo simulation of photoresist processing, J. Electrochem.
Soc. 151(2), 155, 2004
[Sch05]

T. Schnattinger and E. Bär, Comparison of dierent approaches for
the simulation of topography evolution during lithography development, in Simulation of Semiconductor Processes and Devices 2005,
215218, 2005

[Sch06a]

T. Schnattinger, E. Bär, and A. Erdmann, A fast development simulation algorithm for discrete resist models, Microelectronic Engineering 83, 1008, 2006

[Sch06b] T. Schnattinger, E. Bär, and A. Erdmann, Mesoscopic resist processing simulation in optical lithography, in Simulation of Semiconductor
Processes and Devices 2006, 341344, 2006
[Sch06c]

T. Schnattinger, E. Bär, and A. Erdmann, Three-dimensional resist
development simulation with discrete models, J. Vac. Sci. Technol.
B 24(6), 3040, 2006

[Sen05]

Y. Sensu, A. Sekiguchi, S. Mori, and N. Honda, Prole simulation of
SU-8 thick lm resist, in J. L. Sturtevant, editor, Advances in Resist
Technology and Processing XXII, vol. 5753, 11701185, SPIE, 2005

[Set99]

J. A. Sethian, Level Set Methods and Fast Marching Methods, The
Press Syndicate of the University of Cambridge, 1999

[Shi94]

H. Shiraishi, T. Yoshimura, T. Sakamizu, T. Ueno, and S. Okazaki,
Nanometer-scale imaging characteristics of novolak resin-based
chemical amplication negative resist systems and molecular weight
distribution eects of the resin matrix, J. Vac. Sci. Technol. B 12(6),
3895, 1994

[Shi01]

J. Shin, G. Han, Y. Ma, K. Moloni, and F. Cerrina, Resist line edge
roughness and aerial image contrast, J. Vac. Sci. Technol. B 19(6),
2890, 2001

[Shi02]

J. Shin, Y. Ma, and F. Cerrina, Depth dependence of resist lineedge roughness: Relation to photoacid diusion length, J. Vac. Sci.
Technol. B 20(6), 2927, 2002

132

BIBLIOGRAPHY

[Shi06]

J. Shin, J. Yoon, Y. Jung, S. Lee, S.-G. Woo, H.-K. Cho, and J.T. Moon, Macro analysis of line edge and line width roughness, in
C. N. Archie, editor, Metrology, Inspection, and Process Control for
Microlithography XX, vol. 6152, SPIE, 2006

[Smi86]

H. I. Smith, A statistical analysis of ultraviolet, x-ray, and chargedparticle lithographies, J. Vac. Sci. Technol. B 4(1), 148, 1986

[Smi06]

M. D. Smith, Mechanistic model of line edge roughness, in Q. Lin,
editor, Advances in Resist Technology and Processing XXIII, vol.
6153, SPIE, 2006

[Ste03]

M. D. Stewart, G. M. Schmid, D. L. Goldfarb, M. Angelopoulos,
and C. G. Willson, Diusion-induced line-edge roughness, in T. H.
Fedynyshyn, editor, Advances in Resist Technology and Processing
XX, vol. 5039, 415421, SPIE, 2003

[Tol04]

B. Tollkühn, A. Erdmann, J. Lammers, C. Nolscher, and A. Semmler, Do we need complex resist models for predictive simulation of
lithographic process performance?, in J. L. Sturtevant, editor, Advances in Resist Technology and Processing XXI, 983994, SPIE,
2004

[Tol06]

B. Tollkühn,

Neue Methoden zur automatischen Kalibrierung von

,
Ph.D. thesis, Faculty of Engineering Sciences at the FriedrichAlexander-University Erlangen-Nuremberg, 2006

Modellparametern für die Simulation optischer Lithographieprozesse

[Tsi97]

P. C. Tsiartas, L. W. Flanagin, C. L. Henderson, W. D. Hinsberg,
I. C. Sanchez, R. T. Bonnecaze, and C. G. Willson, The mechanism
of phenolic polymer dissolution : A new perspective, Macromolecules
30(16), 4656, 1997

[Van97]

P. Van Zant,

Microchip Fabrication: A Practical Guide to Semicon-

, McGraw-Hill Professional, 3rd edn., 1997

ductor Processing

[Van03]

D. Van Steenwinckel and J. Lammers, Enhanced processing: sub-50
nm features with 0.8-micron DOF using a binary reticle, in T. H.
Fedynyshyn, editor, Advances in Resist Technology and Processing
XX, vol. 5039, 225239, SPIE, 2003

