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ABSTRACT 

 

Directed self-assembly (DSA) of block copolymer (BCP) is a promising and 

economic method of manufacturing periodic lamellar patterns on wafer that is widely 

used in semi-conductor and electronic fields. In BCP DSA lithography, same as issues 

in achieving defective free patterns and smooth edges, an evenly distributed width line 

space pattern is also critical but in lack of research.  

Comparing with experiment, simulation has many advantages on cost, accuracy 

and repeatability. Simulation has been very successful in predicting physical behaviors 

of systems and guiding the experiments.  

In this research, a coarse grained molecular dynamic (CGMD) simulation on 

polystyrene-b-poly (methyl methacrylate) (PS-b-PMMA) block copolymer DSA 

process using chemoepitaxial method was carried out. By changing BCP composition, 

substrate properties including topography and interaction strength, their effects on 

produced lamellae critical dimension (CD) variation, line space variation, roughness 

and tapering effect were investigated. It gives the direction of optimizing the substrate 

structure.  
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CHAPTER 1. INTRODUCTION 

1.1 Block copolymer directed self-assembly overview  

1.1.1 The need for using block copolymer directed self-assembly 

While the demand for better performance and lower cost microelectronic devices is 

growing dramatically, the most promising candidate technologies for semiconductors 

under 7nm node, extreme ultraviolet (EUV) lithography method, has encountered 

many issues like unpredictable stochastic printing failures[1-3], relatively short pellicle 

membrane, mask and collector lifetime[4-6], scanner defectivity[4], the resist 

performance[7-9], etc. Over the past two decades, directed self-assembly (DSA) of 

block copolymers (BCPs) has attracted the interest of both academia and industry to 

develop optimal, defect free nanolithographic patterns and miniaturize semiconductors 

due to its low-cost. Also, it is not restricted by inherent diffraction-based limitation[10-

14]. 

Due to the incompatibility between the components in BCP molecules, at 

equilibrium, BCP will self-organize at molecular level, build blocks and form nano-

structures like hexagonally packed cylinders, lamellae, gyroids or spherical micelles 

with characteristic length scales to minimize the free energy. The obtained structure is 

determined by the type of monomers in BCP and the ratio of different type of 

monomers. For the micro-electronics industry, the lamellar structures are used as 

nano-templates in the manufacture of microchips, after etching off one type of 

monomers in lamellae structure, the remaining line-space patterns will have the same 

structure as what optimal lithography provides. 
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The multiplication property of BCP DSA is very useful in decreasing the demand 

for extremely high resolution requirement during lithography. It can be achieved even 

when the location of the guiding spots in the chemical pattern was randomly varied by 

as much as 23% of the natural domain spacing[15]. Although optical lithography is 

needed when generating the directing substrate, the demanded resolution will be many 

times smaller than that for EUV lithography. And the issues related with high energy 

generated in EUV process that could cause low lifetime can also be avoided by using 

BCP DSA method. With the improvement of defect and roughness control methods, 

this method can be a replacement for EUV in manufacturing devices like 7nm fin field 

effect transistor (FinFET)[16]. It is true that many areas are still remaining to be tackled 

to fully apply BCP DSA into industrial manufacturing, but its potential in producing 

microelectronic devices is really worth noticing and many people are dedicating 

themselves into this field.  

 

1.1.2 The principle of BCP DSA 

Normally, it is required for BCP to have a directed force to form demanded 

periodic spatial arrangement that can be used in industry[17]. The process of BCP DSA 

that is exclusively thermodynamically driven is slow, with limited control on the 

domain size and sometimes with poor degree of micro-phase separation. The 

morphology of the system may have a strong local order, but in many cases, in lack of 

long range orientation and translational order. A suitable directed force can not only 

control the obtained pattern orientation but also increase the structure formation speed.  
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DSA combined with advanced lithography techniques offers an additional driven 

force that provides orientational order to create patterns suitable for lithographic 

applications. Introduction of confinement effects in the form of external topography 

and surface features of the substrate called graphoepitaxy, or enthalpic effects like 

chemical patterning of the substrate and the features called chemoepitaxy can have a 

significant enhancement on the annealing time and the quality of the nano-pattern 

formed[18-24]. These are the two main methods that applied in industry to direct BCP 

self-assembly. Compared with chemoepitaxy, graphoepitaxy is harder to perform on a 

large scale to get lamellar structure, it is more often used to get ordered cylindrical 

domains or smaller scale lamellar structure.  

Among chemoepitaxial technologies to form line space patterns, Liu-Nealey (LiNe) 

flow with near symmetric polystyrene-b-polymethyl methacrylate (PS-b-PMMA) has 

been widely considered as a prospective DSA candidate for commercialization[25-26]. 

This method starts with the deposition of a cross linking PS mat on silicon substrate, 

followed by lithographic patterning of a photoresist on top of the mat. Then the 

formed structure will be transferred to cross linking PS via an oxygen plasma etch. If 

the acquired width is higher than required, an optional “trim etch” will be carried out 

for fine dimension control, this is basically having more etching time after the normal 

etching (in the paper this was called “breakthrough etching”). After etching, the 

remaining photoresist will be removed using solvent. Different types of brushes are 

then grafted on the interspatial regions based on different functions[27]. To use a 

substrate which has different chemical preference towards BCP to direct its self-

assembly, the substrates are normally composited of 2 parts, PS attractive regions and 
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neutral regions.  Some of the systems have the third region, which can be preferable to 

PMMA or neutral, those systems are called “3-tone system”[28]. The PS-pinned region 

is patterned with cross-linked PS mat film while the rest of the substrate is grafted by 

random hydroxyl terminated PS-b-PMMA chains (neutral layer) usually of a lower 

chain length than the PS mat. Due to the etch when generating the pinned PS area, the 

unpinned area is polarized and attractive to PMMA if no brush is grafted on the top of 

it. As a result, at some area where brush graft density is low (for example on the 

inclined wall near PS pinned area), the substrate will acquire PMMA attractivity (3-

tone system). PS-b-PMMA BCP is then spin coated on top of this chemically 

patterned substrate and annealed at elevated temperatures (250-300˚C) to obtain 

defect-free BCP lamellae. 

After the BCP lamellae formation, the PMMA domain will be selectively etched 

off to form a line space pattern of PS. This PS pattern can be used in the following 

nano lithography process as a template. This etching process can be carried out with a 

selective solvent like acetic acid, this process is called wet etching. Or it can perform 

with a variety of plasma, named dry etching, in which O2/Ar being the most popular 

etching gas[29-32]. Comparing with wet etching, dry etching is more commonly applied 

because there is no capillary forces during this process, so it will not lead to structure 

collapses. Some main issues in BCP DSA lithography including high roughness value 

(both line edge roughness (LER) and line width roughness (LWR)), defectiveness and 

critical dimension (CD) variation[33-36]. Those issues will hinder the usage of generated 

BCP line space pattern as the template for the microelectronic circuit production, as a 

result, they have to be studied to make this technic more practical and usable[37-38].    
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1.2 Simulation method overview 

1.2.1 Types of simulation methods 

Comparing with experiment, simulation has many advantages on cost, accuracy 

and repeatability. Theoretically, if we can take all the influential factors into 

consideration, the results will be the same as what is acquired in an ideal experiment. 

Although with current computing capacity, no matter on what simulation scale, many 

details will need to be ignored or the timescale will need to be extremely short. The 

good news is plenty of simulations have proven that there is no harm to neglect things 

either too small or too large than the simulation scale. Simulation has been very 

successful in predicting physical behaviors of systems and guiding the experiments. 

