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Abstract
Improvements and advances in photolithography technology has allowed us
to move from light sources of 248nm wavelength to 193nm and produce photoresist profiles that can be used for etching feature sizes in the range of a few
nanometers. The two major classifications of resists are: positive and negative tone. Photoresist materials are prone to shrinkage and swelling effects
depending on the various process parameters used. Shrinkage is normally
seen in both these types of resists, but in positive tone development (PTD)
resists the regions that shrink are developed away.
Negative tone development (NTD) resists are susceptible to shrinkage
and other losses in height and volume. A more specific type discussed here
is the chemically amplified resist CAR which has a dramatically more improved sensitivity to light. One photon from the light source triggers multiple
de-protection reactions in the resist generating acid which when in contact
with the developer solution helps washing away regions with a higher acid
molecule count.
These photoresists show shrinkage ranging from 4% to 15% during the
post exposure bake (PEB) alone. Together with the other steps a higher
shrinkage is expected. The actual photoresist shrinkage depends on a number
of parameters such as the number of photoacid generators (PAG), inhibitor
concentration, density, Young’s modulus of the resist, coefficient of thermal
expansion, exposure dose, development time and rate. Keeping this in mind
it becomes really important to consider each of these parameters individually
to get a clear picture of the entire shrinkage phenomenon.
This thesis talks about the various schemes that can be used to model
this shrinkage anomaly and in particular the finite element method (FEM) is
discussed in detail. The simulation model proposed here helps in predicting
and understanding this undesirable effect which leads to flaws in semiconductor manufacturing. The major causes of resist shrinkage are investigated
along with a thorough analysis on its physical after effects.
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Chapter 1
Introduction
Optical projection lithography has been very successful in achieving and fulfilling the needs of the semiconductor industry for quite a few decades already.
It has been able to keep up with the expectations of Moore’s law and the
industry’s roadmap. A wide range of resolution-enhancing techniques such
as optical proximity correction and phase-shift masks have helped in the progression towards shorter wavelengths of light such as 193 nm [26]. The size
of critical dimensions1 (CD) has seen a great deal of enhancement from the
100 nm region to now even single digit nanometer feature sizes using EUV.
The optical lithography process is expected to carry on its legacy well into
the next decade.
Optical lithography faces its main challenge in enabling a higher resolution. By definition, optical lithography uses photons in the optical regime
and due to the wave nature of light, the diffraction limits the patterning
resolution to a certain fraction of the wavelength. Optical and extreme ultraviolet (EUV) projection lithography can be modeled and simulated using
computational lithography. Advancements in optical lithography simulation
and modeling were made possible due to the innovative and cutting edge
work done by Dill [6]. These simulation techniques are now being used as a
research and validation tool by engineers and scientists around the world.
Figure 1.1 shows a lithographic projection system setup. The main
goal is to create a desired pattern on the resist which is later used for etching on the Si substrate. For this a pattern is made on the photomask and
an advanced optical projection system is used to replicate this pattern on
the photoresist with a suitable light source and demagnification ratio. The
condenser lens shapes the emitted light coming from a source for a uniform
illumination of the mask. The projection lens with a suitable numerical
1

minimum feature size printed on the photoresist

1

2
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Figure 1.1: Schematic diagram of an optical projection system [26]

aperture NA collects the light diffracted from the photomask and directs it
towards an image plane on the photoresist. A more detailed description on
computational optical projection lithography can be found in the paper of
Erdmann et al. [7].
Owing to the recent breakthroughs and progress in the field of highperformance computing, the patterning of more complex and intricate mask
features can be realized with the help of rigorous simulations. Highly efficient
algorithms have made it possible to perform large scale simulations needed
for optical proximity correction, optical rules check, source-mask optimization and design co-optimization. The current modeling of mask and wafer
topography together with 3D photoresist effects for present-day accuracy and
efficiency requirements is still challenging and requires further innovations.
Photoresist pattern formation on chemically amplified resists CAR can
be simulated using the typical semi-empirical models for exposure, post exposure bake PEB and chemical development. Modern patterning requirements
have brought the negative tone development NTD process back to life and
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this has resulted in its own challenges and problems. In PTD, the regions
with a higher protection group concentration are washed away by the developer. During the NTD process however, regions with a higher protection
group concentration are developed away. This means that the major differentiating factor for the two processes is the developer chemistry.

1.1

Background

On analysing a normal aerial image, one can realize that negative tone imaging is superior to positive tone for small dimension contacts and trenches.
Predicting the cross-sectional shape of NTD materials is a challenge as they
do not have the development contrast of positive tone development PTD
materials. In the PTD process, the regions that would normally shrink are
washed away by the developer which is in direct distinction to NTD.
Photoresist shrinkage during the negative tone development process is
a problem seen in high activation energy chemically amplified resists. Most
of the current photolithography simulators do not account for shrinkage and
hence this phenomenon needs to be modeled separately. Most of the volume shrinkage is seen during PEB and can range anywhere between 4% and
15% [13]. The term shrinkage is a general term used to express CD change
together with height and volume loss. The extent of shrinkage is directly
related to the concentration of protection groups in the resist and is more
where the de-protection is high.
Shrinkage can be broken down into a number of stages. There is a
small amount of shrinkage during the exposure step which is approximately
1 %. After this during PEB, maximum deformation is observed which is
added to by the development process. Lastly, during CD measurement and
metrology study, the final form also known as shrinkage under SEM is seen.
A number of models were developed to better understand and analyse each
of these effects over the years [16]. Flory developed a thermodynamic theory
to describe the deformation of a polymer with solvent concentration [9] [8].
Investigation of retro-grade sidewalls and shrinkage modeling under SEM
was studied in the paper by Thomas Pistor et al. [25].
All this research has gained even more importance as only until recently
NTD processes have begun to replace the conventional positive tone development processes where resist shrinkage effects are negligible. These recent
advancements are critically needed to achieve the required process window
for the ever-diminishing device feature sizes. This imposes a challenge in the
computational lithography tools in terms of model accuracy which makes it
ever so important to keep progressing in the right direction. Most of the

4
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simulation models discussed earlier are in good agreement to experimental
results and hence are used extensively for lithography exploration.

1.2

Scope of the thesis

This thesis presents a detailed examination of the shrinkage phenomenon in
negative tone photoresists with the help of finite element method FEM simulations. Existing shrinkage models are studied and an analogy to simulation
using FEM is established.
Firstly, the different types of photoresists are analysed and differentiated. Focus is mainly on NTD resists which are prone to critical dimension
CD change coupled with height and volume loss. Shrinkage is mainly due
to the outgassing effect during exposure and PEB. This process is modeled
using the commercial FEM software ANSYS [1]. The distinct factors influencing shrinkage are identified based on various physical concentrations
within the resist. An optimal FEM shrinkage model is then developed based
on the results from experiments and other simulation techniques to provide
a most accurate understanding of this aspect.
The exposure and post exposure bake step are coupled to generate an
initial shrunk resist profile. What follows is a threshold development step
leading to a final resist profile which is then later used for quantitative analysis. The FEM model makes use of the concept of functionally graded materials to implement inhomogeneous material properties. The change in CD
and height are compared to that of an undeformed resist profile which helps
in understanding what effects the various parameters such as the Young’s
modulus, Poisson’s ratio and PEB temperature have on the final developed
profile of a negative tone photoresist.

1.3

Outline

The outline of the thesis is as follows. Chapter 2 introduces the topic of
lithography and how it is important to the semiconductor industry. A short
summary about its history and improvements is also given. The standard
Photolithography process flow is explained along with advancements in semiconductor manufacturing.
Chapter 3 is about the advent of lithography simulation and how it has
revolutionized the field of science and research. Diminishing feature sizes
have made it imperative to develop new simulation methods in order to keep
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pace with the growing demands of the semiconductor industry. A typical simulation mechanism is later explained in detail which includes a description of
all the main concepts needed to understand how a lithography simulation can
be performed. Further more a lithography process simulator is introduced
along with its operational flow.
The theoretical background of photoresists and their chemistry is mainly
discussed in chapter 4. Photoresist tonality and the deprotection reaction are
important concepts studied here. The two major types are compared in detail to realize what makes them distinct from each other. Also additionally
an elaborate explanation to the multiple processing steps involved to get the
final resist profile is given. The various mathematical equations pertaining
to each step of the process are introduced.
Chapter 5 talks about two models that can be used to simulate and predict photoresist shrinkage together with the relevant mathematical equations
and formulae. Firstly, the mechanical and thermal parameters most important to shrinkage modeling are discussed. Then the lattice spring model
based on the finite difference method FDM is described in some detail. After that the finite element model which will be used for further analysis is
illustrated.
The main part of the thesis containing the crucial FEM mechanics concepts and approach to modeling photoresist shrinkage is contained in chapter
6. Here the concept of shrinkage strain being analogous to thermal strain is
established. Also the functionally graded materials theory and the necessary
physical material properties are explained. Further more the simulation process flow is described and the interplay of various other software required to
achieve the desired results is made clear.
Chapter 7 contains practical test cases which were simulated to validate the previous developed shrinkage model. The two main cases are the
two-dimensional lines and spaces case (dense and isolated) and the threedimensional contact holes case. All the necessary physical parameters are
varied and the corresponding response is calculated in terms of resist height
loss with CD and sidewall angle change. Finally a quantitative comparison of
the acquired results is plotted to get a better understanding of what affects
shrinkage the most.

