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Abstract 

 
Extreme Ultraviolet (EUV) technology is necessary for chip manufacturing technology for 

finer circuits into many components for building faster and more energy-efficient chips. The EUV 

process utilizes a plasma light source that emits 13.5 nanometers in wavelength to create higher 

resolution chip circuit designs to transfer an aerial image at smaller dimensions for advanced 

process nodes at lower exposure doses. Chemically amplified resists have been recently 

commercialized as it benefits higher resolution chip circuit designs. However, one of the issues 

concerning EUV technology is that it can suffer from different types of stochastic defects due to 

photon shot noise, random inhomogeneities, and non-random inhomogeneities. This study 

investigates the potential non-random stochastic effects that exist in the multicomponent resist. 

In the multicomponent resist, self-segregation occurs, creating an inhomogeneous 

distribution leading to failures in the resist. We approached this problem by looking at previous 

models of the phase diagram to understand the system and energetic favorability  of segregation. 

Throughout our experiments we explore balancing the ratios of solvent, polymer, and PAG and 

hoping to define the line where we reach the 2-phase region indicating we have reached 

segregation.  First, we observed phase segregated regions using AFM through a spin coating 

method and a drop coat method. Then we approached the issue by analyzing the bulk liquid. 

Although we were unable to find the exact parameters where we cross the 2-phase region, through 

several formulations we have narrowed down the region that segregation occurs.  

 



   
 

iii 

Acknowledgments 

 

Advisor 

Dr. Gregory Denbeaux 

 

Former Students 

Ezra Pasikatan 

Belle Antonovich 

Ashley Adrin 

 

Committee Members 

Dr. Gregory Denbeaux 

Dr. James Lloyd 

Dr. Kathleen Dunn 

Alexandra Weeber 

Zenab Ahmed 

 

 

 

 

 

 

 

 

 

 



   
 

1  
  

Table of Contents 

 

Approval Sheet ................................................................................................................................. i 

Abstract ........................................................................................................................................... ii 

Acknowledgments .......................................................................................................................... iii 

Table of Contents ............................................................................................................................ 1 

Figures and Tables .......................................................................................................................... 2 

Introduction ..................................................................................................................................... 3 

Background ..................................................................................................................................... 5 

Chemical compositions studied ....................................................................................................... 6 

Phase Diagram Approach ................................................................................................................ 7 

Research Setup and Data ............................................................................................................... 12 

Determining Resist Segregation Throughout the Phase Diagram ................................................. 20 

Conclusion ..................................................................................................................................... 31 

Bibliography .................................................................................................................................. 33 

 

 

 

 

 

 



   
 

2  
  

Figures and Tables 

 

Figure 1 Schematic of main components of an EUV lithography system ...................................... 3 

Figure 2 Images of contact failure .................................................................................................. 5 

Figure 3 Composition of chemically amplified photoresists used for the experiments. ................. 6 

Figure 4 Configurational entropy model for polymer-solvent ........................................................ 8 

Figure 5 Phase diagram and their resulting morphologies .............................................................. 9 

Figure 6 Expectations from a phase segregating system .............................................................. 10 

Figure 7 The designs of the spin coater. ....................................................................................... 13 

Figure 8 Standard AFM sampling. ................................................................................................ 14 

Figure 9 Simulation of growth of phase-segregated regions ........................................................ 15 

Figure 10 Spin coat vs. Drop coat. ................................................................................................ 16 

Figure 11 Simplified phase diagram ............................................................................................. 16 

Figure 12 Ternary phase diagram with the potential 2-phase region. ........................................... 18 

Figure 13 Drop coats showing phase segregation. ........................................................................ 19 

Figure 14 Oil and water segregation ............................................................................................. 21 

Figure 15 DLS measurements of 28 wt.% sample results ............................................................ 22 

Figure 16 Dissolving formulation via rollers ................................................................................ 23 

Figure 17 Cartoon of the Nitrogen Blowdown procedure ............................................................ 24 

Figure 18 High wt.% solids with and without PAG. ..................................................................... 27 

Figure 19 The Martin and Huggins equation. ............................................................................... 29 

Figure 20 Two-phase region expectations vs results .................................................................... 30 

 



   
 

3  
  

Introduction 

 

Semiconductor chips are used in every electronic device imaginable. The semiconductor 

industry uses Extreme Ultraviolet (EUV) lithography as the latest technology needed to 

accommodate the push for a more substantial number of transistors per area in the development of 

next-generation chips. The ability of chemically amplified resists to transfer an aerial image at 

increasingly smaller dimensions for finer and denser patterns is essential for advanced process 

nodes to create faster and more energy efficient semiconductor chips. The EUV process utilizes a 

plasma light source that emits 13.5 nanometers in wavelength to create a better resolution. A 

schematic of the main components of an EUV lithography system is shown below, from the paper 

SEMATECH pushes extreme UV lithography forward1, by Stefan Wurm. 