One thing needs to be mentioned is that simulation, especially simulation on 

substances (for example, BCP DSA), will be much more convincing and useful if it 

has been verified by corresponding experiment under similar conditions. Without a 

single experiment, sometimes it can be very tricky to prove the reliability of the 

model.  

With the dramatic development of computational science both in software and 

hardware, simulation is therefore, becoming more powerful. The world ranking 

number 1 supercomputer Summit, an IBM built supercomputer now running at 

Department of Energy’s (DOE) Oak Ridge National Laboratory (ORNL), can reach a 

speed 122.3 quadrillion floating-points operations per second (petaFLOPS). Even the 

world ranking 500 supercomputer Swiss National Supercomputing Center (CSCS) can 
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reach to a maximum speed of 0.72 petaFLOPS. Even though we are still unable to 

simulate a long time period starting from atom level, those blooming computing 

resources can ensure a better quality and reliability of simulation and bring the 

simulation to a longer time scale.    

For some experiment, trying all the different conditions physically can be very 

costly and hard to manipulate. For instance, in BCP DSA, it is hard to only change the 

substrate raised level by few nanometers because there are many other parameters that 

will change together with varied etching conditions, like pinned area width. Therefore, 

it is not an easy task to investigate solely the raised level height influence on the 

formed BCP line space patterns. On top of that, precisely control the raised level 

height to be 3nm or 4nm is difficult. Under circumstances like these, simulation can be 

very useful. Think of that if there is a simulation model that can match well with a 

substrate system that has certain parameters, all we need to do later is to change the 

parameters we would like to investigate. In this way, every property’s influence on 

BCP patterns can be studied as well as their combination effects without spending a 

lot time and money. Also, the results can be more accurate than experiment 

considering the unavoidable errors that will be introduced during experiments. 

Modeling can aid the manufacturer in this regard.  

Based on the scale of the research area, different simulation methods are 

introduced. At atomic scale, density functional theory (DFT) is widely applied. This is 

a computational quantum mechanical modelling method used in physics, chemistry 

and materials science to investigate the electronic structure of many-body systems, in 

particular, atoms, molecules and the condensed phases. The many-electron system can 
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be determined by using functionals. This method allows the prediction and calculation 

of material behavior on the quantum mechanical consideration without knowing 

higher order parameters like fundamental material properties[39].    

Ab initio molecular dynamic (MD) method is a method focused on a scale larger 

than DFT but smaller than MD. It usually simulates 102 to 104 atoms. This method 

applies Newton’s second law together with DFT to the atomic coordinates, the nuclei 

is regarded fixed at the instantaneous positions of the atoms using Born-Oppenheimer 

approximation. As a result, a time-dependent Schrödinger equation for the electrons 

wavefunction can be obtained. This equation is then be solved using DFT to obtain the 

energy, and this energy is considered to be a function of the previously fixed nuclear 

coordinate. Thus, this energy can be used as a field to calculate nuclei’s motion using 

Newton’s equation. By computing the DFT energy at a fixed point with corresponding 

to nuclear coordinate, the forces can be obtained and the next fixed point position can 

be calculated accordingly. Then the DFT calculation will be carried out again. 

Comparing with traditional MD method, this method can be used in the systems where 

parameters like bonding, polarization have not been determined[40].  

Classic MD method is a method using Newton’s second law to predict the position 

of every particles in each timestep. Parameters like bond type and energy are given. 

Normally, atom is regarded as an undivided structure, there is no need to solve the 

wavefunction for the electrons. Obviously, by ignoring electrons and nuclei, the scope 

of this method is larger than the ab initio MD. This method can be applied to 107 

atoms level. This scope is enough to investigate molecules motion, but only in few 

nano seconds. The simulation scale can be increased by applying coarse-grained MD 
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(CGMD), which is regarding many atoms as a whole and ignore some properties like 

bond energy. The coarse-grained level is decided according to the system size. It can 

be a tricky thing to find a proper coarse-grain, but once found, this method is really 

useful in simulating molecules.   

If the desired simulation scale keeps growing, continuum simulation will be used. 

By neglecting all the small particles but focusing them as a whole object, things like 

fluids or chemical reactions can be simulated using this type of method.  

Monte-Carlo simulation is also a widely accepted simulating method in many 

fields, from social science to engineering, and can even be applied to the law and 

design fields. Different from MD, it imposes arbitrary moves on particles, and based 

on the energy state after the moving, a percentage of accepting this move is calculated 

and this percentage is applied to decide whether the original arbitrary move will 

happen. Due to its principle, this method can be used in solving any problems that 

have a probabilistic interpretation, not only in chemical field, it can also be used in 

solving economic problem like business risk management and math problem like 

evaluation of multidimensional definite integrals with complicated boundary 

conditions[41]. The scale of Monte Carlo method is therefore hard to define, it is able to 

be used from atom level all the way to continuum level, and it can be extended to the 

area wider than that.   

 

1.2.2 Basic of CGMD method 

 Many simulation works have been done towards BCP DSA include using Self-

Consistent Field (SCF), Theoretically Informed Coarse-Grained (TICG) framework, 

https://en.wikipedia.org/wiki/Integral
https://en.wikipedia.org/wiki/Boundary_conditions
https://en.wikipedia.org/wiki/Boundary_conditions
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and MD[42-45]. SCF method can predict the BCP phase diagrams but has problem 

measuring the fluctuations, as a result, interfacial width. TICG is better at calculating 

fluctuation and therefore provides a good method in studying BCP DSA, it performs 

very well in forecasting the energies of defect annihilation[46-47]. Dauloas and co-

authors have studied the effect of roughness of the patterned substrate and its 

propagation through the film thickness, for undulated and peristaltic low frequency 

variation using a SCMF approach with successful comparison with experiments[48-49]. 

Segal-Peretz and co-workers have demonstrated the implementation of TICG in 

conjunction with scanning transmission electron microscopy (STEM) to characterize 

the three-dimensional structure of DSA with high-χ BCP, P2VP-b-PS-b-P2VP[50]. 

However, due to the high degree of coarse-graining, the roughness values obtained 

from TICG or related method as Single-Chain-in-Mean-Field (SCMF) are only able to 

represent the roughness in low-frequency region precisely, the high-frequency area is 

hard to represent. Among the MD literature on the subject, there is a lack of matching 

of the BCP chain length to the actual molecular weight and the corresponding 

experimental BCP pitch (L0). 

These simulations are computationally economical, however, none of the above 

stated works have studied the resist morphology evaluation after etching one of the 

BCP phases, which is of crucial importance. Our group has created a CGMD model 

that can represent both low and high frequency BCP area, and this model can be used 

to simulate all the process including etching in the BCP DSA. This simulation model 

has been verified using experimental data.  
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Chapter 2. ANALYZING METHODS FOR BCP STRUCTURE 

2.1 Introduction 

The two main constraint factors for BCP DSA is roughness and defectiveness, 

besides those, other properties like critical dimension (CD) variation and line-space 

variation are also important in determining a lamellar structure’s performance. CD 

variation is the difference between the width of PS domains that on top of the pinned 

area and the width of PS domains on top of the unpinned area. Line-space variation is 

the difference between PS domains and PMMA domains. In microelectronic device 

manufacturing field, both Metal Oxide Semiconductor Field Effect Transistor 

(MOSFET) and fin Field Effect Transistor (FinFET) are required lamellae structure to 

begin with, and that is the process where BCP DSA can be used[1]. For those lamellae 

structure, the goal is always to have the lowest possible roughness values (line edge 

roughness (LER) and line width roughness (LWR)), the lowest CD variation and the 

lowest line-space variation as well. Because after BCP lamellae formation, one type of 

monomer will be etched off, the remaining structure should have exact line width to 

ensure better performance of the microelectronic devices generated from that. The 

distance between those lines (space variation) should also be the same, and this 

distance is required to be close to the line width.    