Chapter 2
Lithography in microelectronics
Lithography is a process used for the microfabrication of patterns on the
surface of a thin film or substrate. Light is the main source used for patterning on the substrate or photoresist with the help of a mask. This is why
the process may also be called Photolithography or optical lithography. The
imaging process is done in parallel for present-day lithographic simulations.
The photoresist is engraved based on the design of the microelectronic device. The photoresist in this case acts as a stencil for the etching process.
Photolithography is a high precision process which can be used to accurately develop features in the range of a few nanometers. Modern improvements in mask design and optical projection systems has helped in the
continuous advancement and sophistication of this process. Simple layers of
thin films do not make a device. To create an electronic device such as a
transistor, layers of thin films have to be patterned, etched and coated. A
modern day photolithography procedure is depicted in figure 2.1. Lithography combines these steps and can create millions of devices in batch.
The lithographic process dates back to 1796 when it was a printing
method using ink, metal plates and paper. Since then the process has seen
huge improvements and now has many types such as electron beam, scanning
probe, X-ray and XUV lithography. Photolithography has matured rapidly,
and its ability to resolve really small features is constantly improving. The
efficiency of the lithographic process is given by its resolution, minimum
feature size, accuracy of mask alignment and throughput. The increasing
number of transistors per IC did not lead to large sized chips. Instead, the
feature sizes on the semiconductor chips were steadily decreased.
Early projection tools used a system of mirrors or lenses to create a 1:1
image of the mask on the photoresist. Projection systems were later on replaced by reduction systems, which create a de-magnified image of the mask.
De-magnification simplified the mask manufacturing process and the mask
7
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Figure 2.1: Photolithography process flow [20]
features could be made larger. Reduction factors for most modern systems
is 4x. Figure 2.2 demonstrates one of the most sophisticated nanotechnology
tools used in semiconductor manufacturing worldwide: an ASML TWINSCAN XT1700i scanning stepper with a production capacity of 100 Si wafers
300 mm in diameter per hour in one topological layer equivalent (more than
100 33 x 26 mm microprocessor chips on a wafer are exposed). The radiation
linewidth of the source (193nm ArF laser) at a frequency of almost 10 kHz
equals several picometers. The main optical element is a Zeiss objective lens
made of deeply purified quartz and consisting of 30 lenses up to 300 mm in
diameter.
The patterning process has progressed to such an extent that a new
term Nanolithography was coined to compliment the state of the art lithography technique that concerns the study and application of fabricating nanometerscale electronic structures. There are a number of nanolithography applications that include: multigate devices such as Field Effect Transistors
(FET), quantum dots, nanowires, gratings, zone plates and photomasks, Nanoelectromechanical Systems (NEMS), or semiconductor integrated circuits
(nanocircuitry).

9

Figure 2.2: A scanning stepper (NA = 1.2, λ = 193 nm) (courtesy of
ASML)

Chapter 3
Lithography simulation
Lithography simulation was first implemented in the early 1970s by Rick Dill
of IBM in an attempt to describe the lithography process with the help of
mathematical equations [19]. Over the years to follow many advancements
were made to the simulation process and today the lithography process can
be simulated with a large degree of accuracy. It has become increasingly
important to adapt and improve patterning techniques for semiconductor
manufacturing. Optical and electron beam lithography are the go-to techniques for these advanced applications. Simulation has become a widely used
tool to aid in the development, optimization, equipment usage, materials and
processes for these lithographic technologies. Fortunately, a wide number of
lithographic operations can use the same simulation procedures developed
for semiconductor lithography.
Over the years feature sizes have reduced considerably and are now in
the nanometer range. Optical resolution enhancements have made it possible for the miniaturization of patterns on integrated circuits and this has
been the driving force behind Moore’s law. The minimum feature size that
a projection system can achieve is given by the Rayleigh equation:
CD = k1 .

λ
NA

(3.1)

where,
CD(critical dimension) is the minimum feature size
λ is the wavelength of light used
N A is the numerical aperture of the projection system
k1 is the technology factor which can be described as a measure of
difficulty to create a viable image and photoresist pattern

11
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Simulation mechanism

The lithography simulation mechanism is illustrated using figure 3.1 and the
various technical terms and steps are explained in detail below:

Figure 3.1: Simulation steps as done using Dr.LiTHO software
Aerial image: The aerial image of a partially coherent diffraction limited or
aberrated projection system is predicted with the help of the Abbe method.
Phase-shifting masks and off-axis illumination of the single wavelength or
broadband type can be simulated. It is essentially an image of a mask pattern that is projected onto the photoresist-coated wafer by an optical system.
The impact of synchronization errors during step and scan lithography are
simulated as vibrational blurring of the image. As shown in figure 3.1, based
on the mask layout a small region is considered (shown in red) is considered
for the further simulation.
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Standing waves: There can be interference between a plane wave of light
travelling downwards through the photoresist and the one that is reflected
back up from the substrate. This periodic variation of intensity as a function
of depth into the resist is called a standing wave. They can be reduced by
lowering the reflectivity of the substrate, increasing the absorption in the
resist or by using broadband illumination. This effect can result in a loss of
linewidth control. For simulating this phenomenon, an analytic expression
is used to calculate the standing wave intensity as a function of depth into
the resist. To demonstrate the standing wave effect, an anti-reflective coating with a refractive index of 1.84 is used in the above example which does
not help much as the refractive index of the substrate is high. This is an
undesirable effect in most cases and needs to be taken care of accordingly.
Exposure: The chemistry of the photoresist during exposure including the
bleaching effect is modeled using first order kinetics together with the Dill
A,B,C parameters [6].
Post-Exposure Bake: It is the next step after exposure in which the wafer
is heated to simulate the three-dimensional diffusion of the photoactive compound (PAC) and reduce the effects of standing waves. For chemically amplified resists, this diffusion and kinetic reaction leads to crosslinking of the
polymer and blocking or de-blocking of the resist to being soluble in the developer. All this happens due to an amplification reaction during the heating
process. Acid loss mechanisms and non-constant diffusivity can be simulated
using a three-dimensional reaction-diffusion algorithm.
Development: The development is a process in which the developer liquid
selectively dissolves the resist as a function of the exposure energy received by
the resist. This can be implemented with the help of a fast marching or cell
removal algorithm. Surface inhibition can be taken into account during this
step when necessary. The last step in figure 3.1 shows the developer arrival
time (DART) plot. This translates to being the time in seconds required by
the developer to wash away different regions of the resist. Regions with a
lower time are washed away by the developer and vice-versa. A threshold
value for the time can be set to extract the final resist profile.
CD measurement: The feature width printed on the resist that is measured at a specific height above the substrate to get the critical dimension.
This value should be as close as possible to the dimension set by the mask.

14
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The aspects described above provide a complete mathematical description of the optical lithography process. Using these models one can simulate
many interesting and important attributes of optical lithography.