 

Figure 1 Schematic of main components of an EUV lithography system 
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EUV uses light with an exceedingly small wavelength to make micro-features in 

semiconductors, a promising technology to help produce a more reliable and advanced chip. 

However, this process is not without its drawbacks. Previous work has indicated that stochastic 

defects hamper the image transfer at the critical dimensions due to photon shot noise and chemical 

non-uniformity. Multicomponent chemically amplified resists (CAR) benefit higher resolution 

chip circuit designs, but since EUV resists are sensitive to stochastic chemical effects, this causes 

pattern failures. In the multicomponent chemically amplified resist, self-segregation occurs, 

creating an inhomogeneous distribution, which causes certain regions of the resist to be more 

sensitive or more soluble than others, leading to failures in the resist. We discovered that the spin 

coating process is the main process where this segregation can occur. The spin coating process 

evaporates the solvent used for coating the resist but during this evaporation process, there is 

molecular mobility within the resist. The multiple components may segregate, leading to 

nonuniformity of the resist, which leads to defects in the manufacturing process.  
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Background  

 

EUV CAR recently became commercialized as it benefits higher resolution chip circuit 

designs. However, EUV resists are also sensitive to stochastic chemical effects, which cause 

pattern failures. Examples of pattern failures are inconsistent contact sizes and bridging between 

contacts.  One example from the paper, EUV Lithography: Sailing Along the Stochastic Cliffs2 by 

Pete Singer is shown below 

 

Figure 2 Images of contact failure due to resist sensitivity issues; the left picture depicts the inconsistent contact 
sizes. The right image shows the bridging of contacts2  

 

To improve pattern quality and the overall EUV technology, we investigate EUV resist 

stochastics and their effects. There are three distinct types of stochastic defects. These defects are 

due to photon stochastics, random inhomogeneities, and non-random inhomogeneities. Work 

within this project explores the non-random stochastic defects that exist in the multicomponent 

resist where segregation occurs.  

Typical chemically amplified resists are composed of three main components, the polymer, 

the photoacid generator (PAG) and the base, which are initially diluted in a solvent for spin coating.  

All can make segregation favorable. We will show some experiments where we add a pure 

polystyrene homopolymer and that segregates from the terpolymer in the resist.  We also have 

some data that indicates that at high concentrations, the PAG and the base can both segregate. 
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Chemical compositions studied  

 

We used an open-source environmentally stable chemically amplified photoresist 

(ESCAP-75) for the polymer component of the resist. This terpolymer contains 65 wt.% 

hydroxystyrene, 20 wt.% styrene and 15 wt.% tert-butylacrylate. For the PAG, we used triphenyl 

sulfonium perfluoro-1-butane sulfonate (TPS-PFBS).  For the base, we used tetrabutylammonium 

lactate (TBAL).  To increase the segregation in some resists tested, we replaced some of the 

ESCAP-75 terpolymers with a homopolymer of polystyrene.   

Standard formulations were 2 wt.% solids in 98 wt.% PGMEA solvent.  Of the solids, they 

were 83.5 wt.% polymer, 15 wt.% PAG, 1.5 wt.% base. 

We dissolved the solids in reactant grade PGMEA 

.  

                                                       

                                          75.15 wt. %                       8.35 wt. %   

  

 

                  

              15 wt.%                          1.5 wt.% 

Figure 3 Composition of chemically amplified photoresists used for the experiments. 

             Polymer (ESCAP)          Polystyrene (PS)   

 

PAG (TPS-PFBS)            Base (TBAL) 
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Phase Diagram Approach 

 

To understand the non-random distributions, we looked previous models of the phase 

diagram to understand the system and energetic favorability of segregation. 

With each molecule occupying one space in a single layer of approximately 1018 molecules 

on a 300 mm wafer, there will be distributions where similar molecules may group together rather 

than being spread out, it is impossible to avoid a bad distribution due to the entropic (randomness) 

and enthalpic (energy) contributions of mixing different chemicals.  If we try to apply this theory 

to our own experiments, the likelihood of natively occurring polystyrene within the resist in a 

normal formulation to create phase segregation is extremely small, therefore we hoped to 

exaggerate this by increasing the concentration of polystyrene to induce segregation.  We also 

increased the concentrations of PAG and base to induce segregation. 