The basic of understanding everything happened in the system is to have a set of 

useful analyzing tools that can represent the system properties accurately and 

efficiently. In industry, what people mostly rely on is scanning electron microscope 

(SEM), transmission electron microscope (TEM) and scanning transmission electron 
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microscope (STEM)[2-5]. Ting-Ya Lo, et al used 3D TEM to investigate the order-order 

transition (OOT) in polystyrene block polydimethylsiloxane (PS-b-PDMS) BCP in 

order to address the problem which usually shows up in 2D TEM, it is difficult to 

elucidate the details of the 3D grains nucleated in the OOT process from 2D 

projection[6]. Kevin Gotrik et al used SEM and 3D TEM methods on PS-b-PDMS 

BCP, they compared the experimental results with the simulation results came from 

SCFT at before and after etching stages[7]. Segal Peretz et al combined sequential 

infiltration synthesis (SIS) and STEM in PS-b-PMMA system with the aim of 

enhancing image contrast to obtain better image quality and therefore analyze the 

lamellar structure more accurately[1],[8-13]. Those methods are very helpful but have 

their own disadvantages such as resolution, unable to detect detailed 3D structure 

inside each domain, etc. While those disadvantages are unavoidable in industrial 

production, in simulation, there are many ways to analyze the lamellar structure 

through out the whole domains accurately and efficiently. Because all particles 

coordinates can be known, to analyze the structure, what left is to find the suitable 

methods and optimize them.    

 

2.2 3D Roughness Analyzing Method 

Figure 2.1 is an illustration graph for BCP lamellae in simulation. In this trial, the 

averaged molecular weight for PS and PMMA are both 26,000 g/mol, averaged chain 

length for PS in one BCP molecular is 63, for PMMA is 58, poly distribution index 

(PDI) = 1.01. Total simulation box dimension is x*y*z = 90*90*30, for substrate, the 
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substrate thickness is 3 nm, the gap between raised level (yellow) and bottom level 

(blue) is 4 nm, the pinned area width is 15 nm, the inclined wall distance is 30 nm. 

Red beads are PS, orange beads are PMMA, blue beads are bottom layer substrate, 

white beads are inclined wall, yellow beads are pinned area.    

 

Figure 2.1. Simulated BCP lamellar structure after cooling viewing from 3 

perspectives. 

 

To clearly observe the roughness difference in different layers and its changing 

process during BCP annealing, it is vitally important to be able to calculate the 

roughness not only on the top layer (as what people are able to do using SEM images) 

but also through out the whole domain. In simulation, this is not a hard task. Because 

every beads’ coordinates can be known, the simulation box can be “sliced” into many 

layers on z axis, and each layer’s roughness will be calculated. Also, every certain 

timestep’s coordinate (based on the need of us) data will be stored. In this way, both 

BCP structure changes with annealing time and position can be known. By finding the 

coordinates of each domain’s edge beads, their width and roughness can be calculated. 

In my simulation, every layer is 1.3 nm in thickness and each layer’s distance with 
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others is 2 nm, the coordinate data were stored every 0.2 million timesteps with a 

timestep equals to 0.01τ (a simulation unit for time in Lennard-Jones unit).  

The results for the same trial as in figure 2.1 are shown in figure 2.2. The properties 

that were used to measure roughness here are line width roughness (LWR), which is 

the standard deviation of widths at every part of PS domains and line edge roughness 

(LER), which is the standard deviation of the edge beads deviate from the average 

edge lines. To accommodate with industrial standard, use 3σ values here, which is 3 

times the standard deviation values.  

 

Figure2.2. a) all 6 domain widths, b) PS domains LWR, c) PS domains LER on the 

left edges and d) PS domains LER on the right edges on different z axis results after 
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cooling, each point is the average value of 15 time steps after lamellar structure has 

formed in order to eliminate the fluctuation. 

 

2.3 3D Defective Analyzing Method 

Defectiveness is a crucial property for the judgement for the quality of BCP 

structures. There are many kinds of defective, micro-bridge, dislocation, etc[14-18]. In 

industrial, people are using automatic software to distinguish the amount and type of 

defectiveness in a relatively large area (~cm2). In simulation, due to the small area of 

the simulation box (~knm2) and higher analyzable data quality, there is no need to use 

the industrial tools. On top of that, defective type difference is not the focus point of 

the current research, knowing the quality of BCP structure is sufficient. Therefore, an 

algorithm that can divide defective into 2 types (continuous defect and discontinuous 

defect) automatically is created as shown in figure 2.3. The original beads coordinates 

will be converted into a bicolor image to find the edge of PS and PMMA. Gaussian 

filter is used and every 10 pixels are averaged into one value to blur the edge. In this 

way, the smooth edge lines can be obtained as in figure 2.3b. Then, by analyzing the 

angles at every corner, those defects can be found and divided into discontinuous and 

continuous defect as in figure 2.3c. 



 

19 

 

Figure 2.3. Automatic algorithm that can calculate defective amount in a BCP 

structure and divides them into discontinuous defect and continuous defect. a) original 

graph, b) bicolor graph with smooth edge lines, c) graph with defect amount and type.  

 

Besides this automatic algorithm, a factor called “departure factor” (DF) is created 

to represent the amount of defect quantitatively. After the settlement of BCP chain 

length, BCP monomer ratio and substrate structure, the desired lamellae position is 

fixed. Any beads that appear at the undesired position can be regarded as defect. 

Therefore, after the annealing process, the amount of PS beads that are not at desired 

position over total amount of PS beads can be used to represent the amount 

defectiveness. But even under total random condition, this ratio cannot reach 1, based 

on different substrate and BCP composition, this value will be a little bit smaller than 

0.5. To make DF more intuitive, the ratio is linear stretched to a range between 0 and 1. 

0 means defect free lamellae while 1 means totally random distribution. After this 

stretching, sometimes DF can be larger than 1, especially at before annealing stage. 

Figure 2.4 shows an annealing process analyzing using DF. Even though after 
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annealing, DF is still larger than 0, this structure can be considered as a defect free 

lamellae. From figure 2.4b), the conclusion can be made that quantitatively, DF is 

sufficient to represent the BCP structure defect. Combined with defect distinguish 

algorithm, the defect analyze in simulation can be carried out.  

 

Figure 2.4. a) top view of the BCP structure during annealing stage and DF under 

each timestep, b) DF changes with annealing steps, c) the BCP lamellae structure after 

annealing 

 

2.4 Width calculation method 

In case of width calculation, if using the 3D edge detection method shows in 

section 2.2, it is also required to calculate the average value among each frame. That is 

because even after the BCP lamellae structure formation, the beads are still moving 

around and causing the boundaries fluctuating. As a result, in each frame, the width 



 

21 

will be different. However, according to our research, after the lamellae structure 

formation, every bead will stay within its original domain. In another word, the 

population of beads in each domain is fixed as shown in figure 2.5a. The density 

colormaps observed from 2 directions of both BCP monomers and total BCP beads are 

shown in figure 2.5b. To get the colormap, the simulation box was divided into many 

small 1 nm * 1 nm * 1 nm boxes, and the bead population is counted in each small box, 

different colors were given based on the population.  The color more inclined to blue, 

the less beads there are, red vice versa. The smaller box size can be varied, 

considering the total simulation box size is 90 nm * 90 nm * 30 nm, the 1 nm3 unit is 

suitable for density calculation. From these figures, it is obvious that the beads density 

is evenly distributed in the whole domain, while at the edge of each domain there is a 

very thin layer of “beads disappearing layer”. Due to this property, a width calculation 

method called “back calculation” can be created. Since the beads’ population and 

density in each domain can be obtained, and the total height on Z direction is fixed by 

the simulation box, the width of each domain can be calculated using equation 2.1. Via 

this method, the width fluctuation issue can be solved. Note that figure 2.5 is the same 

BCP trial as in figure 2.1 and 2.2.  