3.2

Process simulator

A basic lithographic simulation software needs to simulate the main lithography modeling steps and generate results which are in close agreement to the
actual process. There are a number of different commercial software available
which can perform lithography simulations. One such software is Dr.LiTHO
which was developed at Fraunhofer IISB, Germany [10]. Lithography simulations implemented and results obtained for this thesis were done using
the Python based Dr.LiTHO software. This software simulates the basic
lithographic steps of image formation, resist exposure, post exposure bake
diffusion and development to obtain the final resist profile. Figure 3.2 gives
an idea of how the final resist profile is obtained using a standard lithography
simulator

3.2. PROCESS SIMULATOR

Figure 3.2: Flow chart: Basic optical lithography simulator [18]
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Chapter 4
Photoresists
Photoresists are light sensitive materials having multiple types, with positive
and negative tone being the most basic classification. Both of these react
very differently when exposed to UV light. Several requirements need to be
fulfilled for using these photoresists in the semiconductor industry. Their
chemical composition and chemistry are of the highest significance while
choosing which resist suits the desired application. During the spin-coating
process the photoresist needs to be soluble enough for deposition onto the
substrate and also have the required adhesion. Feature size control, minimization of undercutting and edge acuity are the most important parameters
while deciding on a photoresist [2]. Chemical changes occur in the photoresist during various stages of the photolithography process and the speed at
which these changes take place is called the photoresist contrast. Higher
resolution images require a higher contrast.
The transition to miniaturization demanded the use of light having a
very small wavelength (193 nm). This made the importance of photoresist
sensitivity even higher. Using a chemical amplification scheme dramatically
improved the sensitivity of the photoresist. The change in solubility of these
chemically amplified resists (CAR) is a direct consequence of a catalytic chain
reaction taking place upon initial exposure [24]. With the help of chemical
amplification one photon can trigger the deprotection of hundreds of acidcatalyzed deprotection reactions.
The four main components of a chemically amplified resist (CAR) are:
the polymer resin, photoacid generator (PAG), dissolution inhibitor and
other additives. The polymer resin can either polymerize or become photosoluble when exposed to light. The PAGs or sensitizers help to control
the photochemical reactions and make the resist sensitive to UV light. The
dissolution inhibitors or protection groups are uniformly distributed in the
photoresist before exposure and they help in controlling the dissolution rate
17
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Figure 4.1: Acid catalyzed deprotection reaction in a chemically amplified
resist [14]
of the photoresist. Depending on the specific application, additives are distributed along the resist in order to control light within the resist or increase
photon absorption. After exposure to UV light, the PAGs decomposes to
form an acid which in turn attacts the protection group (usually an ester or
anhydride), causing an acid-catalyzed deprotection reaction.
Chemically amplified photoresist chemistry and in particular the acid
catalysed deprotection reaction begins with a photoresist film containing a
lipophilic polymer dPBOCSt having a pendant tert-butoxy carbonyloxy (tBOC) group. The photoacid generator along with incoming photons helps
in the generation of acid. The acid splits the t-BOC group after the generation of an acid molecule and PEB, creating a series of volatile groups.
The actual reaction although complex can be typically approximated by the
reaction shown in figure 4.1, producing poly(hydroxystyrene) POST as a reaction product.
A contrast curve is used to characterize photoresist performance. It expresses the remaining resist fraction of a uniformly illuminated resist versus
the logarithm of the applied exposure dose.
The photoresist contrast γ is given by the equation:
γ=

1
log10 DD100
0

(4.1)

where:
D100 and D0 are the light dose to clear and the applied dose respectively.
The linear slope of the transition region in figure 4.2 describes the contrast
γ. It is a measure of how well a photoresist can convert an aerial image into
a sharper binary stencil for patterning and its ability to distinguish between

4.1. PHOTORESIST TONALITY

19

light and dark areas. A high-contrast resist increases the resolution of the
entire lithography process by reducing the parameter k1 from equation 3.1.
Typical values for γ range from 2 - 3. Hence, D100 is 101/3 to 101/2 times
greater than D0

Figure 4.2: A logarithmic sensitivity curve depiciting the contrast plot [15]

4.1

Photoresist tonality

Depending on how the photoresist behaves on exposure to light, it can be
classified into two major types namely, positive tone and negative tone. Once
the resist is exposed to light, the part exposed can either get polymerized
with the help of a polymerization reaction or become soluble. Both these
types of photoresists have their own applications in industry and hence need
to be analyzed separately.

4.1.1

Positive tone

A positive tone resist is a type of photoresist in which the part of the photoresist that is exposed to UV light becomes soluble in the developer leaving
windows of the bare underlying unexposed material. In these resists, exposure to the UV light changes the chemical structure of the resist. The mask,
therefore, contains an exact copy of the pattern which is to remain on the
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wafer, as a stencil for subsequent processing.

Figure 4.3: Positive tone processing

4.1.2

Negative tone

Negative tone resists behave in the opposite manner. When exposed to the
UV light, the negative resist becomes crosslinked/polymerized, and more difficult to dissolve in a developer. Therefore, the negative resist remains on
the surface of the substrate where it is exposed, and the developer solution
removes only the unexposed areas. Masks used for negative photoresists,
therefore, contain the inverse or photographic "negative" of the pattern to be
transferred.
There is an additional swelling effect on negative tone resists during
the development process based on the solvent molecule transportation mechanisms in the cross-linked photoresist polymer. The swelling is a result of
the solvent molecules penetrating into the cross-linked resist polymer during exposure and is produced by the acid catalysed crosslinking reaction.
The solvent molecules that infringe into the cross-linked polymer cause the
cross-linked polymer to swell during development [30].

Figure 4.4: Negative tone processing
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Overview and comparison

During the early years, negative tone processes dominated. High costs and
poor adhesion deterred the widespread commercial use of positive tone photoresists. Over the years transistor size and device dimensions kept on getting
smaller. This coupled with the need for higher resolutions, pinhole protection and the changing demands of the semiconductor industry emphasized
the need to use positive tone photoresists [2].
For particular applications such as contact holes a negative tone photoresist is preferred. Modern day 21st century demands such as high aspect
ratios, ultrathick photoresists and double patterning have made it imperative
to use negative tone imaging. Disadvantages of positive photoresists include
higher costs and lower sensitivity. Negative tone imaging (NTI, using an organic solvent based developer) provided low swelling and smooth dissolving
behaviour. Negative tone imaging for chemically amplified resists with EUV
exposure (EUV-NTI) has huge advantages in terms of performance, especially for improving line width roughness (LWR) and increasing sensitivity.

4.2

Photoresist processing steps

There are a number of steps steps involved in order to obtain the final photoresist profile. These are mainly the exposure, post exposure bake (PEB)
and the chemical development. In addition to these steps there are the softbake/prebake and the hardbake steps. The softbake is used to reduce the
remaining solvent content and the hardbake is performed after development
in order to increase the thermal, chemical and physical stability of developed
resist structures for subsequent processes. Both of these are optional and can
be avoided by optimizing the photoresist.
A simple example of a chemically amplified resist is considered in the
following sections to explain the relevant process terms. The XY plane is
the wafer plane and the resist thickness is along the Z direction of the XYZ
co-ordinate system. Figures 4.5 to 4.9 were computed with the following
parameters:
• Optical: ArF immersion scanner, NA=1.35, Dipole illumination, Ypolarized
• Scanner settings: λ = 193 nm, σinner = 0.3, σouter = 0.9, reduction =
4x
• Mask: glass substrate with a MoSi absorber layer

22

CHAPTER 4. PHOTORESISTS
• Mack parameters: rmin = 0.000001 nm/sec, rmax = 0.5 nm/sec, N =
30, Mth = 0.55
• Photoresist: Negative tone, linewidth = 45 nm, pitch = 150 nm, thickness = 90 nm

4.2.1

Exposure

During exposure a light source is used to modify the chemistry of the photosensitive resist material. The photon energy from incident light helps to
initiate photochemical reactions within the material. The absorption characteristics of the photoresist and amount of energy imparted by the photons
result in different radiochemical sensitization mechanisms. The Dill model
[6] explains the chemical modification of the photoresist on optical exposure.
The following two equations describe the model:
α = Adill .[P AC] + Bdill

(4.2)

∂[P AC]
= −Cdill .I.[P AC]
(4.3)
∂t
Equation 4.2 is derived from the Lambert-Beer’s law which relates the
absorption of light to the chemical composition of the material through which
it is travelling. α is the absorption coefficient of a photoresist containing a
photoactive component [P AC] and it represents the bleachable and unbleachable parts of the resist. In the unexposed state the relative concentration of
photoactive components is one. Therefore, Adill + Bdill represents the absorption of the unexposed or unbleached photoresist. Once it is fully exposed,
the concentration of PAC goes to zero and α = Bdill . Equation 4.3 specifies
first order kinetics of the photoactive component to the intensity I of incident
light. Cdill is serves as the measure of the photosensitivity of the photoresist
material.
For chemically amplified resists the photoactive component is a photoacid generator (PAG). The wavelength dependent Dill material parameters
are sometimes provided by the photoresist material suppliers. The three Dill
parameters, namely (Adill , Bdill and Cdill ) describe well the optical properties
of the photoresist.
The light intensity I and the PAC distribution in the Dill equations
depend on the position (x, y, z) in space and time t. This modified PAC
concentration leads to different spatially dependent absorption α(x, y, z, t)
along with a modified intensity distribution I(x, y, z, t).
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Figure 4.5: Photoresist bulk image showing intensity of light inside the
resist after exposure
The combined iterative solution of the two Dill equations can be time
consuming and therefore to mitigate the compute time a scaled defocus model
is used [4] which decouples the intensity and PAC variation in the traversal (x, y) and axial (z) directions. This enables the efficient modeling of a
bleaching photoresist with exposures for small to medium NA (≤0.7) projection systems with a reasonable accuracy. For wavelengths of 193 nm and
248 nm most of the chemically amplified resists do not show any significant
bleaching. As a consequence the parameter Adill is almost zero and equation
4.3 can be directly integrated as:
[P AC] = exp(−I.texp .Cdill ) = exp(−D.Cdill )

(4.4)

where texp and D are the exposure time and dose respectively.