The following figure 3, is based off the paper, Flory Huggins Theory for Polymer Blends 

by Saumya Madubhashini, showing a mixture of a simpler system that only includes solvent and 

polymer. The Flory Huggins Theory explains that one solvent or one solute can occupy a single 

lattice space with the entropy change of mixing an ideal mixture. This homogeneous mixture is 

obtained but on the molecular level similar molecules will occupy lattice sites in groups rather than 

evenly dispersed. This can also be defined with the equation below: 

 

N0 = number of lattice sites, Ns = number of solvent molecules, Npr= polymer repeat units 
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Figure 4 Configurational entropy model for polymer-solvent, based off of the Flory Huggins theory showing, which 
should be applicable for our original resist solution which is primarily solvent, but may not be appropriate through 

the full drying process.3 

 

The Flory Huggins theory uses entropy mixing, but we also need to consider the enthalpic 

portion of the experiment, which is where we need to consider the pressure and temperature of the 

free energy of mixing given by the Gibbs free energy. This in term gives the Flory Huggins 

interaction parameter which describes the polymer solvent interaction: 

 

For more complicated systems like photoresists, we can interpret CAR as a ternary (3) 

system, with the dominant components being polymer, PAG, and solvent, respectively. This 

ternary phase diagram can be predicted using the Gibbs free energy of the mixture and using the 

molar volumes and Flory Huggins interaction parameters of each species. Note that this does not 

describe the actual drying process or the kinetics of phase separation but describes the possible 

bulk polymer/PAG/solvent compositions. Since our systems are not in equilibrium, a phase 
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diagram may not be strictly pertinent, we can however use the generalized ternary phase diagram 

as a guide instead. Since PAG loading is around ten times more than the base, we assumed that 

PAG segregation could be a concern to study. If we assume PAG is to behave like a non-solvent 

molecule, we can draw a line on a generalized ternary phase diagram to describe the expected path 

as shown below. Generalized diagrams for these systems exhibit different regions of morphology. 

Through our experiments we explore balancing the ratios of solvent, polymer, and PAG and 

hoping to define the line where we reach the 2-phase region indicating we have reached 

segregation. 

  
Figure 5 Phase diagram for a hypothetical polymer, solvent, and non-solvent system showing four coagulation 

scenarios and their resulting morphologies. 4   

 

Previous studies from the paper, Kinetics of Phase Transitions5 by Sanjay Puri, observed 

phase separation within this 2-phase region and is shown if Figure 5 below. This study shows that 

the favorability of phase separation can describe this kinetic growth of phase-separated regions 

using a power law relationship. From this study we can also interpret that there is some control 

over the degree of phase separation by modifying the mixture composition. This gives an idea of 

  

   PAG     
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types of phase segregation that occurs with different types of compositions and that we expect to 

see comparable results within our experiments at these ratios. 

  

 

Figure 6 Expectations from a phase segregating system. The top left images are from a 50/50 mixture which will not 
match our expected composition for resists.  The top right is from a 70/30 mixture, which will be more likely to 

match the compositions of resists which typically are about 85% polymer in 15% PAG.  The bottom picture is the 
domain growth for the evolution depicted in the first image. This bottom image shows that phase segregation size 
follows a power law, and is the variation we expect to see by controlling the drying time of the photoresist, with 

longer drying times leading to larger segregated features. 5 

 

The ternary phase diagram is essential to determine if a region of 2-phase favorability 

exists. However, the size of the 2-phase region is unknown, and the interacting parameters become 

too complicated to calculate or predict this region, so we are going to focus on experimental 

measurements.  
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This experiment focuses on measuring the single vs two phase parameters by balancing the 

amounts of polymer, PAG, and base to narrow down on where this phase space is as much as 

possible. To do this we create several formulations and experiments to recreate these segregated 

features that are expected from a phase segregating system. 
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Research Setup and Data 

 

To improve pattern quality and the overall EUV technology, we investigate EUV resist 

stochastics and their effects. These defects may exist due to component miscibility and the 

influence of environmental parameters. Work within this project has indicated that 

inhomogeneities exist in the multicomponent resist. And these inhomogeneities may not occur by 

random statistics as previously thought. Therefore, we studied the spin coating process's stochastic 

inhomogeneities during the spin coating process and the bulk components during formulation.  

 During the spin coating process, as the solvent evaporates, the percentage of solids 

increases, leading to the potential for segregation between different solids within the resist. 

Furthermore, spin coating at sub-atmospheric pressure and elevated temperatures increases the 

evaporation rate, decreasing the time available for the resist to segregate during the drying phase 

of the spin coating process. After enough evaporation has occurred and the resistance approaches 

a more solid film, the viscosity increases, reducing the molecules' mobility, therefore locking in 

the configuration.  

We researched further to increase the evaporation rate to decrease the time available where 

segregation might be occurring. To do this, we built a custom spin coater and used it to determine 

if we could see the segregation effect in the CAR. We can modulate the CAR using different 

processing conditions; therefore, we modulated the spin coater to incorporate additional 

environmental parameters such as temperature and spin. The custom spin coater system can be 

used to explore the coating at low pressures and different temperatures. This project focused on 

critical parameters during the process such as post, application, bake time, spin parameters, 

temperature, and atmospheric pressure.  
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Figure 7 The annotated atmospheric and low-pressure designs of the spin coater (a) are on the left and displayed on 
the right is the process diagram of the arrangement(b).  