 

                                                         (equation 2.1) 
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Figure 2.5. a) population changing with frames, b) density colormaps, the first row is 

looking from X-Y direction, the second row is looking from X-Z direction, the first 

column is total beads density, the second column is PS beads only and the third 

column is PMMA beads only.   

 

2.5 Conclusion 

 Combining edge detection method with automatic defect algorithm and departure 

factor, the defectiveness of BCP lamellar structure can be measured and analyzed. 

Edge detection method and back calculation method are two ways of calculating line 

width in order to obtain CD variation and line-space variation. With these methods, 

the simulated BCP structure can be analyzed clearly and accurately.  

 Since these methods are the prerequisites of BCP simulation, and the simulation 

model we used has already been verified[19], we can then investigate varied 

parameters’ influence on BCP line space patterns and from that, optimize those factors 

that influence BCP formation and give some suggestions to guide industrial 

manufacturing.  
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CHAPTER 3. Computational Simulation of Different Topography 

Substrates Effects on CD and Line-Space Variation in Block 

Copolymer Directed Self-assembly 

3.1 Introduction 

Over the past decade, with the ever-increasing demand for miniaturization of 

micro- electronic devices, DSA of BCP has attracted the interest of both 

academia and industry to develop optimal, defect free nanolithographic patterns 

due to its low cost and it is not restricted by inherent diffraction-based limitation[1-4]. 

In particular, DSA technology using chemoeiptaxial Liu-Nealey (LiNe) flow to form 

line space patterns has been widely considered as a prospective candidate for 

commercialization and the replacement for expensive Extreme-Ultraviolet (EUV) 

lithography that can be used in manufacture of 7nm nodes and below [5-11].  

BCP molecules can self-organized at molecular level, building blocks and periodic 

pattern structures like lamellae, hexagonally packed cylinders, gyroids and spherical 

micelles based on the fraction of each type of monomers in BCP. The system this 

research focused on is PS-b-PMMA block copolymer, in which the weight percentage 

of PS and PMMA are varying but kept close to 50% each (the most deviation is PS 43 

wt.%, PMMA 57 wt.%). This fraction would give out a lamellar structure. The self-

assembly process without any guidance normally takes a long time and the obtained 

shape is randomly oriented. With a suitable direct, this self-organized process will 

acquire a better kinetics performance and the direction it formed can be controlled.  
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Chemoepitaxy is an effective method which uses chemical affinity difference to 

guide the BCP self-assembly. LiNe flow is the method applied in this research to 

generate a substrate that can be used in chemoepitaxial method, an ideal topography is 

a flat substrate[12]. But it is not easy to generate a flat structure, some topographic 

structures will come out during the process of producing substrate[13]. For example, 

when forming the substrate to direct PS-b-PMMA self-assembly, the cross-linked PS 

will form a plateau structure with inclined edges higher than the adjacent neutral PS 

PMMA brushes. However, research shows that having these topographic structures 

does not mean the DSA will be impeded, defect less lamellae structure can still be 

obtained if given proper conditions [14]. This property can bring out the question that 

how the substrate topography will affect the performance of BCP DSA on the top of it 

instinctively.  

For lamellae, critical dimension is the PS width printed on resist, line space 

variation is the difference between PS and PMMA, both measured at a specific height 

from the substrate. After the lamellae established on the substrate, the PMMA 

domains will be etched off using dry-etching method. The remaining PS domains will 

then be used in the following manufacture process. As a result, to get a line-space 

pattern that can be used in producing materials with better integrated circuit 

performance to apply in micro electronic devices, the critical dimension (CD) of each 

PS domain, as well as the space distance between PS domains should not be different 

a lot[15,16]. In another word, the CD variation and line space variation should be minute 

enough to ensure the quality of later products. Our previous research has focused on 

this etching process [17]. It can change the height and roughness of remaining PS 
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domains, but it can barely change CD and space distance. CD variation for PS domain 

and line space variation are issues that needed to be concerned since PS domains have 

different physical and chemical environments with PMMA and between themselves, 

based on whether the domain is on the top of PS-attractive area (pinned area) or on the 

top of neutral area (unpinned area). Because high line edge roughness (LER) means 

the edges will hinder the electrons transfer in the tunnel more severely, as a result, 

jeopardize the electronic devices performance[18]. LER is always a property that 

people are trying to decrease to achieve wider BCP DSA commercialization. The 

roughness values were calculated using 3σ method, which means it is 3 times the 

beads standard deviation from center edge line[19].  

Some relative researches have done in order to eliminate CD variation in the 

manufacturing process[20,21], others investigated substrate’s topography effect on the 

period pattern formation[22-24]. Tamar Segal-Peretz et al combined scanning 

transmission electron microscopy (STEM) and coarse grain simulations to get the 3D 

structure on a topographical templates and studied the influence of template 

topography on defectiveness formation[25]. Julia Cushen et al studied BCP DSA on a 

new double patterned sidewall scheme, it applied a different topography to lower the 

resolution demands on the guideline lithography. But they mainly focused on lamellae 

roughness and defectiveness on this new template[26]. Rarely researches were focused 

on the templates’ properties effect on the CD variation and line space variation. This 

research will fill that gap, the influence of template topography and its interaction 

strength with BCP on CD and line space variation will be investigated. Roughness is 

also calculated and compared on different substrate topography. On top of that, the 
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influence of PS/PMMA ratio in BCP were investigated. Since the PS pattern scale is 

under 20nm, it would be nearly impossible to create the different substrates with a 

minor topographical variation precisely in experiment, quantitatively control the 

interaction strength via changing etching condition is also tough. Therefore, CGMD 

simulation method is applied. The course grained size can be adjusted to a value that is 

able to represent the tiny difference on substrate and resulted BCP DSA morphology, 

but not too computational expensive at the same time. 

 

3.2 Methodology 

A topographic substrate was applied for LiNe flow process as shown in figure 3.1. 

Yellow part (pinned area) is cross-linked PS, this area is attractive to PS while 

repulsive to PMMA and its width A (pinned width) was simulated to be 15nm 

(0.53L0), 18nm (0.64L0) and 20nm (0.71L0). The blue part (unpinned area) is random 

distributed hydroxy terminated PS and PMMA short brushes in which the amount of 

PS and PMMA beads are kept the same, it is neutral to BCP. The grey part (inclined 

wall) is also cross-linked PS, however, after break through etching in LiNe flow, this 

part gets polarized, so it is more attractive to PMMA. Considering that in the spin 

coating process to add brush onto the substrate, some brush will cover the inclined 

wall, here it is assumed to be neutral as well. It can also be changed to other attractive 

capability to simulate a 3-tune system. Width B (inclined wall distance) was simulated 

to be 30nm and 35nm. The raised height of pinned area over unpinned area (gap) was 
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simulated to be 3nm or 4nm. The periodic length of substrate was set to be 90nm to 

stay the same with experimental condition.  

Those 3*2*2 topography parameters were all combined with each other in the 

simulation. For the systems perform the best, more topography parameters were 

carried out, for example, pinned width A equals to 22nm and gap C equals to 2nm or 

5nm. The optimized topography systems are also be used to study the effect of 

interaction strength and PS/PMMA ratio in BCP. Density multiplication is 3, which 

means in every substrate patterning, there are 3 domains each for PS and PMMA. 