4.2.2

Post exposure bake (PEB)

The post exposure bake step is carried out mainly to reduce the standing
waves effect and to increase the diffusion of chemical species inside the photoresist. Typical heating temperatures range from 100°C - 150°C and the
heat is applied either by a hot plate in contact with the silicon wafer or by a
convection oven.
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Figure 4.6: Photoacid generator [P AG] concentration after exposure with
Cdill = 0.055 cm2 /mJ and D = 20.3 mJ/cm2

Figure 4.7: CAR reaction scheme
Once the photoacid generators PAG are hit by photons, they release
an acid which in turn acts as a catalyst for the deprotection of the protected
sites M in the chemical reaction. In addition to this reaction, chemically amplified resists contain certain amounts of a quencher base B which influences
the amount of acid molecules available for the deprotection reaction.
The photoacid reaction happens during exposure and is supplemented
by an additional thermally driven deprotection reaction during PEB. The
kinetic reactions during PEB are coupled with the diffusion of small acid
and quencher molecules. A single acid molecule moves to several deprotected
sites which leads to higher mobility. A larger diffusivity or more mobility of
the molecules increases the sensitivity of the photoresist material.
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(a) Quencher

(b) Acid

Figure 4.8: Relative concentration after PEB

4.2.3

Chemical development

Photoresist development is the process of removal of resist material based
on the local concentration of deprotected sites [M ]. Mack developed a phenomenological model relating [M ] with the development rate r [17]. He
considered the equilibrium between developer diffusion from the bulk solution to the resist surface and the developer-resist reaction with the diffusion
of the reaction product back into the resist material.

Figure 4.9: Concentration of protected sites after PEB
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The Mack rate model for positive tone photoresists is as follows:
r = rmax

(a + 1).(1 − [M ])ns
+ rmin
a + (1 − [M ])ns

(4.5)

and
ns + 1
.(1 − Mth )ns
(4.6)
ns − 1
here rmin and rmax are the development rates of the completely protected and deprotected photoresist respectively. Mth represents the inhibitor
threshold concentration and ns depicts the slope of the development rate
curve. In this case for a positive tone development process the regions with
lower concentration of protected sites is washed away by the developer.
a=

Figure 4.10: Development rate curve obtained from the Mack model with
rmin = 0.1 nm/s, rmax = 100 nm/s and Mth = 0.5
In contrast to a positive tone development, a negative tone development
process washes away the part of the resist that has the higher concentration
of protected sites. To explain this an inverse Mack model is used where the
inhibitor concentration M is replaced by (1 − M ) [29].

RN T D (M (x, y, z)) = Rmax

Rmax
(a + 1)M ns

ns + Rmin
+
R
≈
min
Mth
a + M ns
1 + M (x,y,z)
(4.7)
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RN T D ≈ R1 M ns + Rmin for M < Mth
As shown in figure 4.11 the inverse Mack model development rate curve
is slightly different from the standard Mack model PTD rate curve. Here ,
regions with a higher inhibitor concentration are developed by the developer
solvent. The developer therefore attacks regions with higher protection group
concentrations and leaves behind the region with that of a lower concentration.

Figure 4.11: Development rate curve for an inversed Mack model used for
NTD [29]
The negative tone development (NTD) process on a positive tone chemically amplified resist is being used widely for modern day’s challenges in the
semiconductor industry. This process is accomplished by using a different
developer which develops away parts of the resist that have a higher level of
protection. Common negative tone developer solvents are ethy lactate and
diacetone alcohol. This development process has shown improved critical
dimension (CD) resolution and line edge roughness (LER) characteristics.
On the other hand this process is prone to lower development contrast and
poor correlation to optical images. Retrograde sidewalls are another source
of inaccuracy and errors in photoresist processing.

Chapter 5
Models to predict shrinkage
Chemically amplified resists (CAR) together with a negative tone development (NTD) process are known to be prone to shrinkage [13]. Most of the
shrinkage is observed during the post exposure bake (PEB) and hence is considered the primary cause for thickness loss in negative tone resists. Shrinkage is a result of evaporation of a volatile byproduct of the de-protection
reaction. This free volume creates a void space in the resist structure which
during the PEB process gradually collapses. At a later stage after NTD,
the CD of the resist changes along with a reduction in photoresist height,
volume and a change in sidewall angle is observed. Not only is a height loss
noticed, but also a lateral displacement within the photoresist. There are a
number of mechanical parameters and equations that can be used to explain
the shrinkage behaviour.

5.1

Mechanical and thermal parameters

The most important variables and parameters that need to be considered
while modeling shrinkage are the Young’s modulus, Poisson’s ratio, density,
coefficient of thermal expansion and the temperature. The isotropic elastic properties of the photoresist under tensile or compressive loads are derived from the Young’s modulus and Poisson’s ratio whereas, the shrinkage
is mainly dependent on the coefficient of thermal expansion and the change
in temperature. The important assumptions in this model are that the creep
and plastic deformation effects are neglected and Hooke’s law is applicable
throughout.
The Young’s modulus or elastic modulus is a measure of the stiffness of
a solid body. It is used to explain the relationship between stress and strain
when a load is applied to a body. A body or object with a higher Young’s
29
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modulus E value tends to be stiffer as compared to one with a lower value.
It has the unit of stress (N/m2 or kg.m−1 .s−2) ) as it is the ratio of stress to
strain. The Young’s modulus can be calculated using the following formula:
E=

σ()
F/A
F L0
=
=

4L/L0
A4L

(5.1)

where,
F is the force due to tension or compression
σ() is the stress
 is the strain
4L and L0 are the change in length and original length respectively
A is the cross-sectional area
The force exerted by the stretched or contracted material is given as:
F =

EA4L
L0

(5.2)

The Poisson’s ratio ν is the ratio of transverse strain to axial strain. It
is a measure of how much a body tends to expand in a direction perpendicular
to the direction of compression. When an object is stretched, it’s thickness
reduces and length increases. ν is therefore a parameter used to explain this
exact same phenomenon. Consider that a material is stretched or compressed
along the axial direction:
ν=−

dtrans
daxial

(5.3)

where,
trans is the transverse strain (negative for tension and positive for
compression)
axial is the axial strain (positive for tension and negative for
compression)
For three dimensional cases, volumetric change needs to be taken into account. Consider a case where a body is under tension and the body expands in the x direction by 4L and contracts in the y and z directions by
4L0 . The volume of a body is given as V = L3 and hence V + 4V =
(L + 4L)(L − 4L0 )2 . Using these relations the relative change in volume
4V /V of a body is given as:
4L
4V
= 1+
V
L

!1−2ν

−1

(5.4)
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for very small values of 4L and 4L0 , a first order approximation yields:
4V
4L
≈ (1 − 2ν)
V
L

(5.5)

For isotropic materials by using Lamé’s relation [22]:
ν≈

1
E
−
2 6K

(5.6)

here K is the bulk modulus.
Typical values for the Poisson’s ratio are in the range between −1 < ν < 0.5
[21]
Heat conduction of a material is given by the thermal conductivity κ
(W/mK) parameter. Materials with a higher κ value are better conductors
of heat and vice-versa. It is defined as the quantity of heat Q, transmitted
in time t through a thickness L, in a direction normal to a surface of area
A, due to a temperature difference 4T , under steady state conditions and
when the heat transfer is dependent only on the temperature gradient.
Thermal conductivity = heat flow rate × distance / (area × temperature
difference)
Q L
(5.7)
κ= .
t A4T
The specific heat capacity (c or s, is also called specific heat or SHC) of a
substance is defined as heat capacity per unit mass. It is the amount of energy
required to raise the temperature of one kilogram of the substance by one
Kelvin. Heat capacity can be measured using the calorimetry procedure. For
many purposes it is more convenient to report heat capacity as an intensive
property, an intrinsic characteristic of a particular substance. In practice,
this is most often an expression of the property in relation to a unit of mass;
in science and engineering, such properties are often prefixed with the term
specific. International standards now recommend that specific heat capacity
always refer to division by mass. The units for the specific heat capacity are
J
.
[c] = kg·K
The volumetric thermal expansion coefficient is used to describe the
general expansion or contraction of a body due to temperature T changes at
constant pressure and can be given as:
1
αV =
V

∂V
∂T

!

(5.8)
p

To model shrinkage in our case a negative value of αV is used. This parameter
therefore has the ability to directly control the amount of shrinkage in a body.
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Depending on the type of simulation (2D or 3D), αVx , αVy and αVz need to
be specified accordingly.

