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ABSTRACT 

Block copolymers (BCPs) self organize at molecular level building blocks and forming 

nano-structures with characteristic length scales. As these nano-structures resemble the 

lithographic features desired in the micro-electronics industry, they are used as a nano-

template in the manufacture of micro-chips. This study focusses on the pillarpost guide 

method of directing self assemblies to form ‘punch hole’ lithographic nano-patterns. 

The work aims to elucidate the necessary conditions required to form hexagonal packed 

cylinders using di-block copolymers. It sheds lights on various factors that affect the 

BCP self assembly and how the morphology is altered due to these factors. These 

include biasing the surfaces (selective towards one of the BCP phase) and altering the 

BCP properties (chain length, volume fraction etc). The morphologies attained have 

been independently verified by experimental results obtained from our collaborators at 

EMD Performance Materials Group, NJ-USA. 

Apart from optimizing the morphology of the system, fundamental studies have been 

performed on the system. The behavior of the BCP chains is analyzed under a simple 

confinement between two flat substrates that selectively wets one of the phases. The 

morphology thus formed is studied with the polymer chain length being the reaction co-

ordinate for a fixed critical confinement. The results obtained from the fundamental 

study has helped us in explaining the morphology formed in a more complex geometry 

like pillarpost guide that uses topography to confine the polymers. This in turn has 

proven to be of great benefit to optimally design the system and achieve the ideal nano-

lithographic patterns.  
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CHAPTER 1 

INTRODUCTION 

1.1 Overview of the Semiconductor Industry 

In 1965, Gordon Moore, co-founder of Intel Corporation in a seminal paper titled, 

'Cramming More Components onto Integrated Circuits' [1], predicted that the number 

of transistors that can be roughly installed on an integrated circuit doubles every two 

years. Today, 50 years hence, the law still holds true with IBM unveiling their latest 

wafers comprising of 7 nanometers chips in early July 2015 [2][3]. The motivation to 

produce smaller yet sleeker chips that could pack higher transistor density is what drives 

the industry. The advancement of the chip manufacturing technology is demonstrated 

in figure 1.1 [4][5]. If we compare Intel’s first chip (Intel4004) developed in 1971 to the 

Intel 14 nm chip of 2014, the growth metrics are staggering. The chips today are 90,000 

times more efficient, work at 3,500 higher performance and cost 60,000 times less to 

produce [6]. There are few industries that have progressed at this extraordinary rate and 

has impacted the human civilization more immensely. This phenomenal progress has 

impacted the world of computing, completely transforming the industry from mobile 

devices like smart-phones and tablets to super computers. The Apollo Guidance 

Computer, developed by IBM that the astronauts aboard the first manned moon mission 

used to navigate the Apollo spacecraft had approximately 64 Kbyte of memory 

operating at 0.043 MHz [7].  The fact that the technology that was so pivotal in placing 

humans on the moon is archaic and obsolete today is yet another testimony to the 

phenomenal progress of the industry. It is thus not surprising to note that the revenue 
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generated from the semi-conductor industry today is valued globally at about $ 300 

billion /year [8].  If the financial analyst are to be believed, this trend is not expected to 

slow down in the near future. This demand from the market to keep up with the Moore’s 

Law is the stimulus that drives the research in the semiconductor industry. 

 

Figure 1.1: The reduction in micro-chip sizes manufactured by Intel over the years. 

1.2 Nanolithography 

The fabrication of these microchips requires variety of intricate physical and chemical 

processes. These processes fall into three categories: film deposition, substrate 

patterning and semiconductor doping [9].  Substrate patterning involves creation of 

nano-templates with a light sensitive polymer called a photoresists. Lithographic 

techniques are predominantly employed for this purpose. The word lithography comes 

from the Greek word lithos, meaning ‘stones’ and graphein meaning ‘to write’. Since 

its invention in 1796, this method has been extensively used in printing art, texts on 

paper as well as stone substrates [10]. The type of lithography relevant to the electronic 
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industry is called nanolithography in which the features produced on the microchip are 

smaller than 100 nanometers.  The substrate for these devices is a semiconductor and in 

most cases Silicon. Silicon wafers are created in patterned layer (1-100nm) ultimately 

forming a complete Integrated Circuit. For each transistor of a circuit, the steps of 

pattern formation and lithography are repeated typically 20-30 times with each pattern 

being aligned to the previous. 