28nm above the blue neutral substrate, there is a single flat neutral layer (top wall), it 

forms a 90nm * 90nm * 28nm simulation box together with the substrate to prevent 

BCP beads from moving away, this neutral layer and BCP are both not shown in 

figure3.1. The boundary on X and Y directions are periodic boundaries.  
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Figure3.1. a) Illustration of substrate parameters; b) CGMD substrate with topography 

 

Different substrate systems were named using their topographic parameters in an 

order of CAB as in figure3.1. For instance, if the pinned width is 15nm, the inclined 

wall distance is 30nm and the gap is 3nm, then this system will be named 31530 

system.  

The polymer chain is modeled as AB block with both monomer radii σ’ equals to 

0.5nm. Block A has 4 PS monomers in one bead while block B contains 4.5 PMMA 

monomers in one bead. This difference in course graining is to represent the difference 

in bulk density for those two monomers. At the beginning when studying the 
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topography influence, on average, each polymer chain contains 63 PS beads (~26,000 

g/mol) and 58 PMMA beads (~26,000 g/mol), the chain length is corresponding to a 

Poisson distribution with a PDI = 1.01 as shown in figure3.2. Later when investigating 

the beads ratio in BCP, the PDI is kept 1.0, which means the BCP only contains one 

molecular weight and one PS/PMMA ratio in each trial. And the following PS/PMMA 

molecular weight ratio trials were studied: 50/50 (PS~26,000 g/mol, PMMA~26,000 

g/mol), 49/51 (PS~25,400 g/mol, PMMA~26,600 g/mol), 48/52 (PS~24,600 g/mol, 

PMMA~26,600 g/mol), 45/55 (PS~22,900 g/mol, PMMA~27,900 g/mol) and 43/57 

(PS~21,600 g/mol, PMMA~28,800 g/mol). The beads number density was always 

kept the same at ~0.85 beads/nm3, in different topography systems, due to the 

difference in available space, the total beads number were changed accordingly. BCP 

with those molecular weights corresponding to a L0
exp ~ 28nm. The glass transition 

temperature represented in LJ units is 0.3. 
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Figure3.2. PS-b-PMMA polymer chain length distribution in a X*Y*Z=90nm *90nm 

*28nm 31530 system. Other systems have the same polymer molecular weight 

distribution unless mentioned to be single molecular weight BCP.  

 

FENE bond was applied between adjacent BCP beads in a same chain as the short-

range interaction, their interaction potential follows equation 3.1. K = 30 εσ’-2 is the 

spring constant for the bond and Rmax = 1.5σ’ is the maximum bond extensibility[27].  

                                                    (eqn.3.1) 

The thermostat applied is Nose-Hoover. The attractive long-range interaction is 

governed by a tail- corrected Lenard Jones interaction as equation 3.2 while the 

repulsive long-range interaction is in accordance to Weeks-Chandler-Anderson 

(WCA) potential as equation 3.3.  



 

33 

                           r < 2.5σ’    (eqn. 3.2)           

             SLJ(r) =                     

                                       r < 21/6σ’        (eqn. 3.3) 

Those interactions are the same as what previous study applied and have been 

verified[17,28]. Default Lenard Jones interaction parameters are listed in table 3.1. Any 

interaction with the distance larger than maximum cut-off distance = 2.5σ’ will not be 

calculated, as a result, the substrate thickness was chosen to be 3σ’. The long-range 

potential will not be calculated if 2 beads are in the same chain and there are more or 

equal to 3 beads between them.     

Between beads Amplitude Type Representation 

PS, PS 0.15 attractive εPS-PS 

PS, PMMA 0.15 repulsive εPS-PMMA 

PMMA, PMMA 0.15 attractive εPMMA-PMMA 

PS, pinned area 0.15 attractive εPS-pinned 

PMMA, pinned 

area 

0.15 repulsive εPMMA-pinned 

BCP, unpinned 

area 

0.15 attractive εBCP-unpinned 

BCP, top layer 0.15 attractive εBCP-top 

Table 3.1. Default LJ parameters used in simulation. Type “attractive” used equation 

3.2 to calculate long range potential while “repulsive” used equation 3.3.  

 

At the beginning of each trial, the BCPs were totally random distributed in the 

simulation box. After annealing at Tanneal = 1.2 with the parameters and interactions 

above for few million steps with a timestep τ = 0.01, the defect free lamellar patterns 
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can be achieved. Then the system was cooling to Tcool = 0.15 to obtain a low 

fluctuation lamellae structure. As shown in figure 3.3c, this after cooling structure is 

lower on roughness and can be converted to product if given further treatments like 

etching. The anneal temperature is just below the critical temperature in order to 

decrease the required annealing time while maintaining the capability of tracking the 

beads to prevent they from getting lost in one timestep due to extreme high kinetic 

energy. The cooling temperature is below the glass transition temperature. Both 

temperatures are in the similar range as experimental temperature thus are both able to 

represent the experimental process.  

After the system is equilibrated below Tg, the PS domain width on top of pinned 

area (pinned domain width), the PS domain width on top of unpinned area (unpinned 

domain width) and PMMA domain width (space width) were calculated using edge 

detection method13. LER of pinned and unpinned domains were also investigated. 

Note that all those widths and roughness are averaged through Z axis. The unpinned 

domain width is averaged among two unpinned PS domains in a period. The space 

width is averaged among two PMMA domains that are not on the edge of simulation 

box to eliminate the effect of periodic boundaries. The annealing and cooling 

processes for 41835 system are shown in figure 3.3 as a demo.  
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Figure3.3. 41835 system through the whole BCP DSA process and an illustration for 

meaning of different widths. a) System initial coordinate; b) System after annealing; c) 

System after cooling. 

 

3.3 Results and discussion 

Pinned domain width, unpinned domain width, space width and roughness data for 

pinned and unpinned width were calculated and shown in figure 3.4. The widths are 

defined as the distance from the surface of one edge bead to the surface of the other 

edge bead, not the distance between the center of beads. The reason space domain’s 

LER was not calculated is because space domain has the same edge as PS domain, 

there is no need to repeat calculation. 
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Figure3.4. Bar graph for different domains widths and roughness on topographic 

substrate. a). width in different systems, b). LER in different systems.  

 

 From figure 3.4a, in different topographic systems, the space width is always 

1.5~2 nm shorter than that in pinned and unpinned domain (line space). This issue can 

be solved by varying PS/PMMA ratio, which will be discussed later. The CD variation 

is hard to distinguish from this bar graph, further analysis is given in figure3.5. From 

figure 3.4b, the variations between LER in pinned and unpinned domains were all tiny 

but unified. A conclusion can be made that topographic structure does not have a large 

effect on roughness while pinned domain always has relatively smoother edges than 

the unpinned domain. The explanation is on the top of directed area (where pinned 

domain lies), the directed force reaches its maximum value thus could form a 

smoother edge domain.  

Figure 3.5 shows the critical dimension varied with gap, pinned width and inclined 

wall distance. Critical dimension equals to pinned domain width minus unpinned 
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domain width. Although the CD variations were not different on a large scale, it is still 

worth finding the better topography to lower it as much as possible considering the 

lamellae scale is under 20nm. From figure 3.5a, the gap influence on CD variation still 

requires further studying since the results are not consolidating. Figure 3.5b shows that 

as pinned width deviates from PS periodic length (~15nm), the corresponding CD 

variation increases at first and then decreases more, this CD decrease is related with 

tapering effect, it does not imply a larger pinned width is preferred. Figure 3.5c 

implies that a 35nm inclined wall distance performs better than a 30nm one.  