5.2

Lattice spring model

In this model a novel non-local lattice particle method for both 2D and
3D cases is proposed for elasticity, deformation and fracture simulation of
isotropic solids [5]. It is a discrete-based method where the material is represented as a collection of independent particles (elements) which are interacting with each other with different types of interaction potentials. The
domain of interest is decomposed into regularly packed particles which are
located at discrete lattice sites and are connected via springs. There is a
normal loss of interaction between the particles during a fracture process.

Figure 5.1: Basic cubic lattice with lattice cell size a [23]
The central
√ point is at a distance of ’a’ from its 6 nearest neighbours
(orange) and 2a from the other points (blue). Considering that there are
n unit cells associated with a reference particle, the total potential energy of
the particle is given as:
Uparticle =

n
X

I
Ucell

(5.9)

I=1

In a lattice spring model LSM, each mass point in the lattice is connected by a spring with stiffness ke to each of its nearest neighbours. The
2
e
bond between particle m and n, makes a contribution of k(δL
mn ) /2 to the
potential energy of the system. The elasto-static displacement field is given
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Figure 5.2: A spring connecting the lattice particles. Top: Unstretched
configuration having length L0mn . Bottom: Stretched configuration with
length L0mn + δLmn
by the fact that the static equilibrium positions of the particles correspond
to the minimum potential energy. The particle position vector r is used to
describe the total potential energy Utot of the lattice system.
The full spring length between a central particle n q
and one of its 18
nearest and next-nearest neighbours bn is given by Lbn = (rn − rbn )2 with
the respective rest length of the spring between particles n and bn is given
as L0bn . The potential energy of the the LSM is as follows:

Utot =

N
X



18 q
e1X
k

n=1  2



2



( (rn − rbn )2 − L0bn )2 +

bn

6
X

T 
2 bn

q

(rn − rbn
2

)2

−

L0bn

2 






(5.10)
For cases with a higher percentage of shrinkage, the model for volumetric
strain is considered suitable by calculating the relative change in length of
an isotropically shrinking small cube:
1/3

(l − l0 )
V
=
l0
V0
eij = 0, f or


e11 = e22 = e33 =

−1

(5.11)

i 6= j

The above equation indicates for each material volume element the relative
change in length of the isotropic material acknowledging the fact that each
element is free to expand or contract on demand and are not bound elastically to its neighbouring volume elements. The shrinkage strain in equation
5.11 is ascertained depending on the deciding parameters causing the deformation. To incorporate shrinkage strain into the LSM, the rest length L0bn
of the springs as represented in equation 5.10 is chosen as the product of the
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undeformed rest length a multiplied by the scale factor fscale .
L0bn = a × fscale

(5.12)

where fscale is a shrinkage scaling factor determined based on the amount of
shrinkage/deformation computed for the photoresist.

5.3

Finite element model

Physical mathematical problems can be described as differential equations.
The solutions to these problems can often be difficult due to geometric and
material complexities involved. In these situations, the finite element method
FEM emerged as one of the practical and preferred numerical method for
solving solid and structural mechanics problems [27, 3].
The standard steps to solve a problem using the finite element are as
follows:
• Subdivide the problem domain into finite subdomains known as finite
elements
• Develop algebraic relations over each representative element between
the forces and displacements at selective points, called nodes, using the
principle of virtual displacements and approximations of the displacement field.
• Assemble all the elements based on their respective relations in a matrix
form suitable to solve
• Apply required boundary conditions
• Solve the equations for unknown nodal displacements
• Determine the stresses, strains, temperature, etc

The governing equations for plane elasticity problems can be formulated
as:

∂ 2 ux
∂σxx ∂σxy
+
+ ρfx = ρ 2
∂x
∂y
∂t
∂σxy ∂σyy
∂ 2 uy
+
+ ρfy = ρ 2
∂x
∂y
∂t

(5.13)
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where fx and fy denote the components of the body force vector along the x
and y directions respectively with ρ being the density.
Equations 5.13 can be expressed in the matrix form as:
DT σ + f = ρü

(5.14)

where

D=

∂
∂x
0

∂
∂y

0







"
#
" #
σxx
ρfx
u
∂ 


,u = x
∂y  , σ =  σyy  , f =
ρfy
uy
∂
σxy
∂x

(5.15)

The infinitesimal strain tensor ε is given by:
i
1h
∇u + (∇u)T
2!
1
∂ui ∂uj
+
≡ (ui,j + uj,i )
∂xj
∂xi
2

ε=

1
εij =
2

(5.16)

From this the strain displacement relations are expressed in matrix form as:






∂ux



εxx
∂x


∂uy

 = Du
ε=
 εyy  = 
∂y


∂uy
∂ux
2εxy
+
∂y
∂x

(5.17)

Figure 5.3 shows that the domain Ω̄ = Ω ∪ Γ of the elastic body is
divided into a set of subdomains Ω̄e = Ωe ∪ Γe , called finite elements. Any
2D or 3D body however complicated can be subdivided into a number of
these finite elements and is called the finite element mesh of the domain Ω.
The dependent unknowns ux and uy can be approximated over a typical
finite element Ω̄e by:
ux (x) ≈ ueh (x) =
uy (x) ≈

vhe (x)

=

n
X
j=1
n
X

ujx ψje (x)
(5.18)
ujy ψje (x)

j=1

Here x = (x, y) and (ujx , ujy ) denote the values of displacements ueh (x)
and vhe (x) at a selected number of element nodes in the element Ω̄e and ψje
denotes the Lagrange interpolation functions associated with the element.
Further concepts of virtual work, virtual strain energy, stiffness matrix and
stresses at different configurations are required for formulating the finite element model. A detailed explanation can be found in [27].
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Figure 5.3: (a) FE domain (b) Discretized domain
To model thermally induced shrinkage using FEM, the concept of thermal strain needs to be introduced.
σ = [D]εel

(5.19)

where:
h
iT
σ = stress vector σx σy σz σxy σyz σxz
[D] is the stiffness matrix or the stress-strain matrix
εel = ε − εth = elastic strain
h vector
iT
ε = total strain vector = εx εy εz εxy εyz εxz
εth = thermal strain vector
Equation 5.19 is for a 3D case. Attributes with a Z component need to
be omitted while considering a normal 2D problem.
Most solid materials expand upon heating and contract when cooled. The
change in length with temperature for a solid material can be expressed as:
(lf − l0 )
= α1 (Tf − T0 )
l0
1
α1 = dT
l dl

(5.20)

where l0 and lf are the original and final lengths with the temperature change
from T0 to Tf . α1 is the thermal expansion coefficient for change in length.
Similarly volume changes can be formulated as:
∆V
= αV ∆T
V0

(5.21)
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Isotropic materials exhibit the relation: αV ≈ 3α1 . For simplicity and relevance αV is written as αin throughout this thesis.
The thermal strain is given by
εth = αin (T )(T − Tref )

(5.22)

where:
αin (T ) is the instantaneous coefficient of thermal expansion
T − Tref is the difference between the applied temperature to the reference/room temperature
εth (T ) is related to αin (T ) by:
εth (T ) =

Z T

αin (T )T

(5.23)

Tref

A negative value of αin is therefore used to simulate shrinkage within the
elements of a finite element mesh.

Chapter 6
Photoresist shrinkage modeling
using FEM
As explained in chapter 5, the finite element method can be used to model
shrinkage in mechanical simulations. Because of its various advantages, the
finite element method is the preferred implementation approach used for
solving problems related to structural mechanics and also as a rigorous simulation procedure to verify results obtained from other simulation techniques
such as the lattice spring method.
One reason for the finite element method’s success in multi-physics
analysis is that it is a very general method. Solving the resulting system of
equations is the same or very similar to well-known and efficient methods
used for structural and electromagnetics analysis. Another reason for the
method’s success is that it makes it easy to increase the order of the elements so that the physics fields can be approximated very accurately. This
typically corresponds to locally approximating the physics fields with polynomials of higher order, such as second- and third-degree polynomials, or
higher. This technique is often critical, for example, in the case of accurate
stress analysis.
Considering the example of a stress analysis, it is quite common to
have certain stress concentrations close to some of the corners of a mechanical part. In this case, FEM allows for two different ways of increasing the
accuracy of the solution around this corner. One way is to increase the order
of the elements [11] and the other method is to locally refine the mesh close
to that corner so that the element density increases locally. The finer the
mesh (i.e. more elements), the more accurate approximation one gets for
the stress field around the corner of interest. Both techniques are used in
finite element software and are frequently made automatic from the user’s
perspective. This is known as adaptive mesh refinement.
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Another advantage with the finite element method, which is particularly important for multi-physics analysis, is that one can combine different
kinds of functions that approximate the solution within each element. This
is called mixed formulations. This is important, for example, in the case of
electromagnetic heating. The physics and mathematics require one type of
function for the electromagnetic field and another type of function for heat
transfer; they both need to be tightly coupled to get an accurate solution and
also for the solution to converge. Mixed formulations are straightforward to
handle in the finite element method, but difficult or impossible with other
methods.
The FEM simulation results for this thesis were obtained using the
commercial finite element software ANSYS [1]. This software is one of the
primary commercial FEM software used to simulate and analyse mechanics
problems. For the simulation results shown in the following sections, the
ANSYS multiphysics thermo-mechanical solver was used.