BIBLIOGRAPHY

[Van04]

P. Van Zant,

133

Microchip Fabrication: A Practical Guide to Semicon-

, McGraw-Hill Professional, 5th edn., 2004

ductor Processing

[Van05]

D. Van Steenwinckel, J. H. Lammers, L. H. A. Leunissen, and
J. A. J. M. Kwinten, Lithographic importance of acid diusion in
chemically amplied resists, in J. L. Sturtevant, editor, Advances in
Resist Technology and Processing XXII, vol. 5753, 269280, SPIE,
2005

[Van06]

D. Van Steenwinckel, J. H. Lammers, T. Koehler, R. L. Brainard,
and P. Trefonas, Resist eects at small pitches, J. Vac. Sci. Technol.
B 24(1), 316, 2006

[Wat99]

M. Watanabe, S. Yabe, S. Machida, and T. Taguchi, Study of resist
pattern roughness on 0.15µm KrF lithography, J. Photopolymer Sci.
Technol. 12(4), 643, 1999

[Wil03]

M. V. Williamson and A. R. Neureuther, Enhanced quantitative
analysis of resist image contrast upon line- edge roughness (LER),
in T. H. Fedynyshyn, editor, Advances in Resist Technology and
Processing XX, vol. 5039, 423432, SPIE, 2003

[Yam98]

T. Yamaguchi, H. Namatsu, M. Nagase, K. Yamazaki, and K. Kurihara, New development model: aggregate extraction development,
in W. Conley, editor, Advances in Resist Technology and Processing
XV, vol. 3333, 830836, SPIE, 1998

[Yam99]

T. Yamaguchi, H. Namatsu, M. Nagase, K. Kurihara, and Y. Kawai,
Line-edge roughness characterized by polymer aggregates in photoresists, in W. E. Conley, editor, Advances in Resist Technology and
Processing XVI, vol. 3678, 617624, SPIE, 1999

[Yam03a] A. Yamaguchi, R. Tsuchiya, H. Fukuda, O. Komuro, H. Kawada, and
T. Iizumi, Characterization of line-edge roughness in resist patterns
and estimations of its eect on device performance, in D. J. Herr,
editor, Metrology, Inspection, and Process Control for Microlithography XVII, vol. 5038, 689698, SPIE, 2003
[Yam03b] T. Yamaguchi, K. Yamazaki, and H. Namatsu, Molecular weight
eect on line-edge roughness, in T. H. Fedynyshyn, editor, Advances

134

BIBLIOGRAPHY

in Resist Technology and Processing XX,

2003

vol. 5039, 12121219, SPIE,

[Yan99]

P. Yan and G. Zhang, Experimental study of mask line edge roughness transfer in DUV and EUV lithography patterning process, in
F. E. Abboud and B. J. Grenon, editors, 19th Annual Symposium
on Photomask Technology, vol. 3873, 865874, SPIE, 1999

[Yeh92]

T. F. Yeh, H. Y. Shih, and A. Reiser, A percolation view of novolak
dissolution and dissolution inhibition, Macromolecules 25(20), 5345,
1992

[Yos92]

T. Yoshimura, Y. Nakayama, and S. Okazaki, Acid-diusion eect on
nanofabrication in chemical amplication resist, J. Vac. Sci. Technol. B 10(6), 2615, 1992

[Yos93a] T. Yoshimura, H. Shiraishi, J. Yamamoto, and S. Okazaki, Correlation of nano edge roughness in resist patterns with base polymers,
Jpn. J. Appl. Phys. 32(12B), 6065, 1993, abstract only
[Yos93b] T. Yoshimura, H. Shiraishi, J. Yamamoto, and S. Okazaki, Nano
edge roughness in polymer resist patterns, Appl. Phys. Lett. 63(6),
764, 1993
[Yos02]

M. Yoshizawa and S. Moriya, Study of the acid-diusion eect on
line edge roughness using the edge roughness evaluation method, J.
Vac. Sci. Technol. B 20(4), 1342, 2002

[Yua04]

L. Yuan and A. R. Neureuther, Investigation of shot-noise-induced
line-edge roughness by continuous-model-based simulation, in J. L.
Sturtevant, editor, Advances in Resist Technology and Processing
XXI, vol. 5376, 312321, SPIE, 2004