The conventional mode of manufacturing these devices involves the use of a ‘top-down’ 

process called optical lithography. This method uses one or multiple optical sources, 

photo resists and photo masks. Light of appropriate wavelength is shone on the 

photoresist through the photo masks to from three dimensional relief images. [9] Thus 

the substrate is modified with parts of it covered with the photoresist and part that is 

completely uncovered. The primary disadvantage of optical lithography is the 

diffraction based limits for the features produced [11]. To produce devices with smaller 

features, it is essential to reduce the wavelength of the optical sources and this process 

is cost ineffective. Another limitation of using optical lithography is that the process 

requires the use of wafers. This restricts the scope for the next generation devices that 

involves the use of flexible substrates. This method also requires the use of resolution 

enhancement techniques like Optical proximity correction, phase shift masks.[12]  

Some of the next generation lithographic techniques currently being explored in the 

industry include Extreme Ultraviolet (EUV) Lithography [13] and Directed Self 

Assembly (DSA). EUV lithography uses ultra-violet radiation with wavelength (10-

14nm). It was first used to produce IC fabricated devices at 100 nm which were further 
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scaled down to 30 nm. EUV lithography is currently targeted for possible future use 

below 15 nm resolution after the 7 nm node, in 2018–19 [14]. The shorter wavelength 

allows the use of low numerical aperture optical imaging system which provides higher 

resolution and thus smaller features [15]. One of the intrinsic limitations of using EUV 

methods also comes from a phenomena called as the ‘photon noise problem’ [16]. The 

information content of a EUV photon is about 14 times less than the photons used in 

optical lithography. Thus the amount of photons absorbed by the photo resist used in 

EUV method is approximately 14 times lesser than its optical lithography counterpart. 

This method requires manufacture of novel polymeric materials that are optimal to 

radiations of the EUV bandwidth and has a high capital cost for the infrastructure. 

Directed Self Assembly uses Block Copolymers (BCPs) to form ordered nano-

structured patterns. The inherent limitations of optical lithographic processes to probe 

extremely small length scales are overcome by this ‘bottom up’ approach. Block 

copolymers self-organize at molecular level building blocks and forming nano-

structures with characteristic length scales. As these nano-structures resemble the 

lithographic features desired in the semi-conductor industry, they are used as a nano-

template in the manufacture of IC devices. One of the phases of the BCP blocks (usually 

major) can be used as photoresists with the other block (usually) being etched away. To 

control the morphology of the self-assembly, the BCPs are directed by means of spatial 

confinement with external surfaces that are selective with their interaction to the blocks 

[17][18]. The harmonic spatial arrangement and periodicity offered by the technique 

offers manufacturers new strategies for the fabrication of electronic and energy devices. 

https://en.wikipedia.org/wiki/7_nm
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There is also a significant reduction in the costs of ownership for the manufacturers as 

compared to the more sophisticated EUV lithography methods. 

1.3 Thermodynamics of Block Copolymer Self Assembly  

The IUPAC defines a block copolymer as a portion of a macromolecule, comprising of 

many constitutional units that has at least one feature which is not present in the adjacent 

portions[19]. The features or blocks as they are commonly called can be thought of as 

an amphiphilic macromolecule polymerized from different monomer sources linked 

end-to-end. Unlike random copolymers where the two or more monomeric blocks are 

arranged in random fashion, block copolymers have the monomeric groups arranged 

into discrete blocks. Block Copolymers are further classified into diblock or tri block 

depending on the number of discrete blocks in a single polymer chain. In a diblock 

copolymer the block with the larger volume fraction per chain is termed as the major 

phase, whereas the other block is called the minor phase (refer figure 1.2). One of the 

most popular diblock copolymers used in the semi-conductor industry to form nano-

templates is polystyrene-b-poly(methyl methacrylate), abbreviated as PS-b-PMMA 

(refer figure 1.3). Apart from forming nano-templates , di and tri block copolymers have 

been used to form pressure sensitive adhesives, oil additives, automobile parts; 

filtration, semiconducting and ion selective membranes. [20][21] 

 

 

 

https://en.wikipedia.org/wiki/Methyl_methacrylate
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Figure 1.3: Chemical structure of PS-b-PMMA 

 

As the two blocks in a diblock copolymer tend to differ in their chemical properties 

(incompatible with each other), they favor separating out into two phases forming 

micro-domains. The thermodynamics of BCPs differ from polymeric melt mixtures as 

when the incompatible blocks segregate, the covalent bond that connects the two blocks 

end to end remains intact. Hence BCPs never completely phase separate but only micro-

phase separate. 