 

Most testing was done in the atmospheric and low-pressure configurations with added 

heating capabilities that were not fully explored due to prioritizing the exploration of other aspects 

that cause segregation. Future steps should explore how heating or changing pressure can affect 

the spin coating uniformity. Progress towards these steps is already underway with the 

implementation of adding a heater above the wafer. When the heater turns on, it quickly heats the 

resist. During this time, it is still in the liquid state, and the heater speeds up the time to evaporate 

the solvent, effectively quenching the resistance in its disordered state rather than allowing it to 

anneal into an ordered but segregated state.  
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While we believe there is some evidence of segregation at high PAG and base loading, the 

most easy and repeatable experiments showed segregation due to added polystyrene monomer into 

the resist. Then the metrology was easy with multiple segregated features per 500x500 nm AFM 

sampling region on the wafer. Due to the limitations in speed of the AFM measurements, any 

segregation that occurred orders of magnitude less frequently will be a challenge to find with the 

AFM. 

Atomic Force Microscopy (AFM) measurements were collected on each wafer at six points 

per wafer on a Bruker Dimension Icon Atomic force microscope using a standard tip for ScanAsyst 

in Air.  Each size was done over a 500x500 nm area, with a 256-line sampling at 0.8 Hz, giving a 

measurement time of 5 min per point.  We measured in a “t” shape, with each point being 2 cm 

apart from the other.  We initially did this sampling to have four measurements in the mid-radius 

region, which tended to be more uniform, as well as one center and edge point.  However, later 

measurements showed that the difference between radial positions was not substantial, except for 

potential scratches due to the wafer being handled by tweezers near the edges.  However, we kept 

this as a standardized sampling for data uniformity.  

 

Figure 8 (a) standard AFM sampling and (b) AFM settings used to obtain all comparison datasets. 
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We can also see that the spin coat parameters of other experiments like in Figure 8 below 

from the paper, Simulating Phase Separation during Spin Coating of a Polymer-Fullerene Blend: 

a Joint Computational and Experimental Investigation 6 by Vikas Negi, modulates the size of the 

phase-separated domains, such that simulations showed the domain growth related to spin 

parameters and drying time. The size of the phase-separated fields implies that there is some 

control over the degree of phase separation depending on environmental variables that affect 

drying.  

 

 
Figure 9 Simulation of growth of phase-segregated regions through spin coat time showing that longer time gives 

larger features.  Results from Vikas Negi paper 6 

 

Instead of using polystyrene to induce easy-to-find segregation, we can study the 

concentration of PAG on segregation. We can modulate segregation by varying the drying process, 

with temperature and spin speed, and evaporation rate of chosen solvent. Better understanding of 

the process parameters may make it possible to avoid the 2-phase region entirely if miscibility is 

good between components. On the other hand, if we cannot modulate miscibility 

(thermodynamics), and a sizeable 2-phase part exists, it may be possible to control the relative 

growth of the area under PAG +/- 7sigma distribution with spin coat parameters (kinetics). 
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Figure 10 Spin coat vs. Drop coat implying that drying time does matter.  The deposition with longer drying time 
lead to larger segregated features since there was more time for the molecules to travel while within the two phase 

energetically favorable region shown on the right proposed ternary phase diagram. 

 

During the spin coating process, it is unknown if the amount of diffusion could lead to this 

kind of response similar to Figure 8 on a smaller scale even when confirming that resists have 

components that would segregate. Therefore, this experiment created resists to intentionally 

segregate by adding pure polystyrene molecules to the resist.  

Based on the ternary phase diagram, we can simplify this diagram into a simpler 

generalized phase diagram in Figure 9 below indicating where we expect the parameter of the 2-

phase region to be. 

  

Figure 11 We simplify the phase diagram on the left only indicating the region that would be energetically favorable 
for 2-phase.  What is not known is the location of the dotted line shown that separates the two regions.  This 

experimental effort is targeted and reducing the range of possible locations of the 2 phase region. 
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As the components are randomly distributed and the solvent evaporates, the local 

concentration of components increases and they start to segregate. As a result, we expect to see 

similar dot like features of different components when the solvent finishes evaporating, and the 

thickness reduces. We first planned experiments varying the amount of PAG, essentially moving 

our final dried resist along the bottom axis of the ternary phase diagram in order to try to test where 

the two phase energetically favorable region meets the bottom axis. 

To try to test more of the parameter space in our ternary phase diagrams, it was important 

to test resist segregation at higher PAG wt.%. The samples planned covered the 0-50 PAG wt.% 

in 98% solvent. 