 

Figure3.5. CD variation with different a) gap, b) pinned width, c) inclined wall 

distance.  

 

Obviously, in figure 3.5, data for system with a 20nm pinned width performs weird. 

For example, in figure 3.5a, for 20nm system, CD variation increases as gap getting 

larger and 32035 system has a negative CD. These unusual performances related with 

tapering effect. For pinned domain, although the average widths are similar through 

the systems, as pinned width getting larger, the width at the bottom increases 

accordingly. This tapering effect can be observed clearly in the width vs. different 
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height from the substrate graph (figure 3.6). In a system with a large pinned width, as 

the layer height from bottom gets higher, the domain width shrinks. In the followed 

etching process, the whole PMMA parts as well as the top PS parts will be etched off, 

as a result, the averaged pinned domain widths will become higher after etching in 

those systems. The unpinned domain widths are uniform through z axis, it will not 

change much. Therefore, the CD variation will become larger for those systems after 

etching. Also, a z-axis ununiform domain cannot lead to an industrial preferred line 

space pattern. As a result, in figure 3.5b, although pinned width 20 system seems 

better in CD variation, pinned width 15 system is more promising.  

 

 

Figure 3.6. PS domain viewed from x-z direction and their widths on different height 

from substrate for a) 31530 system, b) 31830 system, c) 32030 system. Blue line is 

unpinned domain width, red line is pinned domain width.  
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In the three substrate topographic parameters, gap is the one relative easier to 

change compared with inclined wall distance. But the gap influence on CD variation is 

vague if solely based on 2 value trials. Therefore, more research towards gap were 

required, 2 more systems (21535, 51535) with optimized pinned width (15nm) and 

inclined wall distance (35nm) were carried out. The results are shown in figure 3.7. 

There is not a linear relation, instead, an optimized gap range (3nm ~ 4nm) exists.  

 

Figure 3.7. Gap influence on CD variation in X1535 systems. a) widths for different 

domains, b) CD variation vs. gap.  

 

Integrated all the factors together, 31535 and 41535 are among the best 2 

topography systems. These 2 systems were used in the following research. The 31535 

system was chosen to be the one to investigate the influence of interaction strength on 

CD variation. Interaction parameter between pinned area and BCP was set to vary 

from 0.1 to 1.0 while other parameters were kept at 0.15. Those are all LJ units, since 

in industry, those parameters will not be measured and controlled directly, there is no 

problem here just using LJ units for the convenient of simulation. Interaction strength 

has a linear negative effect on CD variation as illustrated in figure 3.8, therefore in 
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order to get a low CD variation pattern, the cross-linked PS composition and break 

through etching conditions ought to be altered to get a small interaction strength with 

BCP. It can be explained that too strong a pinned area will tend to attract more PS 

towards it, and lead to a larger CD variation. So as long as the guiding force is large 

enough to help BCP form lamellar structure in the right direction, a weaker force is 

better for the lamellae quality. And interaction strength does not appear obvious 

influence on roughness values. Later in the simulation, the interaction strength was 

still set to be 0.15 instead of the best performance 0.1 to prevent repeating the same 

topographic trials.  

 

Figure 3.8. 31535 system under the influence of different interaction strength, ε. a) 

each domain width and CD variation; b) LER values.    

 

The 41535 system was used for the following BCP ratio influence simulations, 

which mainly aimed at decreasing the line space variation. The results are shown in 

figure 3.9. Note that the BCPs used here are mono molecular weight, their total 

molecular weights are all around 50,000 g/mol, the detailed information can be found 



 

41 

in the methodology section of this chapter. The interaction strengths here are all 0.15 

to keep harmony with topographic trials. Among the ratio we studied, PS/PMMA 

equals to 48/52 molecular weight ratio leads to the smallest line space variation. The 

corresponding PS molecular weight is approximately 24,600 g/mol while PMMA is 

26,600 g/mol. The PS/PMMA ratio does not have an obvious influence on roughness.  

 

Figure 3.9. When changing the PS/PMMA molecular weight ratio in BCP in a 41535 

system, a) different domain width, b) different domain LER value.  

 

In the optimized 48/52 ratio BCP trials, some topography effect, especially pinned 

area width effect, have been investigated. To find a way solving the tapering effect 

mentioned previously, some trials that have the pinned area edge beads covered have 

been studied. This is to simulate the scenario that some neutral brushes at the inclined 

wall or bottom level of the substrate are covering the edge of pinned area. In another 

word, decreasing the pinned area while keeping the same topography structure. Those 

following trials were carried out: 4 nm at the edge of a 42235 system’s pinned area 

was covered, 8nm at 42235 system, 10 nm at 42235 system and 3 nm at 41535 system. 

Results are shown in figure 3.10.  
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Figure 3.10. Width in 41535, 42235 and their covering systems. a) bar graph for 

width comparison; b) PS domain viewed from x-z direction and their widths on 

different height from substrate. Blue line is unpinned domain width, red line is pinned 

domain width.  

 

Due to the abnormal expansion of the bottom part of pinned domain and the 

extreme tapering effect, 42235 system has similar CD variation with 41535 system. 

Compare the covered system with original systems, covered system could eliminate 

tapering effect dramatically and balance the width between domains on the top of 

pinned area and unpinned areas, thus decrease the CD variation. Actually, the 42235 

system with 8nm and 10nm pinned area being covered by a PS/PMMA mass ratio 

equals to 0.925 BCP both are the best systems among all what we have studied. In the 

covered system, the direct decrease of the pinned domain bottom part width is always 

smaller than the covering width, for example, in the cover 3nm system (the second 
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column in figure 3.10b), the bottom layer width went down for around 1.5nm; in cover 

8nm system (the fifth column in figure 3.10b), the width went down for 5nm; in cover 

10nm system (the sixth column in figure 3.10b), the width went down for 5.5nm. The 

results imply that comparing with a shorter pinned width system without covering, 

covering part of the pinned area in a larger pinned width system can reach to a better 

result in terms of CD variation without tapering effect (41535 and 42235_C8 system). 

If the available pinned width (pinned width minus covered length) is a little bit smaller 

than PS L0 which is around 15nm (41535_C3 and 42235_C10 system), although the 

CD variation will be a negative value, there is no “anti-tapering” effect happening, and 

those trials perform better than available pinned width larger than PS L0 trial 

(42235_C4 system). Take the etching process into condition, after the top parts are 

etched off, the CD variation for remaining parts will be closer to 0, lead to a better 

pattern for the following manufacture process. Further research on different covered 

system is still needed, for example, according to figure 3.5b, there is chance that 

pinned width equals to 20nm systems will perform better if the tapering effect is 

eliminated. It is still required many efforts to find the optimized available pinned 

width in combination with other parameters like substrate topography and interaction 

strength for the best CD variation performance.  

 

4. Conclusion 

With the aim of decreasing the CD variation and line space variation, to get a 

evenly distributed line space pattern for application in semiconductor, the effect of 
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topographic substrate, different monomer ratio and interacting strength on CD 

variation and roughness have been investigated via a large scale CGMD simulation 

method. The substrate topography accuracy can be controlled in 1 nm, which is a lot 

more accurate than that in the experiment. The precise control on hard-to-control 

parameters and 3D structure detection and analyzing method through out the whole 

DSA process are the 2 main advantages of this simulation. PS-b-PMMA copolymer 

starts from totally random distribution, after annealing, it forms lamellae structure, and 

after cooling below glass transition temperature, it forms smooth lamellae structure 

that can be used for etching. By calculating different domains widths and LER through 

the whole domain, the performance of each trial under different conditions 

(topographic structure, monomer ratio, interacting strength) can be compared. 