Minor phase 

PMMA 

Major phase 

PS 

Figure 1.2: A sample 20 bead block copolymer chain. The red phase 

with the higher volume fraction is the major phase while the blue phase 

with the lower volume fraction is the minor phase  
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Figure 1.4: Comparison of BCP self assembly below TODT (ordered structure) and 

above the TODT (disordered structure). The like BCP molecules microphase separate and 

self-assemble together leading to an ordered structure. [22] 

 

As the BCP’s micro-phase separate, the like blocks of different polymer chains tend to 

self assemble. At equilibrium, the chains tend to spatially re-organize so as to minimize 

the free energy (refer figure 1.4). On its own, the process of self assembly is slow and 

in many cases the degree of phase separation is limited. Thus these self assemblies are 

directed using external surfaces that are selective with their interactions to each of the 

blocks. For polymers that are not spatially confined (bulk behavior), the three important 

factors that govern the micro-phase separation are the Flory Huggins Parameter (χ), the 

degree of polymerization (N) and the volume fraction of the minor phase (ƒA) [20].The 

latter two factors are governed by the polymerization stoichiometry and influence the 

translational and configurational entropy. Based on these factors the BCPs microphase 

separate into morphologies like spherical micelles (Sbcc), hexagonal packed cylinders 

(C), gyroid (G) and lamellae (L) (refer figure 1.5). Introduction of confinement in the 
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form of external topography of the substrate, chemical patterning of the substrate and 

the features, there can be a significant deviation in the kind of morphology formed by 

the BCPs. Several reports have also demonstrated the use of simple shear and 

extensional flows on the BCPs to form the desired hierarchal structures. [23-26] 

 It is common to express the phase diagram in terms of the combined interaction 

parameter (χN) (refer figure 1.5). The microphase separation is governed by the free 

energy of mixing as denoted by equation (1). 

 

𝛥𝐺𝑚𝑖𝑥 / kT = (ln(ƒA)) / NA + (ln(ƒB)) / NB +  χAB  ƒA ƒB    - equation (1) [20] 

 

Here 𝛥𝐺𝑚𝑖𝑥 is the Gibbs Free Energy of mixing, k is the Boltzmann’s constant and T is 

the temperature of the system.  

The interactions in a bulk system of an AB type di-block copolymer can be expressed 

with three sets of Florry Huggins parameters: χAA , χBB and χAB corresponding to A-A, 

B-B and A-B type of interactions. The Florry Huggins parameter has enthalpic as well 

as entropic contributions. The entropic contribution becomes all more crucial in cases 

where the confinement dimension is comparable to the BCP domain size.  
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Figure 1.5: Plot showing micro-phase separation of an ideal block copolymer and the 

morphologies formed at different volume fractions of the BCPs [27-29] 

 

1.4 Directed Self Assembly of Block Copolymers 

The process of self assembly may be thermodynamics driven, but it has its limitations. 

The morphology of the system has a strong local order but lack long range orientational 

order. This is where the concept of Directed Self Assembly combined with advanced 

lithographic techniques offers an additional driving force that provides orientational 

order to create patterns ideal for IC manufacture. Lithographic patterns can be classified 

into two kinds depending on the shape of the morphology: line / space structures and 

contact hole structures (refer figure 1.6). 
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Figure 1.6: Two kinds of nanolithographic pattern produced using BCPs that are 

relevant to the semiconductor industry. A) Line space pattern formed by symmetric 

BCPs with volume fraction 0.5 (image by EMD) and B) punch hole pattern formed by 

BCPs with volume fraction close to 0.3 [30] 

There are two main techniques employed in Directed Self Assembly :  

Chemoepitaxy: This category of DSA utilizes chemicals that have been carefully 

crafted on a relatively flat substrate to direct the self assembly (refer figure 1.7). The 

chemical pattern is selective to one of the two phases which helps in aligning the block 

copolymer domains. The morphology usually probed in this technique is lamellae. The 

process of selectively biasing a part of the substrate is commonly known as brushing. 