We performed experiments that modulated spin coat parameters and drying time for over 

a dozen polymer/PAG ratios of resist to determine if phase separation can be energetically 

favorable for a chemically amplified resist. We performed two spin parameters of 600 RPM and a 

Drop coat containing 15 drops. We chose five concentrations with the following ESCAP/PAG 

ratio respectively; 100/0, 90/10, 85/15, 80/20, 50/50. Each resist in the spin coating process was 

made with 2 wt.% solid in 98% PGMEA solvent. 

In figure 11 below, we can see evaporation during spin coating as a line from solution to 

solid film following the red lines. From left to right the red lines represent ESCAP/PAG ratio; 

100/0, 90/10, 85/15, 80/20, 50/50 respectively. We chose 100/0 ESCAP/PAG ratio based on a pure 

polymer as a reference for a film with no phase segregation. The 50/50 ESCAP/PAG ratio was 

created to maximize the amount of phase separation through the critical point in the 2-phase region 

when going through the spin coating process. We chose the other three formulations to cover a 

range of different PAG loadings in the resist to cover any areas where we may start to see 

segregating features.  
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 Faster drying results in locking the solids into a pre-equilibrium state. The spin coating 

does not allow the resist solids to reach the equilibrium composition because drying effectively 

locks the molecules in place relative to each other. However, we expected the possibility of 

segregation if the drying line goes through the critical point in the 2-phase region.  

 
Figure 12 Ternary phase diagram with red lines for the potential 2-phase region (left), indicating it is unknown at 

what part of the drying process segregation occurs.  

 

The following images in Figure 12 was created via Drop test and a spin speed of 600RPM 

with the varying ESCAP/PAG ratios created. Drop coated wafers were given a day to fully dry 

before being analyzed, and spin coated wafers were dried over about 10 seconds. We see obvious 

visible signs of segregation at 20 wt.% and higher PAG loading for drop coat samples, showing 

that we indeed have crossed the two-phase region somewhere in the drying process. However, 

when we compare the 600RPM spin coat at the same magnification, segregation is not visible. The 

reasoning for this is believed to be because the spin coat dries and locks the molecules before it 

reaches the degree of segregation required by our measurement approaches. 
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Control - 100/0        Low - 90/10  Nominal - 85/15      High - 80/20         Critical -50/50 

Figure 13 Top row of  images show drop coats through PAG concentration, and bottom row is spin coat samples at 
600 RPM. We deliver the following ESCAP/PAG ratios from left to right: 100/0, 90/10, 85/15, 80/20, and 50/50.  
Drop coat experiments with the longer drying time giving more time to segregate show visible segregation for 20 
wt.% and larger PAG concentrations.  Spin coating experiments do not show any measurable segregation on the 

length scales that we can measure with optical microscopy or AFM. 

 

To the best of our understanding the liquid resist with 98 wt.% solvent and 2 wt.% solids 

in the spin coating process is not segregated, and filtering does not change the outcome. We believe 

that the segregation occurs at some point in the drying process when the solvent content is reduced, 

and the resist molecules interact with each other. The key missing information is at what point in 

the drying process does it becomes energetically favorable to segregate.  
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Determining Resist Segregation Throughout the Phase Diagram 

 

The objective of the experiments is to determine if we can measure phase segregation in 

the in-solution states by using bulk liquid. This study aims to find ways to identify what part of 

the phase diagram is segregation energetically favorable.  At the start of these measurements we 

had no information about what part of the phase diagram would be energetically favorable to 

segregate. Therefore, we can learn to reduce the likelihood of segregation occurring in any resist 

by adjusting the process conditions. After identifying what part of the phase diagram is 

energetically favorable to segregate, processes could be employed to reduce the time available for 

that energetically favorable segregation to occur during the spin coating process. For example, we 

hypothesize that decreasing the evaporation time during the spin coating process would essentially 

"lock in" an initial randomized configuration before self-segregation.  

As a visible example of the separation process, if a system has a lower segregated energy 

state, then time and temperature will lead to more diffusion, leading to more segregation of the 

different components. A tabletop demonstration of mixed oil and water followed the formation of 

oil droplets that joined, increased in size, and decreased in number as time passed is shown in 

Figure 13 below.  
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Figure 14 The top row of images show photos of oil and water segregation after mixing over a time scale of 150 
seconds. The larger oil droplets form as the oil diffuses over time. The bottom image is a cartoon of the possible 

drying process.  The blue curve represents the percentage of solids in the resist over time. The shaded red area is the 
area where segregation is proposed to be most likely to occur, after the solvent has evaporated sufficiently that the 

polymer and PAG molecules  interact, but before the resist is nearly a solid with little molecular mobility. 