Index
aerial image, 11, 16, 2425
contrast, 9495, 108
log slope, 94
AFM (atomic force microscopy), 85
algorithm
cell removal, 34, 65
Dijkstra's, 62, 63
fast marching, 34, 65
Gillespie, 49
node-marking, 69
string, 34
Bossung plot, 21, 22
bulk image, 2627, 42, 44
correlation analysis, 84
correlation length, 84
cross section, 4347
development, 13
simulation
macroscopic, 3134
mesoscopic, 5565
die, 10, 91
diusion
coecient, 29
exponential, 30
Fickian, 2930

length, 29
linear, 30
DOF (depth of focus), 11
Dr.LiTHO , 15, 23, 71, 107, 116117
electrostatic double layer, 58, 60, 61
etching, 14, 23, 8788
EUV (extreme ultraviolet) lithography, 43, 93
event rate, 52
exposure, 912
shot noise, 44, 47, 48
simulation
macroscopic, 2427
mesoscopic, 4248
fast neutralization, 5455, 76, 77
Fourier optics, 25
hardbake, 1314, 102
temperature, 14
time, 14
immersion liquid, 911
laser
ArF (argon uoride), 9
KrF (krypton uoride), 7
135

136

LER (line edge roughness)
causes, 23, 91102
characterization, 8085
eects, 8891
measurement, 8587

INDEX

diraction spectrum, 25
roughness, 93
photoresist, 67
absorption, 10, 2627, 44
acid diusion, 24, 29, 9597
chemical amplication, 67
Markov process, 49
description
master equation, 49
macroscopic, 2324
trajectory, 49
mesoscopic, 3642
model
developer, 13, 33
CI (critical ionization), 37, 5661
PAG (photoacid generator), 7, 26
Mack, 3133, 72
polymers, 68, 13, 18, 29, 31, 36
macroscopic, 17
37, 5657, 100101
membrane, 56
prole, 2021, 30
mesoscopic, 18
quencher concentration, 98100
Meta, 28, 30
sensitivity, 7, 27, 44, 47, 91, 98
Meta, simplied, 30
solvent, 78, 1213, 2324, 95,
microscopic, 1819
113
percolation, 5657
thickness variations, 91
Monte Carlo methods, 49
prebake, 8
temperature, 8
next event queue, 52, 54
time, 8
process window, 2022
o-axis illumination, 10
OPC (optical proximity correction), projector
defocus, 21, 74, 108
11
NA (numerical aperture), 1011,
optical lithography, 1
27
costs, 3
process variation, 20
Rayleigh criterion
simulation software, 3
rst, 10
PEB (post-exposure bake), 12
second, 11
boundary conditions, 30
roughness exponent, 84
simulation
SEM (scanning electron microscopy),
macroscopic, 2830
85
mesoscopic, 4854
site sharing, 39
temperature, 12
spin-coating, 8
time, 12
photomask, 9, 11, 2425
surface inhibition, 34

INDEX

swing eect, 9193
transistor
leakage current, 8990
on-state current, 90
threshold voltage, 8990
wafer, 56, 14
surface, 78, 13
throughput, 7

137

138

INDEX

Own Publications
T. Schnattinger, G. Kókai and Z. Tóth, Evolutionary algorithms software 
parametrisation possibilities and performance, WSEAS Transactions on Computers, 2(4), 1067, 2003
T. Schnattinger and E. Bär, Comparison of dierent approaches for the simulation of topography evolution during lithography development, in Simulation
of Semiconductor Processes and Devices 2005, 215218, 2005
T. Schnattinger, E. Bär, and A. Erdmann, A fast development simulation algorithm for discrete resist models, Microelectronic Engineering 83, 1008, 2006
T. Schnattinger, E. Bär, and A. Erdmann, Mesoscopic resist processing simulation in optical lithography, in Simulation of Semiconductor Processes and
Devices 2006, 341344, 2006
T. Schnattinger, E. Bär, and A. Erdmann, Three-dimensional resist development simulation with discrete models, J. Vac. Sci. Technol. B 24(6), 3040,
2006
A. Erdmann, T. Fühner, T. Schnattinger, and B. Tollkühn, Towards automatic
mask and source optimization for optical lithography, in B. W. Smith, editor,
Optical Microlithography XVII, vol. 5377, 646657, SPIE, 2004
T. Fühner, A. Erdmann, and T. Schnattinger, Genetic algorithms for geometry optimization in lithographic imaging systems, in A. G. Tescher, editor,
Applications of Digital Image Processing XXVII, vol. 5558, 2940, SPIE, 2004
A. Seidl, T. Schnattinger, A. Erdmann, H. Hartmann and A. Petrashenko,
Accurate extraction of maximum current densities from the layout, J. Computational Electronics 5(4), 381, 2006
T. Fühner, T. Schnattinger, G. Ardelean, and A. Erdmann, Dr.LiTHO: a development and research lithography simulator, in D. G. Flagello, editor, Optical
Microlithography XX, vol. 6520, SPIE, 2007
139