Ligands of choice are deposited generally via chemical vapor deposition to the exposed 

surface making them selectively attractive to the BCP phase that is compatible with the 

ligands. This selective region is sometimes also referred to as a pinned region and the 

pinning width is one of the important factors that drives the self assembly. [30-32] 
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Figure 1.7 : schematic representation for Chemoepitaxy. A part of the bottom substrate 

is selectively brushed with ligands that prefers one the BCP phases. The width of this 

selective region is in the range of the domain thickness of the symmteric BCP employed. 

 

Graphoepitaxy: This class of DSA uses topography and surface roughness to direct the 

self-assembly (figure 1.8). The surface features and the substrate can also be chemically 

treated to provide an additional driving force. The polymer in this experiences entropic 

constraints arising from the confinement of the topography. The most common 

morphology probed in this technique are the hexagonally packed cylinders. The main 

advantage of Graphoepitaxy comes from its ability to form pattern with a large pitch 

and then tune the pitch by only changing the block copolymer properties. [33-35] 
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Figure 1.8: Schematic representation of Graphoepitaxy. The topographic features 

restricts the mobility of the BCPs and thus drives the self assembly. 
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CHAPTER 2 

PILLARPOST GUIDE METHOD 

2.1 Introduction 

This method uses both chemoepitaxy as well as graphoepitaxy techniques to form the 

desired contact-hole morphology. Topographic features in the form of chemically 

biased silica pillars resting on a silicon substrate (generally with the same selectivity as 

the pillar) are used to confine the BCPs of volume fraction 30:70 and thus form the 

morphology of interest (refer figure 2.1). The BCP used is PS-b-PMMA (PMMA is the 

minor phase). The BCPs are confined in the region in between the pillars resting on the 

substrate. The pattern formed by the self-assembly is used as a polymer mask with the 

major phase acting as photo-resist while the minor phase can be etched away. Once the 

minor phase is removed, hollow cylinders with direct contact with the bottom substrate 

are formed. These cylinder are used to guide electrons to hit the Si wafers and thus dope 

the device. The doped device is now ready for further processing ultimately forming the 

Integrated Circuit. The scope of this study is limited to the pattern formation and the 

self assembly of the block copolymers. 
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Figure 2.1: schematic 3-D representation of the pillar post guide. 

 

2.2 Simulation Details 

The early work has been performed by modeling the chain as an AB block with the 

monomer beads equal in size. The monomer size (σ) is considered to be 1 nm. The 

default polymer chain size corresponds to 20 beads with a volume fraction of 30:70 for 

A:B. The effect of varying the chain length and the volume fraction of the BCP has also 

been studied. As the size of each monomer bead is comparable to the Kuhn segment, 

the loss in degrees of freedom due to the angles and dihedrals is minimum.  

Within a polymer chain, the neighboring atoms are joined by a FENE bond which is 

essentially a bead-spring arrangement. The spring constant k was considered to be 30 

εσ -2 while Rmax was fixed at 1.5σ. [36] 
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Monomers of each block in the polymeric chain were given the purely repulsive 

Weeks Chandler-Anderson (WCA) potential which account for the excluded volume 

interactions. [37] 

 

 

The like monomer groups were provided with a modified form of 12-6 Lenard-Jones 

potential with a correction for the tail such that there is no discontinuity at the cutoff 

radius (rc) . LAMMPS has an inbuilt potential lj/gromacs which applies the said 

potential. 

 

 

Beyond the cut - off radius (r c) there is no interaction between particles. The repulsive 

interactions between the surfaces and the polymer is modelled as equation (3) and the 

attractive interactions as equation (4). A surface is defined as neutral if it is not 

selectively repulsive to one of the phases. In that case the surface interaction will be 

defined as equation (4) for both the cases. 