 

In order to learn about segregation in the real resist system, we sent a set of samples to the 

Ober lab at Cornell to use their Dynamic Light Scatterometry (DLS) tool to make measurements, 

to detect any physical change we may not see by the eye. We already believe that segregation does 

not occur in the 98% solvent, 2% solids resist.  The open question was at what concentration of 

solids does the segregation become energetically favorable.  The samples sent were formulated 

with a higher wt.% solids than the standard resist.  Instead of 2 wt.% solids, these were 28 wt.% 

solids in 72 wt.% solvent.  This way we can use DLS to determine phase separation while still in 

solution. This technique is helpful in corroborating whether the pre-drying states exhibit phase 

separation. Through this tool, we explored the 28 wt.% solids samples, each made with varying 

amounts of PAG within solids, either 10, 15 or 20 wt.% PAG. The DLS results were not 100% 

clear. They indicated a size of particles detected with an effective diameter of 4.91, 7.18, and 8.66, 

with a polydispersity of 0.307, 0.339, and 0.360 for the 10, 15 and 20 wt.% samples respectively.   
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Figure 15 DLS measurements of 28 wt.% sample results. 

 

One possible conclusion would be that this is the onset of segregation of PAG with sizes 

slightly increasing for the samples with increased PAG loading.  However, for any agglomeration 

type process in equilibrium, we would expect a larger difference in features size for samples when 

we double the concentration of the molecule that is segregating.  So, the variation in size might 

only be background noise. Furthermore, the size reported by DLS is based on the particle velocity 

assuming a liquid with the viscosity of water.  For our viscous samples, the DLS will overstate the 

size, so if those features are real they are significantly smaller than the 5 to 9 nm reported and 

again are probably just background noise and not actual segregation of the PAG within the resist.  

So, our tentative conclusion is that the DLS does not show segregation of PAG even at 28 wt.% 

PAG. However, from these results we can conclude that approximately the first 3 seconds of our 

10 second drying time can also be considered not energetically favorable for segregation.  

For samples with higher wt.% solids than the 28 wt.% solids sent for DLS, the viscosity 

becomes too high for the DLS measurement process.  Instead, we made measurements with visible 

inspection. As an example, we know that polystyrene latex (PSL) spheres with a refractive index 
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of ~1.6 can create a cloudy suspension in water which has a refractive index of ~1.3.  We have 

suspension with PSL particles below 500 nm which are visible to the eye.  If there was segregation 

of resist, with an index of refraction ~ 1.7 and PAG with an unknown index of refraction within 

PGMEA with an index of refraction of ~ 1.45, then we hypothesize that we would see the 

segregation visibly. 

We approached this experiment by adding polymer to solvent and letting it dissolve, since 

we noted that adding solvent to polymer would create a high viscosity barrier region preventing 

complete mixing. However, as concentrations reached 30% solid, the sample would become more 

challenging to mix, taking longer to dissolve the polymer. As the solution became more viscous, 

further amounts of polymer in solvent proved difficult. Complications such as clumping and high 

viscosity barriers were created where the two substances could not break through and mix 

thoroughly without having an external tool to break this barrier. 

 

Figure 16 Dissolving formulation via rollers. Polymer is added to solvent, set on rollers, and checked the next day. If 
a homogeneous mixture is achieved, this process is repeated to increase concentration. This method achieved 30 

wt.% solids via rollers. 

 

As a result, the polymer and solvent solution increased nonlinearly in viscosity with each 

addition of polymer, requiring us to add polymer a little at a time and waiting for it to fully dissolve 
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on rollers overnight before adding more polymer in decreasing quantities to avoid creating clumps 

and barriers. However, this created a time scale where it took too long to dissolve in the high-

viscosity gel, taking up to a week to reach a homogenous mixture. Therefore, we created three sets 

of samples where 30% proved to dissolve overnight, 50% eventually dissolving over three days 

from the last addition of polymer, and 70% not dissolving over several days.  

We then used an alternative option for creating these high-weight percentage samples. 

Starting with a pre-made stock system at a lower weight percentage of 10%, we evaporated the 

solvent by purging nitrogen across the top while keeping the sample in a water bath so that the 

temperature would not drop due to the evaporative cooling. Like nitrogen blowdown evaporation, 

a stream of nitrogen gas flowed directly onto the sample. The constant gas flow pushes off the 

vapor-saturated air layer, preventing the vapor from returning to the liquid. This new method 

decreases the amount of excess solvent vapor, lowering the pressure and allowing the sample to 

evaporate more quickly. 

 

Figure 17 Cartoon of the Nitrogen Blowdown procedure. This method took 10 wt.% stock solution and evaporated 
the solution to achieve a higher wt.%. This method achieved roughly 50 wt.% via nitrogen blowdown. 7 

 

Doing so decreased the volume of the sample size until it reached a jelly-like consistency. 