140

Appendix A
Zusammenfassung (Abstract)
Die Verkleinerung von Halbleiterbauelementen erfordert u. a. eine Verringerung
der Linienbreitenschwankungen einzelner Bestandteile. Das Erreichen der für
zukünftige Technologien spezizierten Toleranzen ist ein für die Massenproduktion noch ungelöstes Problem. Aus Experimenten ist der Einuss zahlreicher
Prozess- und Materialeigenschaften auf die resultierenden Linienbreitenschwankungen bekannt. Allerdings existieren noch keine Modelle, die eine zufriedenstellende Vorhersage der Linienbreitenschwankungen erlauben.
In dieser Arbeit wurden neue Modelle für die mesoskopische (d.h. diskrete und
stochastische) Simulation der Photolackstrukturierung in der optischen Lithographie entwickelt und implementiert.

Es wurde bewiesen, dass eine Model-

lierung der Poissonverteilung der Photonen (sog. shot noise) nicht notwendig
ist. Entgegen der in der Literatur verbreiteten Ansicht konnte damit gezeigt
werden, dass die durchschnittlich bei der Belichtung absorbierte Photonenanzahl keinen unmittelbaren Einuss auf die Linienbreitenschwankungen hat.
Bei der Simulation des nachfolgenden Ausheizens nach der Belichtung konnten der Speicherbedarf und die Rechenzeit gegenüber dem Standardverfahren
für mesoskopische Reaktions- und Diusionssimulation verringert werden. Zur
Simulation der anschlieÿenden Photolackentwicklung wurde ein neuer Algorithmus entwickelt, der eine überlappungsfreie Darstellung der Polymere im
Photolack mit kalibrierten Entwicklungsraten kombiniert. Damit konnte erst-
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ZUSAMMENFASSUNG (ABSTRACT)

mals eine quantitative Übereinstimmung der mittleren Photolackprolabmessungen von mesoskopischen Modellen und etablieren makroskopischen Modellen bzw. experimentellen Daten erzielt werden. Die mit mesoskopischen Modellen simulierten Proldaten erfordern noch eine Nachbearbeitung, um eine
automatische Auswertung zu ermöglichen. Dazu wurde ein ezienter Algorithmus entwickelt und implementiert um die Position der Oberäche des entwickelten Photolacks zu bestimmen.
Mit den neuen Modellen wurde der Einuss von Prozess- und Photolackeigenschaften auf die Linienbreitenschwankungen untersucht. Dabei ergab sich eine
sehr gute Übereinstimmung mit experimentellen Daten aus der Literatur.
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Appendix C
Einleitung (Introduction)
Die optische Lithographie ist ein wichtiger Prozessschritt in der Massenproduktion von Halbleitern. Sie wird eingesetzt, um eine Photolackstruktur auf
einer Halbleiterscheibe zu erzeugen. Der strukturierte Photolack ermöglicht
selektives Ätzen oder selektive Ionenimplantation. Die anhaltende Verkleinerung von Halbleiterbauelementen erfordert eine zunehmende Genauigkeit
der lithographisch hergestellten Strukturen [Lor06]. Die Kontrolle der Strukturabmessungen ist von groÿer Bedeutung, da die Kenngröÿen der Halbleiterbauelemente wesentlich von deren Geometrie abhängen. Bis vor wenigen
Jahren war die erforderliche Präzision der Transistorabmessungen durch die
zulässige Schwankung der durchschnittlichen Länge der Transistorgates speziziert. Dies beinhaltete jedoch keine Beschreibung der Rauigkeit des Gates.
Diese Rauigkeit wird als Linienkanten-Rauigkeit (engl. Line Edge Roughness,
LER) oder Linienbreiten-Rauigkeit (engl. Line Width Roughness, LWR) bezeichnet. Diese Begrie beschreiben die Schwankungen entlang einer Linienkante
bzw. die Linienbreitenschwankungen. Es wurde entdeckt, dass die gemessenen
Koordinaten entlang einer Linienkante gauÿförmig verteilt sind. Die dreifache
Standardabweichung der Gauÿverteilung (die sogenannte 3σ -Beschreibung) ist
mittlerweile die etablierte Kenngröÿe zur LER-Beschreibung. Sie erlaubt, die
Auswirkungen der LER auf das Bauelementverhalten zu berechnen.
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Bedeutende schädliche Eekte der Linienbreiten-Rauigkeit bei Transistorgates
sind eine erhöhte Streuung der Einsatzspannung, der Signallaufzeit sowie des
Sättigungsstroms. Am schwerwiegendsten ist der Anstieg des durchschnittlichen Leckstroms. Diese Auswirkungen der LER nehmen mit abnehmender
Bauelementgröÿe zu. Da die LER nicht automatisch mit kleineren Bauelementstrukturen abnimmt, ist ihre Kontrolle und Verringerung ein zunehmend
schwieriges Problem [Gog06]. Zusammen mit dem Abstand und der Breite der
Transistorgates, nimmt die maximal zulässige LER ab. In Abbildung C.1 ist
die entsprechende Spezikation für dynamischen Speicher mit wahlfreiem Zugri (engl. Dynamic Random Access Memory, DRAM) dargestellt.
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C.1:

Aktuelle und vorhergesagte Werte für den halben Abstand be-

nachbarter Transistorgates in der DRAM-Massenproduktion sowie die jeweils
zulässigen Linienbreitenschwankungen für lithographisch hergestellte Strukturen. Dargestellt ist die Vorhersage der International Technology Roadmap
for Semiconductors [ITR06a].

Die zunehmend geringeren Toleranzen für Linienbreitenschwankungen führten
seit Mitte der 90er-Jahre des vergangen Jahrtausends zu einem verstärkten
Forschungsinteresse an deren Ursachen. Es war bekannt, dass Schwankungen der Photolackdicke zu Linienbreitenschwankungen der Photolackstrukturen führen. Das neue Forschungsinteresse war darauf gerichtet, wie sich
die diskrete Photolackzusammensetzung und die von Natur aus statistischen
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Schwankungen unterworfenen Bearbeitungsschritte auf die resultierende LER
auswirken. Zu Beginn standen die Auswirkungen der Gröÿe und Form der
Polymerketten im Photolack im Blickpunkt. Es wurde herausgefunden, dass
unterschiedliche Zusammensetzungen der Polymerketten zu deutlich unterschiedlichen LER-Werten führen. Jedoch konnte keine Gesetzmäÿigkeit über
den Zusammenhang zwischen Polymerketteneigenschaften und der LER gefunden werden. Dann wurde entdeckt, dass der Kontrast des Bildes, das für
die Photolackbelichtung verwendet wird, deutlich mit der resultierenden LER
korreliert ist [Hin98]. Ein höherer Bildkontrast reduziert die LER. Danach
wurde entdeckt, dass die Basenkonzentration im Photolack [Fed01] und die
Diusionslänge der Säuremoleküle [Yos02] einen erheblichen Einuss auf die
LER haben. Jedoch weist keiner der beiden zuletzt genannten Faktoren einen
monotonen Zusammenhang mit den Linienbreitenschwankungen im Photolack
auf. Es bestehen zudem mehrere Zielkonikte zwischen der LER-Verringerung
und den Prozesskosten. Deshalb müssen bei der Material- und Prozessoptimierung zahlreiche Nebenbedingungen berücksichtigt werden. Beispielsweise
kann eine Erhöhung der Basenkonzentration im Photolack die LER verringern,
aber sie reduziert gleichzeitig den Durchsatz bei der Belichtung der Halbleiterscheiben. Mit kleineren Strukturgröÿen und geringeren zulässigen Prozessschwankungen, wird die Entwicklung, Optimierung und Kontrolle von Lithographieprozessen eine zunehmend schwierige Aufgabe. Zusammen mit den hohen Kosten und der eingeschränkten Flexibilität der im Lithographieprozess
eingesetzten Geräte1 , führt dies zu einem zunehmenden Einsatz von Software
zur Simulation des Lithographieprozesses. Nach Schätzungen der International
Technology Roadmap for Semiconductors (ITRS) kann die Verwendung von
Simulationssoftware die Technologieentwicklungskosten bei der Halbleiterherstellung um bis zu 40 Prozent senken [ITR06b].
1975 schrieb Dill die erste Veröentlichung über die Simulation optischer Lithographie [Dil75a]. Die erste kommerzielle Software zur Lithographiesimulation kam 1990 auf den Markt [Mac05]. Seitdem werden zunehmend komplexere Modelle angeboten, um die Genauigkeit der Simulationsergebnisse zu
erhöhen. Allerdings existieren noch keine fundierten Modelle, die eine Vorhersage der LER im Photolack ermöglichen. Alle kommerziell verfügbaren Modelle
basieren auf kontinuierlichen und deterministischen Ansätzen. Deshalb können