The interaction between the pillar beads or the substrate beads have been frozen and set 

to zero to increase the computational efficiency. NVE ensemble has been chosen for all 

the trials. BCP site density of 0.85 has been maintained in all simulations [23]. The 

simulations were run for sufficiently long time such that unit variables like pressure, 

potential energy, total energy remained more or less constant within the fluctuation 
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limits. The morphology was visualized with VMD [38] to confirm that the system has 

reached a steady state. The simulations have been carried out using LAMMPS. 

LAMMPS[39][40] is a classical molecular dynamics code, an acronym for Large-scale 

Atomic/Molecular Massively Parallel Simulator. Its features include ability to run either 

atomistic, coarse grained or even continuum simulations. Moreover, it is open-sourced 

with a very active user community that constantly contributes to improving the package. 

The main advantage of using LAMMPS over other packages like FORTRAN comes 

from the ease in parallelizing a code over multiple processors. 

Coarse graining specific to PS-PMMA 

The methodology followed for the specific coarse graining is that studied by 

Panagiotopoulos et. al [41]. The block copolymers are modeled as bead-spring particles 

and the constituent Kuhn segments are mapped to a typical Lenard Jones particle. The 

unique selling point of this technique comes from the development of a semi-empirical 

equation that relates the depth of the Lenard Jones well for each kind of polymer 

interaction (A-A, B-B, A-B) to the critical temperatures, Florry Huggins parameter and 

the order-disorder temperature (TODT). 

TODT is that maximum temperature that a disordered BCP melt must be cooled for the 

BCP chains to self organize into morphologies of interest. As described earlier the phase 

behavior and micro-phase separation of a BCP melts is described by the relation of   (χN) 

and f. The typical strategy employed in coarse graining is reducing the degrees of 

freedom, but this leads to loss in the microscopic structural and dynamical 

characteristics of the system. One could employ atomistic scale simulations, but this 
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severely restricts the length scales that can be probed even for a sufficiently robust 

computational capabilities. An easy way to evade these issues is to use coarse graining 

by preserving the macroscopic system properties that an experimentalist could measure 

without any hassle. The BCP property that is preserved in the coarse graining scheme 

adopted is the TODT .  

 We require two sets of data to proceed with the coarse-graining.  

a. Physical properties of the constituent monomers 

Table 2.1: Properties of constitute of monomers styrene and methyl methacrylate [41] 

Monomer bexp(nm) Nb
exp

 Nb
exp

 / N
CG Tc (K) Vc 

(cm3/mol) 

Styrene 1.8 6.9 5.4 884 1670 

Methyl 

Methacrylate 

1.5 6.0 5.8 945 1670 

 

  

b. Macroscopic properties of the BCP employed  

The following data has been provided by the experimental collaborators at 

EMD, Performance Materials Division, Somerville, NJ. 

Molecular Weights 

Poly Styrene – 45,000 g/mol 

Poly Methylmethacrylate – 23,500 g /mol 

Volume fraction of PMMA block – 0.35 
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Order Disorder Temperature (TODT) – 493.15 K 

The first step involves choosing PS as the reference monomer. The Kuhn length (b) 

obtained from literature is 1.8 nm. This corresponds to 5.4 molecules of Styrene in 1 

CG Styrene bead. Molecular weight of 1 Styrene molecule = 104 g / mol, hence 5.4 

Styrene molecules will weigh 561.6 g / mol . For PS with Mn = 45,000 g /mol, number 

of beads per chain = 45,000 / 561.6 = 80.12 ~ 80 beads 

A constraint is applied in coarse graining Methyl methacrylate such that a CG bead of 

Poly Styrene and PMMA occupy the same volume (has the same monomer size).  

Vc (Ns
CG ) = Vc (NMMA

CG ) 

The number of methyl methacrylate molecules in a CG bead is found to be 5.8. 

Molecular weight of a single methyl methacrylate molecule = 100 g / mol ; for 5.8 

molecules we have 580 g / mol.  

For MMA with Mn = 23,500 g / mol, number of beads per chain = 23,500 / 580 = 40.5 

~ 41 beads of MMA per chain of the BCP.  

This approximation may be justified as the characteristic ratios of the Kuhn lengths of 

the two monomers are not significantly different, hence no major change in 

conformational properties of the polymers are expected. 

Energy considerations 

We use the critical temperature data to estimate the interaction strengths between like 

monomeric beads. 