Further evaporation pushed the substance against the sidewalls of the container, and it did not seem 
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to dissolve further. Once the character of the formulation appeared homogenous, with little or no 

weight change after 24 hours we determined the nitrogen purge was no longer effective—this 

sample with nitrogen purge achieved around 50% wt. of PAG to polymer ratio. Similar to what 

can be achieved with dissolving the samples over rollers but proved to be a quicker method with 

less consistent involvement, however it faced a drawback of needing a larger container to sustain 

a higher volume of 30-40ml with an end result of a much lower volume of almost 10 ml that 

becomes harder to dissolve without the addition of more stock solution.  

The best approach to reach high viscosity samples ended up being a combination of 

dissolving the samples over rollers up to 30% and then following the approach with a nitrogen 

purge to reach a higher wt.% without consistent involvement and avoid having too low of a volume 

to continue evaporation. 

Simply dissolving the model would take a week to fully dissolve, with the creation of 

barriers and clusters prolonging the process. Thoroughly drying the sample appeared to take 

significantly less time but provided a small sample volume as a result.  

Two additional samples were created to explore the most efficient method of achieving a 

high wt.% to create a bulk liquid segregation that can be seen by eye. . These two samples had 

concentrations of 100/0 ESCAP/PAG ratio and 90/10 ESCAP/PAG ratio.  

We dissolved everything first where polymer is incorporated into the solvent and briefly 

mixed after every gram in the vortex machine to prevent clumping. After achieving an 

inhomogeneous mixture of 30 wt.%, we placed the samples on rollers and confirmed them to 

dissolve fully at 30% through visual inspection over a couple of hours. Next, the experiments ran 

through a nitrogen purge. Rather than having nitrogen gas evaporate the sample on the surface, we 

placed a needle in the solution instead. As a result, the nitrogen gas bubbles could freely flow 



   
 

26  
  

through the solvent and rise to the surface. After 12 hours, the substance's viscosity had increased, 

and nitrogen gas bubbles would move with incredible difficulty. The sample without PAG created 

a syrup-like substance with no obvious segregation, with mobility where the needle can sink into 

the substance but will slightly stick to the pipette upon removal. The selection with PAG made a 

more firm-like medium, like jelly, where the sample could freely suspend the needle. Furthermore, 

with the Polymer/PAG solution, as the solution decreased in volume, the solvents stuck to the sides 

of the vials and crystallized; with more crystallization appearing on the surface of the pipette. This 

reconfirms with the conclusion of other experiments that a minor component such as PAG helps 

cause segregated features. Since the concentration on the surface of the pipette does not give an 

accurate representation of the concentration within the test tube, it is unknown still at what weight 

percentage that segregation occurs. However, from our experiments with the highest concentration 

achieved, we narrowed this weight percentage to somewhere above 60wt.% solids.  Using this 

drying process, we did see crystallization when PAG was present in the samples.  However, that 

occurred at the surfaces and on the needle and was not visibly present within the remaining bulk 

of the resist.  The local concentration where that occurred was not the bulk concentration of the 

resist.  So, our tentative conclusion is that within the resist even near 60 wt.% solids and almost 

10 wt.% PAG, two phase segregation is not yet favorable. 



   
 

27  
  

 

Figure 18 Left image shows the sample at 57 wt.% solids without PAG, showing no clear indication of phase 
segregation. Right image shows the sample at 57 wt.%. solids, with 10 wt. % PAG, showing crystallization on the 

surface of the needle, indicating segregation. However, crystallization does not occur within the bulk liquid and the 
wt. % on the surface of the needle is undetermined. 

 

For this experiment, the viscosity of the sample proves to be an issue in order to achieve 

segregation by bulk liquid. To understand this trend between viscosity and concentration we need 

to look into several factors that affect this. The Martin equation8 tells us the intrinsic viscosity of 

dilute solutions,  but can’t be treated as a basis for the viscosity of highly concentrated polymer 

solutions, which is the case for our experiment.  

The Flory Huggins lattice theory of polymer solutions can be used to describe the 

interaction between polymer-solvent interaction which can help us learn the correlation between 

the viscosity and the concentration of the mixture. However, the Flory Huggins theory is based off 

dilute polymer mixtures, this means the intermolecular forces dominate. This becomes more 

complicated in high polymer concentrations as polymer chains tend to overlap, and the 

intermolecular forces becomes less important. Therefore, we need additional parameters to 
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consider when creating formulations where we increase from dilute to moderately concentrated 

polymers. 