sie nicht die LER vorhersagen, die von der diskreten Photolackzusammenset1 Aktuelle Geräte zur Photolackbelichtung in der Halbleiterherstellung kosten 25 Millionen
US-Dollar oder mehr.
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zung und den von Natur aus stochastischen Bearbeitungsschritten verursacht
wird. Trotz des in den letzten Jahren zunehmend besseren Verständnisses der
Ursachen von LER berücksichtigen alle bislang vorgeschlagenen mesoskopischen (d.h. diskreten und stochastischen) Modelle nur einzelne Faktoren, die die
LER beeinussen. Keines der vorgeschlagenen Modelle wurde bislang quantitativ mit experimentellen Daten hinsichtlich der vorhergesagten durchschnittlichen Linienbreite verglichen. Weiterhin benötigen viele der vorgeschlagenen
Modelle Parameter zur Beschreibung der Photolackeigenschaften auf molekularer Ebene. Für diese Parameter existieren noch keine Messverfahren.
In dieser Arbeit wurden neue mesoskopsiche Modelle zur Photolacksimulation
entwickelt. Die neuen Modelle benötigen, im Vergleich zu den etablierten
makroskopischen Modellen, nur wenige zusätzliche Parameter. Es wurde ein
neuer Algorithmus entwickelt, der eine überlappungsfreie Darstellung der Polymerketten für die Photolackbeschreibung erzeugt. Das neu entwickelte Modell zur Simulation der Belichtung ist mathematisch äquivalent zu bisher vorgeschlagenen Modellen, bietet aber eine wesentlich einfachere Beschreibung.
Es konnte bewiesen werden, dass eine rechenzeitaufwändige Beschreibung der
Poissonverteilung der Photonenabsorption nicht notwendig ist. Für die Simulation des Ausheizens nach der Belichtung wurden existierende Methoden für
die mesoskopische Beschreibung gekoppelter Reaktions- und Diusionsprozesse
an die Bedingungen bei der Lithographie angepasst. Dadurch wurde eine Verringerung der Rechenzeit und des Speicherbedarfs erreicht. Die neue Beschreibung des Photolackentwicklungsprozesses gestattet eine Beschreibung des Polymerlösungsverhaltens, die konsistent mit kalibrierten makroskopischen Ratenmodellen ist. Die neuen Modelle erlauben sowohl eine Vorhersage der durchschnittlichen Linienbreiten der Photolackprole als auch von deren Rauigkeit.
Die vorliegende Arbeit ist wie folgt aufgebaut: Kapitel 2 gibt einen Überblick
über die Photolackbearbeitung in der optischen Lithographie. Die etablierten
makroskopischen Simulationsmodelle werden in Kapitel 3 beschrieben. Kapitel 4 beschreibt sowohl die bereits existierenden als auch die in dieser Arbeit
neu entwickelten mesoskopischen Modelle. Daneben werden die mesoskopischen
Modelle mit kalibrierten makroskopischen Modellen hinsichtlich der vorhergesagten durchschnittlichen Linienbreiten und der benötigten Rechenzeit verglichen. Die verschiedenen Gesichtspunkte der Photolack-LER werden in Kapitel 5 beschrieben. Dies beinhaltet die in der Literatur vorgeschlagenen LERMetriken sowie verfügbare Messmethoden. Basierend auf der Übertragung von
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Photolack-LER auf die Transistorgates, werden die nachteiligen Auswirkungen
der Transistorgate-LER auf das Bauelementverhalten beschrieben.

Es wird

ein Überblick über experimentell gefundene LER-Ursachen gegeben und die
simulierten LER-Abhängigkeiten werden mit experimentellen Daten verglichen.
Kapitel 6 beschlieÿt die Arbeit mit einer Zusammenfassung und einem Ausblick
auf mögliche künftige Arbeiten zur mesoskopischen Photolacksimulation.