6.1

Shrinkage mechanics

In chemically amplified resists CAR, the photosensitive species are the photoacid generators PAG which, when hit by a photon, release an acid A. The
acid catalyses the chemical reaction which deprotects the protected sites M.
Additionally, the amount of acid molecules in chemically amplified resists is
influenced by the amount of quencher base B present.

Figure 6.1: Typical reaction scheme in chemically amplified resists
From equation 5.19 the strain ε can be formulated as:
ε = εth + [D]−1 σ

(6.1)
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The total strain ε is the sum of the elastic εel and thermal strain εth
values.
iT

h

εth = 4T αxin αyin αzin 0 0 0

(6.2)

The flexibility or compliance matrix [D]−1 is:
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[D]−1

(6.3)

where,
Ex is the Young’s modulus in the X direction
νxy is the major Poisson’s ratio
νyx is the minor Poisson’s ratio
Gxy is the shear modulus = Exy /(2(1 + νxy ))
Adapting equations 6.2 and 5.22 and considering volumetric strain we get:
εth =

4V
= αin 4T
V0

(6.4)

The thermal strain as formulated above is analogous to shrinkage strain as
the deformation occurs due to changes in temperature/heat flux and is used
directly as an input to the shrinkage model in ANSYS. Based on the acid
concentration A in the photoresist, the thermal strain εth or shrinkage strain
εshrink can be formulated as:
εshrink = εth = η(1 − A)

(6.5)

∴ εshrink = εth = αin ∆T = η(1 − A)

(6.6)

Here η is the shrink parameter which can be varied depending on the level
of shrinkage. From equation 6.4 to 6.6, the coefficient of thermal expansion
can be obtained as:
(1 − A)
αin = η
(6.7)
4T
The coefficient of thermal expansion αin value is used as an input to ANSYS
and models the shrinkage phenomenon. η can take negative values ranging
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Figure 6.2: Variation in acid concentration along a central cutline through
the photoresist Z-axis 1
from -0.1 and -1. As seen in figure 6.2, the acid concentration in our case
varies along the horizontal direction of the photoresist which in turn serves
as a basis for the shrinkage computation.
As can be seen from figure 6.3, the acid and PAG concentrations are
the inverse of each other i.e. PAG = (1 - A). With this relation the following
shrinkage theory can be formulated: regions with a higher acid concentration
are more prone to shrinkage and vice-versa.

6.2

Photoresist material information

Photoresists as thick as 0.1 micron to 1 micron and with features having aspect ratio2 > 20 have been demonstrated using standard lithography equipment. Various etching, chemical and hardness tests can be used to establish
their mechanical properties. There are a number of photoresist manufactures
and each one uses a different material specification to suit the needs of customers. Material properties for standard negative tone photoresists is shown
in table 6.1.
1

Please note: the Mack parameters for figures 6.2,6.3 and 6.5 are from the beginning
of chapter 7
2
ratio of printed feature width to its height
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(a) PAG

(b) Acid

Figure 6.3: Concentrations within a photoresist
Property
Value used
Young’s modulus
3 GP a
Poisson’s ratio
0.4
Density
1200 kg/m3
Thermal conductivity 0.2 W/mK
Specific Heat
1.5 kJ/kgK

Value range
3 - 4 GP a
0.3 - 0.4
1000 - 1200 kg/m3
0.2 - 0.3 W/mK
1.2 - 1.5 kJ/kgK

Table 6.1: Material properties
The physical significance of the mechanical and thermal parameters
have already been explained in section 5.1. All these properties also apply
to photoresists while defining the input parameters for an FEM simulation.
Along with the mechanical aspects, the optical properties such as resolution,
photosensitivity, and index of refraction play an important role while deciding
on the photoresist to be used.

6.3

Functionally graded materials

The concept of functionally graded materials FGM can used to define the
variation in material properties along a photoresist. A photoresist consists
of a varying inhibitor concentration which is analogous to an inhomogeneous
material. This continuously varying material composition helps in producing
and designing composite materials [28]. There are two main types of graded
structures, namely the continuous and stepwise structure.
In the case of a continuous graded structure, the spatial variation in
composition and microstructure is continuous, whereas for the stepwise case,
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Figure 6.4: Gradation concept in FGM
the microstructure feature changes in a stepwise manner. As seen in figure 6.4, the latter gives rise to a multilayered structure with an interface
existing between discrete layers. The properties inside these layers are determined based on the relative concentrations of two or more materials mixed
together. Therefore the final material properties are a weighted average of
the constitutive material specifications.

(a) Concentration

(b) Contours

Figure 6.5: Inhibitor concentration within a photoresist
It can be seen from figure 6.5b that the inhibitor concentration is almost uniform at 0.1 for the first layer and then begins to vary horizontally.
Multiple layers are defined in the CAD model using this approach and used
in the finite element model. The main material parameters that vary along
these layers are the Young’s modulus E, density ρ and coefficient of thermal
expansion αin . In this way inhomogeneous material properties can be defined
which specifies that the amount of shrinkage varies locally according to the

6.4. SIMULATION PROCESS FLOW
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local protection level [8].
Based on this acid concentration, the isotropic elastic material properties (E and ρ) of the resist are defined. E and ρ in each of the functionally
graded layers is defined as follows:
E n = (1 − A)E
ρn = (1 − A)ρ

(6.8)

where n is the layer number with E and ρ representing the bulk material
properties.

6.4

Simulation process flow

Multiple process steps are involved during the shrinkage simulation of a negative tone photoresist. This is summarized in figure 6.6. Firstly, the lithography simulation is carried out using Dr.LiTHO where the input inhibitor,
light intensity, acid and PAG concentrations are read in to generate a developed profile without any shrinkage consideration. This profile is basically
the DART (Developer Arrival Time) plot which represents the time required
by the developer to develop the resist. Regions with a higher time are not
developed and are left behind, whereas the ones with a lower time value
are developed away. The critical dimension CD is calculated based on the
DART.
Based on the inhibitor concentration, the contour plot along with the
contour co-ordinates is generated. These points are in the form of a numpy
array and are used to create a CAD model using the Autodesk Inventor software [12]. Since ANSYS supports geometry sizes upto the micrometer range,
each of the models have been scaled up by a factor of 1000. This CAD
model is imported into the ANSYS environment and the required material
properties are defined using the concepts explained in sections 6.2 and 6.3.
The other important input parameters, namely, the exposure dose and PEB
temperature are specified. The simulation type is set to static and hence the
time period is normalized to one period. The coefficient of thermal expansion
is calculated based on the PEB temperature and is specified accordingly.
Two major boundary conditions used are symmetry and fixed support.
Since the photoresist is simulated for a single pitch length, a symmetric
boundary condition is necessary on the extreme ends. The silicon wafer is
fixed on a hot plate and the PEB temperature is specified at this support
region. A parametric simulation is run varying the density, Young’s modulus, PEB temperature and coefficient of thermal expansion. At the end a
threshold development step is carried out where a predetermined inhibitor
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threshold value is used to remove resist material below the specified value.
This value is selected such that it closely matches the DART profile.
As explained above, the entire simulation consists of multiple substeps
performed using different software best suited for the task. As seen in figure
6.6, the steps within the red dotted box were done using Dr.LiTHO, the
green using Autodesk Inventor and the blue using ANSYS. Together at the
end after postprocessing, the required CD, height loss and sidewall angles
were determined.

6.4. SIMULATION PROCESS FLOW

Figure 6.6: Simulation process flow
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Chapter 7
Simulation of test cases
To better explain the photoresist shrinkage phenomenon, test cases are simulated and studied. In this chapter the two main types will be analysed in
more detail. They are namely, the lines and spaces (2D) pattern and the
contact holes (3D) case. For the lines and spaces case, the final photoresist
consists of lines (undeveloped part) and spaces (developed part) for a negative tone resist. In this pattern the length along the third dimension is very
large compared to the dimensions in the XZ plane and also there is no variation in feature size. It can therefore be simulated simply as a 2D problem
in the XZ plane. Contact holes are patterns in which the developer develops
regions in the photoresist giving rise to voids/holes.