The two common equations, known as the Huggin’s and Martin’s equation, is found to be 

used to estimate the viscosity for dilute to moderately concentrated solutions 

 

Where KH is the Huggins parameter (balances entropic and enthalpic contributions 

depending on intermolecular interactions, as described before), c is concentration, [η] is the 

intrinsic viscosity ( describes the effect of  completely separated polymer chains), and ηsp specific 

viscosity (measure of resistance to flow of a fluid) 

However, this equation is only a good approximation for dilute to medium concentrated 

polymer solutions, as we increase to higher concentrations, this equation will deviate as shown in 

Figure 17 below, from the paper, Viscosity of Polymer Solutions. Instead, a power series will be 

need to be used as an approximation for high concentrations. 

 

This relates to our experimentation of bulk liquid segregation because as we increase our 

concentration, we can predict the viscosity will increase following a power series and run into an 

issue where it will become increasingly difficult to dissolve the solution further. 
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Figure 19 The Martin and Huggins equation8  Whatever model is used, the viscosity increases dramatically with 
concentration of solids, making the drying process challenging, and limiting our experiments to approximately 60 

wt.% solids, so not fully able to show the entire drying process that occurs during the spin coating. 

 

The highest concentration achieved from directly dissolving the solids in the solvent was  

30 wt.% solids.  Using that 30 wt.% solids and then drying with the nitrogen blowdown method, 

samples can reach 57 wt.% solids over 12-14 hours. These means we can easily achieve higher 

weight concentrations in a day, rather than strenuously over a week, and find alternative methods 

in the future to obtain even higher results. As a result of our bulk liquid experiment, we can redraw 

this 2-phase region to be at a much smaller region than previously thought, shown in Figure 18 

below; the green dots indicate the areas where we deemed that the experiment still remains in the 

1-phase region, meaning that the 2-phase exists somewhere in a much smaller region that 

previously thought. This 2-phase region parameter can be drawn anywhere in the areas we have 

yet to explore. 
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Figure 20 Left image shows where we initially believed segregation could cross the two-phase region. Right image 
shows that the results of our experiments lead us to believe that the two-phase region is much smaller than expected, 

but could be any result in the shaded region. The green dots match where formulations were made following the 
standard procedures of rollers or nitrogen blowdown. The yellow dot indicates the 57 wt.% following a non-

standard procedure. 
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Conclusion 

 

In conclusion, this paper explores a component that contributes to the non-random 

stochastic effects, a challenge that the semiconductor industry consistently has when using EUV 

lithography to achieve more advanced technology. Chemically amplified resists (CAR) have been 

recently commercialized as it benefits these higher resolution designs, but is one of the main 

features that faces these drawbacks. Among these non-random stochastic effects we have 

determined that one of the main issues with these effects is due to the non-uniformity of the resist 

caused by the thermodynamics and kinetics of phase segregation.  

Previous work and research helped us determine how to identify distinct types of phase 

segregation and at what point within a phase diagram we would see these types of segregation. We 

approached this problem by treating the CAR as a ternary system and using the phase diagram to 

work on balancing our solvent, polymer, and minor component. This minor component was 

primarily PAG, polystyrene, or quencher.   

We initially approached the analysis of phase segregation by creating different 

formulations balancing several ratios of polymer and PAG in 98% solvent, and observing the 

phase-segregated regions using AFM through spin coating method and a drop coat method. The 

drop coat method confirmed that phase segregation did occur with the increase of the minor 

component. However, we failed to see this phase segregation through the spin coating method. 

This confirmed that the spin coating method effectively locks these molecules into place before 

they have the chance to interact and cause phase segregation in the resist. This determined that our 

safe drying time is around ~10 seconds, but still leaves the potential of phase segregation before 

or after that time. From the DLS measurements  
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Finally, we approached the issue by analyzing the bulk liquid. We initially tried to approach 

this method using Data light Scattering (DLS) but ran into the predicament that DLS needs the 

motion of molecules to determine the size of a particle. Since our bulk liquid reaches a more 

viscous solution with increased concentration, as predicted by the Martin and Huggins equation; 

this effectively slows down the speed of particles, therefore making them appear bigger than they 

are. Therefore, we decided to try to determine phase segregation by eye. Our PGMEA has a 

refractive index of 1.6 and a resist of 1.7 with an unknown refractive index for PAG. If we compare 

this to Polystyrene latex water spheres with a refractive index of ~1.6, other research has 

determined that it will create a cloudy suspension that can be seen by eye. Therefore, if segregation 

did occur, we would expect to see it in our bulk resist liquid with a high enough wt. % 

Through several formulations we were able to determine the best method to achieve ~60% 

solids almost overnight. Our experiment determined that a high weight% of ~60% solids created 

a high viscosity solution but showed no obvious segregated features that can be seen by eye. Trying 

to obtain higher wt. % of solids proved arduous and impractical to achieve without alternative 

methods. Although we are unable to find the exact parameters of where we cross the 2-phase 

region, we have determined that the region that segregation occurs at a much smaller region that 

previously thought. 
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