Topographic substrate has some effect on LER, but that effect is too minute to 

focus (order of 0.1 nm) at current BCP DSA accuracy. Pinned domain always has a 

lower LER than unpinned domain due to the inherent property of DSA. Some methods 

other than changing substrate topography are needed to decrease LER and obtain a 

smoother lamellae structure that is preferred in application.  

There is an optimized height difference (called gap in this paper) between neutral 

substrate and pinned area existing in minimizing the CD variation, this optimized gap 

distance is around 3 to 4 nm. Increasing pinned width from PS L0 will cause tapering 

effect, although the average CD variation seems smaller in a larger pinned width 

system, it should be kept at a value close to PS L0. This effect can explain the unusual 

behavior of pinned width equals to 20nm systems. In the range we investigated, the 
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inclined wall distance has a positive effect on decreasing CD variation, increasing it 

from 30nm to 35nm can lead to a better lamellae structure from CD perspective.  

Changing the PS/PMMA ratio is a promising way in decreasing line space 

variation, the best mass ratio we found is around PS/PMMA ~ 0.925/1 (24,600 g.mol-

1/26,600 g.mol-1). Lowering the interaction strength between pinned area and BCP is 

another good way to decrease CD variation, the restrict factor for lowering interaction 

strength is the guiding force must be strong enough to guide a successful BCP DSA. 

But those methods do not have much effect on roughness neither.  

Covering the edge of pinned area is a good way to eliminate tapering effect as well 

as CD variation, it gave the best performance trials in our research. The optimized 

available pinned width should be lower than PS L0 in a small scale. Therefore, if the 

substrate brushes are long or the gap is small, although it is relatively difficult to 

control the covering, it would be a promising direction to make pinned area larger than 

PS periodic length. More researches on different covered and uncovered substrates are 

still worth carrying out in the future. Replacing the steady substrate beads with 

flexible brush short chains is a promising method to better simulate the BCP DSA 

process. Relate the investigated parameters in this research with real experimental 

parameters is also crucial in guiding the BCP DSA experiment. This is out of the 

scope of this chapter, but the direction of changing those factors has been pointed out.  
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Chapter 4. FUTURE WORK AND CHALLENGES 

 

4.1 Challenges in BCP DSA Simulation 

To keep the previous description smooth and away from redundant, some details 

and challenges that will appear in the process of BCP DSA simulation are neglected. 

Those details and challenges will be mentioned here. 

 

4.1.1 Warm up steps 

Based on different system topographies or BCP properties, different BCP initial 

coordinates were generated using MATLAB. This process has nothing to do with 

thermodynamics, as a result, there would be some overlapping between beads. If 

normal simulation interaction potential, Lennard Jones potential, was applied directly, 

the simulation would be jeopardized due to the extremely high interaction force 

generated by overlapping. Therefore, a process called “warm up” was applied between 

initial coordinates and annealing simulation. In this process, a different interaction 

potential energy equation, “soft”, was used. As equation 4.1 illustrates, this soft 

potential is a cosine equation, it does not blow up when distance r goes to 0. E is 

potential energy, rc is cut off radius and A is a pre-factor that can be varied with time 

in order to make this potential very soft at the beginning and get harden over time.  

                                                                               (equation 4.1) 

In our simulation, pre-factor A was set to be varied between 10 and 200 with time, 

and the cut off radius rc is 2.5σ. Since the aim of warm up process is to avoid 
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overlapping, there is no required total steps as long as the followed annealing process 

can be carried out correctly. But different warm up steps do lead to different beads 

coordinates at the beginning of annealing steps, and this difference has been shown to 

have influence on structure. Based on the experience, 1.5 million to 2 million warm up 

steps were used, these amount of steps can separate the beads completely, and too 

many steps is a waste of computing resources. Figure 4.1 shows different annealing 

results starting from different warm up steps.    

 

Figure 4.1. A type of mono-distributed BCP that has 51,200 g/mol molecular weight 

and 48/52 PS/PMMA ratio in each chain, annealing for 6 million steps starting from 

different warm up steps in a 41535 system. 

 

This “warm up step” is a pure simulation concept, in experiments, there is no need to 

worry about particles overlapping. Not each warm up step could lead to a defect-free 

lamellar structure after annealing, that is because the amount of annealing step is 

finite, the initial coordinate at the beginning of annealing can affect the formed 

structure. Thermodynamically, the lamellar structure will form (although there might 

be some defectiveness) if given plenty of time because that structure is the lowest in 

regard of energy, and that is true in industry. However, in simulation, the time scale is 

around few nano seconds, and the limitation of computing resources prevents us from 
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having the luxury of simulating at the experimental time scale, which is of few 

minutes. Because there is no such thing as “higher energy lamellae”, as long as the 

defect free lamellae can form, it can be used to investigate BCP DSA properties. 

Through many trials, an empirical rule of thumb is to have 5 different warm up steps 

for one trial, if all of those are unable to provide defect free lamellae, it is highly 

possible that the applied condition is not suitable for lamellae formation. Normally, I 

use 1.5 million, 1.6 million, 1.7 million, 1.8 million and 2 million of warm up steps for 

each condition. If more than one warm up steps trials give defect free lamellae, their 

results will be averaged when doing the analysis.  

Insufficient warm up steps may cause bonds breaking during annealing steps due to 

the close distance between beads. Under which circumstances the remediation is to 

decrease the length of each time step. If the beads are not severely overlapping, this 

issue can be solved without starting the annealing from the beginning to save 

computing resources.  

 

4.1.2 Invisible top wall 

In experiment, BCP will not expand on z direction, however, in simulation, this is an 

annoying issue. It is hard to prevent BCP from moving above the simulation box. And 

as BCP moves beyond the specified maximum z value, the simulation system will 

assume those beads are lost and error messages will be feedback.  

As a result, in every simulation box, an invisible wall was placed at the top of the 

box as in figure 4.2. This wall served as a cap, it has neutral interaction strength with 

BCP directed by tail corrected Lennard Jones potential equation, so it would not 
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influence the BCP annealing structure while keeping BCP from moving out of the 

simulation box on z direction. There were no such walls at other edges because on x 

and y direction, the box is periodic, and at the bottom, there was a substrate. Same as 

the substrate beads, between these top beads, no interactions were applied and their 

positions were fixed. The thickness of top layer is only 1 σ because the aim of having 

this layer is solely preventing trespassing, so there is no need for the top layer to be 

thicker than the cut off radius.  

 

Figure 4.2. The simulation box in a 42035 system. BCP were put between the bottom 

substrate and the pink top wall. 

 

4.2 Future Work: Flexible BCP Brush Substrate 

4.2.1 Background 

In real experiment LiNe flow, after break through etching or optional trim etching to 

form the line space pattern of cross linked PS, the substrate is spin coated using 

randomly distributed short hydroxy terminated PS-b-PMMA chains. Changing the 

properties of those short chains (brushes) is the method to control interaction strength 
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and topography of the substrate. Those properties include but are not limited to brush 

density, ratio between PS and PMMA in those brushes, brush chain length, which are 

the properties required more thoroughly investigation in the future work. Other very 

important aspects people use to change topography lie in etching conditions such as 

etching time and etch gas composition, etc. But those are beyond the scope of this 

project. 

Previously, the method that was used to investigate those substrate properties is 

changing the properties directly. For example, the gap distance was set to 2, 3, 4 or 5 

nm when generating the substrate. However, in reality, this parameter was controlled 

via changing the short brush length or density that coated at the bottom of the 

substrate. The interaction strength between substrate and BCP is also related with 

substrate details. The ignorance of details can decrease the usage of computing 

resources while keeping plenty of information that can lead to a defect free lamellae 

formation, so it is a great way of determining parameters and optimizing the whole 

BCP DSA process. And now as the optimized system has been found, those details of 

brushes will be added back to bring the simulation closer to experiment.  