(a) Dense space: 83 nm (b) Isolated space: 230 nm (c) Contact holes: 300 nm
pitch
pitch

Figure 7.1: SEM images of test cases (Source: The DOWTM Chemical
Company)
To compare photoresist shrinkage, a benchmark simulation is done
which calculates the CD, height and sidewall angles before deformation.
These values are determined based on the Developer Arrival Time (DART)
49
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profile. A threshold time is set and the profile shape after development is
generated. This profile provides the time required by the developer to wash
away a particular region of the resist. Areas with a higher time value are
not washed away and vice-versa. The quantitative results are then compared
to the values obtained from the DART profile. CD measurements are taken
at the top of the resist which sees the maximum change and the height is
measured at the leftmost point of the photoresist. Resist height is the lowest where the inhibitor concentration is least and gradually increases as we
move to the part with the highest concentration. The top of the photoresist
therefore resembles an upward increasing concave curve.
The Mack parameters for all the test cases are as follows:
• rmin = 0.000001 nm/sec
• rmax = 0.04 nm/sec
• N = 25
• Mth = 0.6

7.1

Two-dimensional case

This is the most basic photoresist pattern consisting of mainly lines and
spaces. The feature density can vary on a fixed pitch and based on this they
can be classified as a dense, semi-dense or isolated space. The dense space
has a feature size that is half the pitch size. On the other hand, an isolated
space has a feature size that is very small compared to the pitch. A semidense space, as the name suggests has a feature size somewhere in between.
The exposure dose used for the following dense and isolated feature densities
is 34.4 mJ/cm2 . 2D patterns can help in getting a basic idea of the shrinkage
phenomenon in negative tone photoresists. In the present investigation based
on the shrinkage model introduced in chapter 6 only the dense and isolated
spaces are studied.

7.1.1

Dense space

This is the case with the highest photoresist feature density and is known
to show the lowest levels of shrinkage. For the example discussed below, the
pitch taken is 144 nm and the linewidth is 72 nm with resist thickness value
of 83 nm. For the FEM model, total number of mesh elements is approximately 2000. After development, the feature has retro-grade sidewalls owing
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to the attenuation of light within the resist. However, as the shrink factor
is varied, height loss along with change in sidewall angle is observed. Retrograde sidewalls change to pro-grade. This is mainly due to the change in the
thermal expansion coefficient. This phenomenon is shown in figure 7.2.
Apart from the shrink factor, a number of parameters were varied including the Young’s modulus, density, PEB temperature and Poisson’s ratio
and their effects on the CD and height were studied. Based on comparisons from experiments and lattice spring simulations [23], a shrink factor
of η = −0.5 was used. For the threshold development step, an inhibitor
threshold of 0.15 was used. Taking these assumptions into account, it can
be observed that the developed model agrees well to the already established
simulation and experimental data.

Figure 7.2: Dense space: Resist profile on varying the shrink factor (XZ
plane)

7.1.2

Isolated space

An isolated trench in a photoresist layer is formed by surrounding it with
relatively large additional line features on its either side. The ratio of feature
width to resist thickness is adjusted so that, after development, there is no
resist on the floor of the isolated (main) trench whereas a larger length, but
finite thickness of resist remains on the floor of the substrate that occupies a
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higher ratio with respect to the pitch. The isolated trench may then be used
for etching or electroplating the underlying substrate. Shrinkage, height loss
and change in sidewall angle is maximum for this feature pattern due to a
high resist to pitch ratio.
For the example discussed below, the pitch taken is 1216 nm with resist
thickness 83 nm and the linewidth is 206 nm. A shrink factor η = -0.2 is used
as a benchmark as it predicts nearly similar height loss values as compared to
experimental data. A inhibitor threshold of 0.15 is used for the development
process. For the FEM model, total number of mesh elements is approximately
5000. On varying η, a higher change in height and CD is noticed as seen in
figure 7.3. This is mainly because there is more resist material and solvent
present in the exposed regions that are prone to shrinkage.

Figure 7.3: Isolated space: Resist profile on varying the shrink factor (XZ
plane)

7.1.3

Quantitative comparison

To get a better idea on the effects of change in parameters, a quantitative
study is carried out which helps in understanding which parameter affects
shrinkage the most.
As seen in figures 7.4 and 7.5, there is not much effect on the CD due to
changes in the Young’s modulus and the PEB temperature. For standard
photoresist material properties as shown in table 6.1, changes in Young’s
modulus and PEB temperature tend to show the least impact on the CD
within the specified range. As the PEB temperature is increased, a slight
expansion of the resist compensates for the change in CD.
A change in the value of the shrink factor has the greatest influence on
shrinkage. It is the value that is directly proportional to αv and therefore
precisely controls the amount of height loss and CD change. For a dense
space, η ranges from -0.1 to -1 as all these values depict realistic ∆CD and
∆h values. However, for an isolated space η ranges from -0.1 to -0.6, as
values after -0.6 show non-physical quantitative results.
Both the graphs 7.6 and 7.7, as expected show a linear relation of the
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Figure 7.4: 2D case: Young’s
Figure 7.5: 2D case: PEB
modulus vs. change in feature CD temperature vs. change in feature CD

Figure 7.6: 2D case: Shrink factor vs. Figure 7.7: 2D case: Shrink factor vs.
change in feature CD
change in feature height
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Figure 7.8: 2D case: Poisson’s ratio Figure 7.9: 2D case: Poisson’s ratio
vs. change in feature CD
vs. change in feature height
shrink factor η with ∆CD and ∆h. Changes in CD for a dense space range
from as high as 20% to as low as 2%. For an isolated space it lies between
7% and 56%. Figure 7.7 shows that the height loss values are a bit higher.
The Poisson’s ratio ν is a ratio of the strains along two directions which
makes it an important deciding factor while considering shrinkage mechanics.
A higher value would mean more strain and a higher deformation. Figures
7.8 and 7.9 validate this claim. ν has a higher impact on the height loss
compared to the CD.
Shrink factor
-0.1
-0.2
-0.3
-0.4
-0.5
-0.6
-0.7
-0.8
-0.9
-1

Dense space
4.355
3.6
3.52
2.8
1.9
1.9
0.88
0.453
-0.47
-1.251

Isolated space
-2.663
-6.2
-8.531
-12.249
-15.611
-19.29
-

Table 7.1: Sidewall angle in degrees
There is a considerable amount of change in the sidewall angle due to
change in the shrink factor η. For a dense space, the sidewall changes from
being retro-grade to pro-grade. A positive angle value in table 7.1 represents
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a retro-grade sidewall and vice-versa. For the isolated space, the sidewall
angle is always negative which means that it’s always a pro-grade sidewall.
The angles also change sharply on varying the shrink factor which is not so
much the case with a dense space.

7.2

Three-dimensional case

A very basic 3D pattern would be that of the contact hole. Contact holes
made using NTD can be visualized as being a small circular or elliptical dark
region on the mask which is later developed away by the developer leaving
behind a hole in the photoresist. The example discussed below has an Xdimension of 340 nm, Y-dimension of 200 nm and the resist thickness is 85
nm. The CD before shrinkage is 85 nm. For the FEM model, total number
of mesh elements is approximately 560,000. Exposure dose value taken is 31
mJ/cm2 . The negative tone development process can be used to generate
such kind of 3D patterns efficiently. For the contact holes problem discussed
below, the shrink factor η is taken as -0.4 whereas the inhibitor threshold is
0.1. The final developed profile is shown in figure 7.11.
Varying η leads to considerable height loss in the resist especially in the

Figure 7.10: 3D Contact holes: Resist profile on varying the shrink factor
(XZ plane)
exposed regions. Shrinkage observed in these resists is considerably more
than the 2D dense case owing to a lot more resist material.
Analogous to the two-dimensional photoresist pattern, variations in CD
and height based on the Young’s modulus and PEB temperature are negli-
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Figure 7.11: Contact holes after threshold development
gible as compared to the changes based on the shrink factor and Poisson’s
ratio.
The numerous comparisons and graphs in the previous sections gives
an idea on the various parameters decisive for NTD photoresit shrinkage
modeling. The shrinkage model presented in chapter 6 was validated with
the help of these test cases and proved appropriate. Keeping all of these
factors in mind, further finite element simulations on a number of different
cases could be performed to get an idea on how the deformation effects are
in each case.
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Figure 7.12: 3D case: Young’s
modulus vs. change in feature CD

Figure 7.13: 3D case: PEB
temperature vs. change in feature
height

Figure 7.14: 3D case: Shrink factor
vs. change in feature CD

Figure 7.15: 3D case: Shrink factor
vs. change in feature height
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Figure 7.16: 3D case: Poisson’s ratio Figure 7.17: 3D case: Poisson’s ratio
vs. change in feature CD
vs. change in feature height