On top of that, as mentioned in Chapter 3, it is found that a system which possesses a 

larger pinned width but with the edge of the pinned area being covered shows a 

promising direction in lowering the CD variation while avoiding tapering effect. It is 

easy to simply set the covering widths to be certain values, however, to figure out 

what brush condition corresponding to those covering widths is not an easy task. It can 

only be completed with the help of flexible brush substrate system.  
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4.2.2 Model details 

Figure 4.3 shows the substrate before and after putting the spin coated brushes on. 

The A, B, C are the topographic parameter for silicon wafer and pinned area before 

brushes were introduced. Note that the parameter B and C have different meaning with 

those in chapter 3, but A represents the same thing, pinned width. In this initial trial, A 

was set to be 15nm, B was 30nm, C was 8nm. In figure 4.3b, the red and orange dots 

on the substrate are the first bead in PS or PMMA brushes. 

 

Figure 4.3. Substrate profiles for brush system. (a), front view of the substrate before 

putting the brush on; (b), perspective view of substrate before putting the brush on; 

(c), perspective view of substrate after putting the brush on.  

 

Each chain is composed with randomly ordered PS and PMMA beads, and in the 

shown case, each chain has a length of 16nm, and total brush chain number is 1200. 

The top layer of the brushes together with the exposed inclined wall and pinned area 

forms the new substrate for BCP annealing. Chain length and chain density can be 

changed, in that way, the BCP substrate topography will be modified accordingly. 

Same as in BCP, the bonds between adjacent beads are FENE bonds, and the 
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intramolecular potential between same type of beads follows tail corrected LJ 

potential, energy between different type of beads follows WCA (Weeks Chandler 

Anderson) potential. The interaction strength ε between those brushes are the same as 

ε in BCP, which is 0.15 for now. In this brush model, the 6 parameters that require 

optimize are A, B, C, brush chain length, brush density and interaction strength. This 

is the future work of this project.  

 

4.3 Challenges in Brush System 

When replacing the steady substrate beads with flexible brushes, besides more 

consumption of computing resources, there are more challenges that needed to or have 

already been solved.  

 

 4.3.1 Too Close Brushes 

The first beads of each brush were selective randomly from the bottom substrate, as a 

result, some adjacent substrate beads might be chosen at the same time, under which 

condition, the simulation system will be jeopardized for the extreme high potential 

because the distance is too small. To solve this issue, one more judgement was added 

into the brush generating code: after one substrate bead is occupied, the 4 beads that 

attach to it will not be able to be occupied anymore. One substrate example is shown 

in figure4.4. Note that this is the same trial as in figure4.3 but look from the top. As 

long as the brush density does not go too high (lower than 2700 brushes on substrate), 

this method can serve a fair purpose of preventing potential energy explosion.  
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Figure 4.4. Top view of the silicon substrate. The red and orange beads are the 

beginning bead for each brush chain. The 4 silicon beads adjacent to every occupied 

bead will not be occupied by other brush chains. 

 

4.3.2 Brush Moving Around During Annealing 

 In the simulation process, the spin coated brushes at the bottom of silicon substrate 

will move around during annealing process if not controlled. They may even self 

assembled themselves or blend into BCP, then the simulation will fail. To prevent the 

brushes from moving away from the bottom part and blending into BCP, randomly 

picked silicon substrate beads were replaced with the starting bead of each brush 
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chain, in which way the brush seem to “grow” from the silicon substrate. Because in 

the simulation, the substrate beads are fixed, the brushes are restricted in the bottom 

part of simulation box.   

 

4.3.3 Low Brush Density   

In the previous steady substrate trials, the BCP density is kept at around 0.85. This is 

done by having a top wall and a bottom substrate to form a constraint space. However, 

for brush chains at the bottom of simulation box, it is not suitable to place a cap to 

control their morphology because if so, there will not be any differences with the 

previous steady bead substrate. Without the restriction from a top wall, the bead 

density in the brush area is very low (< 0.2), in that way, BCP beads which have much 

higher density at the top will blend into the brushes. Although the simulation will be 

able to continue under this scenario, chances is very low that a defect free lamellar 

structure will be able to form. This is an issue that still needs to be solved in the future 

work of improving the brush substrate model. 

 

4.4 Other Future Plans 

4.4.1 Apply Optimized Systems in Experiment  

 As a few guiding principles in optimizing the template topography, BCP ratio as 

well as interaction strength have come out, the next crucial step is to apply those 

guiding rules in experiments and to see the performance of the system. Although the 
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model validation has been proved before[1], there is no harm checking it again through 

experiments.  

Based on the resources we have, what we are currently doing is having our 

collaborator EMD Performance Material manufacture the line space pattern samples 

we request and send to us. Those samples will be characterized and analyzed by us in 

Cornell mainly using scanning transmission electron microscopy (STEM) with the 

purpose of obtaining higher resolution images on tiny structures compared with 

scanning electron microscope (SEM)[2].  

On top of that, because the parameters were changed directly in simulation, 

experiments must be carried out to find the suitable etching conditions corresponding 

to the different topography and as a result, to complete the last piece of map in using 

this simulation to guide the BCP DSA process. And with the help of TEM, the 

accurate details of the substrate can be got, this is also a crucial prerequisite in order to 

figure out the relation between experimental conditions and simulation parameters.  

 

4.4.2 Simulate Extreme Ultraviolet (EUV) Lithography 

It is undeniable that BCP DSA is a promising and energy efficient way of producing 

minute structure that can be used in the micro electronic devices. It can reach <7nm 

scale, and although it has issues with roughness and defectiveness, the overall cost and 

practicality are still relatively low[3-4]. From this perspective, BCP DSA can be a good 

replacement for currently used deep ultraviolet lithography (DUV) or e-beam 

lithography method.  
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However, due to the inherent constraints of BCP DSA, it will be hard to reach even 

smaller scales. Maybe 7nm is not the limit, but the requirement for next generation 

integrated circuits will be for sure smaller than what BCP DSA can reach. Inherent 

constraints also appear in DUV, e-beam and immersion lithography. As the required 

research input of decreasing the scale of those previous methods is getting tremendous 

high, EUV lithography becomes the most promising method for next generation micro 

electronic devices. Like every other fields, there are a huge amount of issues in the 

EUV field waiting to be solved as mentioned in Chapter 1.  

People have done some jobs on the inhomogeneity resist, including its depth-related 

chemical properties and diffusion rate[5]. Many jobs on simulation have done by using 

Monte Carlo simulation but the model accuracy is relatively low[6-8]. MD method was 

also applied in many EUV simulations, it has been proved a practical way of analyzing 

EUV lithography, although the time scale is smaller than real experiment[9-11]. What 

we will do in our research is using MD method to simulate this process, especially the 

resist performance and lithography morphology variation, which can be similar with 

BCP DSA in many ways. For example, the area under the mask will be etched off like 

the PMMA domains in BCP lithography; the photons used in EUV lithography will 

act like Ar/O2 in the air bombardment process in BCP lithography, one of the main 

purposes of those two process are both to decrease the LER, etc. In the current phase, 

some challenges we encounter in the starting of EUV simulation mainly lie in the 

simulation of photons. Their stochastic properties add some difficulties on the system 

but the more difficult thing is the “size” of photons in EUV, they perform more like 
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waves. Those issues will need to be figured out in order to start this future project of 

EUV lithography.   
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