Chapter 8
Conclusion and outlook
A detailed explanation on a finite element based shrinkage model which predicted the thickness loss and CD change for negative tone photoresists was
presented. As shown, shrinkage effects can indeed be a serious problem for
most negative tone photoresist materials which makes it very crucial to optimize and enhance the necessary material aspects.
The material attributes of the photoreist are seen to have the maximum impact on the photoresist performance. All the fundamental physical
linear elastic material properties were approximated and helped in getting
comaparable results to experiments and previously published data [8, 13, 16,
23, 25]. The various concentrations in the photoresist namely, the inhibitor,
PAG and acid were all analysed to prepare a most accurate model to predict
the shrinking phenomenon in NTD resists. The assumption of a dependency
on the acid concentration produced the most plausible results. Hence, it was
the preferred approach to help get an idea of the thickness loss process using
the finite element method.
The acid concentration proved to be the most suitable deciding factor in approximating the physical material attributes such as the Young’s
modulus, density and thermal expansion coefficient. The inhomogeneity in
the photoresist due to variations in the protection group concentration were
modeled considering the resist as a functionally graded material. This behaviour was closely resembled by formulating an equation consisting of a
variable shrink factor which helped in getting a close match to the actual
amount of shrinkage.
A quantitative analysis on the most common 2D (dense and isolated)
lines and spaces problem showed that the change in sidewall angles was maximum for an isolated feature and asserted that the shrinkage is greatly dependent on the feature density. For the 3D contact holes example, owing to
the higher amount of resist material, more height loss was observed. This
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can be attributed to the higher concentration and lower diffusion of the solvent present. Additionally, the same shrink factor values for the different
feature densities showed different results and this asserts the relevance of
benchmarking each test case differently.
The threshold development step helped in extracting the quantitative
data such as the CD, height and sidewall angles. An inhibitor threshold
that closely matched the final developed profile was used in the model. The
quantitative results showed that a change in Young’s modulus does not affect
the resist deformation greatly which is mainly because of the similar ratio
of stress to strain i.e. if the stress increases, there is a proportional strain
response to balance out the resulting effect. The same cannot be said for
the Poisson’s ratio which shows a noticeable shrinkage trend on increasing
values. This is evident from the fact that the Poisson’s ratio is a ratio of lateral strain to longitudinal strain and a higher strain value would mean higher
stretching/deformation of the photoresist. An increment of the shrink factor
in the negative direction (from -0.1 to -1) the deformation increases almost
linearly as this value is directly proportional to the thermal expansion coefficient.
Although, the present model predicts NTD resist shrinkage to a reasonable amount of accuracy, a more precise result could be obtained by a
grid interpolation from the uniform finite difference FD grid generated by
Dr.LiTHO to the finite element FE grid of ANSYS software. Another promising future step would be to do a back-interpolation of the FE grid to a FD grid
for a more efficient development simulation. Also a range of more complex
3D resist features could be simulated and compared quantitatively. Lastly,
the final form of photoresist shrinkage which is seen during the scanning electron microscope SEM measurement process is of great interest for industry
and therefore needs to be dealt with accordingly.

Bibliography
[1] ANSYS Mechanical User’s Guide. ANSYS Inc, November 2013.
[2] Andrew R. Barron. Composition and photochemical mechanisms of photoresists. 2009.
[3] K.J. Bathe. Finite Element Procedures. Klaus-Jurgen Bathe, February
2007.
[4] D.A. Bernard. Simulation of focus effects in photolithography. IEEE
Transactions on Semiconductor Manufacturing, 1:85–97, 1988.
[5] Hailong Chen and Yongming Liu. A non-local 3D lattice particle framework for elastic solids. International Journal of Solids and Structures,
81:411–420, March 2016.
[6] F.H. Dill, W.P. Hornberger, P.S. Hauge, and J.M. Shaw. Characterization of positive photoresist. IEEE Transactions on Electron Devices, 22,
1975.
[7] Andreas Erdmann, Tim Fühner, Peter Evanschitzky, Viviana Agudelo,
Christian Freund, Przemyslaw Michalak, and Dongbo Xu. Optical and
EUV projection lithography: A computational view. Microelectronic
Engineering, 132:21–34, 2015.
[8] Chao Fang, Mark D. Smith, Stewart Robertson, John J Biafore, and
Alessandro Vaglio Pret. A physics-based model for negative tone development materials. Journal of Photopolymer Science and Technology,
27:53 – 59, July 2014.
[9] P.J. Flory. Principles of Polymer Chemistry. Cornell University Press,
1953.
[10] Tim Fühner, Thomas Schnattinger, Gheorghe Ardelean, and Andreas
Erdmann. Dr.LiTHO: a development and research lithography simulator. Optical Microlithography XX, March 2007. Proc. SPIE 6520.
61

62

BIBLIOGRAPHY

[11] Jean-François Hiller and Klaus Jürgen Bathe. On higher-order-accuracy
points in isoparametric finite element analysis and an application to error
assessment. Computers and Structures, 79:1275–1285, 2001.
[12] Autodesk Inc. Autodesk Inventor software. https://www.autodesk.
com/products/inventor/overview.
[13] Nickhil Jakatdar, Junwei Bao, and Costas J. Spanos. Physical modeling
of deprotection induced thickness loss. Advances in Resist Technology
and Processing XVI, 275, June 1999. Proc. SPIE 3678.
[14] Ronald L. Jones, Tengjiao Hu, Eric K. Lin, Wen-Li Wu, Dario L.
Goldfarb, Marie Angelopoulos, Brian C. Trinque, Gerard M. Schmid,
Michael D. Stewart, and C. Grant Willson. Formation of deprotected
fuzzy blobs in chemically amplified resists. Journal of Polymer Science
Part B Polymer Physics, 42(17):3063 – 3069, September 2004.
[15] Heinrich Kirchauer. Photolithography Simulation. PhD thesis, Technischen Universität Wien, December 1998.
[16] Peng Liu, Leiwu Zheng, Maggie Ma, Qian Zhao, and et al. Yongfa Fan.
A physical resist shrinkage model for full-chip lithography simulations.
Advances in Patterning Materials and Processes XXXIII, Proc. SPIE
9779, March 2016.
[17] Chris A. Mack. New kinetic model for resist dissolution. Journal of the
Electrochemical Society, 139:35, 1992.
[18] Chris A. Mack. Lithographic simulation: a review. Lithographic and
Micromachining Techniques for Optical Component Fabrication, 59,
November 2001. Proc. SPIE 4440.
[19] Chris A. Mack. Thirty years of lithography simulation. Optical Microlithography XVIII, Proc. SPIE 5754, May 2005.
[20] Marc J. Madou. Manufacturing Techniques for Microfabrication and
Nanotechnology. CRC Press, June 2011.
[21] P H Mott and C M Roland. Limits to poisson’s ratio in isotropic materials. Physical Review B, 80, October 2009.
[22] P H Mott and C M Roland. Limits to poisson’s ratio in isotropic materials—general result for arbitrary deformation. Physica Scripta, 87,
2013.

BIBLIOGRAPHY

63

[23] Thomas Mülders, Hans-Jïrgen Stock, Bernd Küchler, Ulrich Klostermann, Weimin Gao, and Wolfgang Demmerle. Modeling of NTD resist
shrinkage. Advances in Patterning Materials and Processes XXXIV,
10146, 2017.
[24] Uzodinma Okoroanyanwu. Chemistry and Lithography. SPIE Press,
2011.
[25] Thomas V. Pistor, Chenchen Wang, Yan Wang, Lei Yuan, Jongwook Kye, Yixu W, Sohan Mehta, and Paul Ackmann. Investigating
deprotection-induced shrinkage and retro-grade sidewalls in NTD resists. Optical Microlithography XXVIII, Proc. SPIE 9426, March 2015.
[26] Mordechai Rothschild. Projection optical lithography. Materials Today,
8(2):18 – 24, February 2005.
[27] Samit Roy and J.N. Reddy. Computational Modeling of Polymer Composites: A Study of Creep and Environmental Effects. CRC Press, 2014.
[28] Gururaja Udupa, S. Shrikantha Rao, and K.V. Gangadharan. Functionally graded composite materials: An overview. Procedia Materials
Science, 5:1291–1299, 2014.
[29] Cheng-En Wu, David Wei, Charlie Zhang, and Hua Song. Low-contrast
photoresist development model for opc application at 10nm node. Proc.
SPIE, Optical Microlithography XXVIII, 9426, 2015.
[30] Zaifa Zhou, Qing-An Huang, Weihua Li, Wei Lu, Zhen Zhu, and Ming
Feng. The swelling effects during the development processes of deep
uv lithography of su-8 photoresists: Theoretical study, simulation and
verification. IEEE SENSORS Conference, pages 325 – 328, 2007.