εPS-PS = Tc(PS) / Tc (PS)  = 1.0 kbT 
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εPMMA-PMMA = Tc(PMMA) / Tc (PS) = 0.9354 kbT 

The cross interaction parameter is estimated with the following empirical equation: 

𝜀𝐴𝐵 =  

[
(𝜒𝑁)𝑂𝐷𝑇𝑇𝑂𝐷𝑇

𝑁𝐶𝐺𝜎

(𝑠𝑏𝐶𝐺)
+ 𝛾

 + 𝜀𝐵𝐵(4.6𝑇𝑂𝐷𝑇−9.8)+2.4𝑇𝑂𝐷𝑇−8.6]

(6.9𝑇𝑂𝐷𝑇−18.4)
  - equation (5) 

Where (𝜒𝑁)𝑂𝐷𝑇  is the combined interaction parameter at the order-disorder 

temperature. 𝜎 is the monomer size, 𝑁𝐶𝐺  is the size of the CG bead. For model Lenard 

Jones beads 𝑏𝐶𝐺~1.28𝜎 . 

The quantity 
𝑁𝐶𝐺𝜎

(𝑠𝑏𝐶𝐺)
+  𝛾 is defined as the effective chain length Neff . To ensure that a 

diblock polymer always has a degree of polymerization greater than 2, 𝛾 is set to 2. 

s is the stretching parameter. 

𝑠(𝑓, 𝑁𝐶𝐺)~ 2 [2.6 −  
𝜎

𝑏𝐶𝐺] 𝑓 + 
𝜎

𝑏𝐶𝐺  - equation (6) 

εPS-PMMA = 0.9514 kbT 

Table 2.2: PS-PMMA CG parameters for full scale layout 

Total number of beads/ chain (N) 121 

Number of PS beads / chain 5.4 

Number of PMMA beads / chain 5.8 

Volume fraction of PMMA 0.339 

σ (monomer size) 1.8 nm 

(χN)ODT 12.24 
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(χN)eff 12.06 

T (reduced units) 0.695 

𝜌 (site density) 0.85 

εPS-PS (kbT) 1.0 

εPMMA-PMMA (kbT) 0.9354 

εPS-PMMA (kbT) 0.9514 

 

Setting up periodic boundaries 

 

Figure 2.2: TEM image provided by EMD performance materials division of a 

pillarpost guide method. Darker hexagonally packed cylinder of diameter 2r represent 

PMMA while the lighter space in between the SiO2  pillars represent PS. 
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Table 2.3: Dimensions of the pillarpost device 

Pitch size (a) 108 – 110 nm (ref. 109 nm) 

Pillar size (2R) 70-90 nm (ref. 80 nm) 

Via size (2r) 15-20 nm 

 

The strategy employed was to first use a smaller box size as compared to the full scale 

layout. Using a smaller box size would make the simulations computationally less 

expensive. Once the process is optimized and a qualitative understanding of the system 

is achieved, the system would be scaled up to the actual device dimension. 

The simulation box dimensions chosen were 34.64 nm X 60.0 nm X 26.066 nm which 

is about 6 times smaller than the full scale layout. This box is periodic in X and Y 

direction and fixed in Z direction. The device is bound by a Silicon substrate in the 

lower Z direction which is 3 layered and hexagonally closed packed. An identical but 

neutral substrate bounds the device in the upper Z direction to prevent the atoms from 

being lost. The silica pillars are three layers thick with a thickness of 3σ and hexagonally 

closed packed. As the box size is about 6 times smaller than the actual device dimension, 

we use default BCP length of N20 (as compared to N121 for full size simulations) 
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Figure 2.3: Box size chosen for the scaled down layout. Red dots represent PMMA, 

blue the SiO2 pillars . The pitch is presented by ‘a’ and the radius of the cylinder is ‘2R’ 

Thermostat 

The thermostat used in this study is dissipative particle dynamics (DPD) thermostat. 

The technique was first introduced by Hoogerbrugge and Koelman essentially 

introducing hydrodynamic behavior is meso-scale simulations [42] [43]. This work was 

further carried forward by Groot et. al [44] essentially establishing useful parameter 

ranges for Florry Huggins type models, thus developing DPD as a powerful simulation 

technique. DPD can be thought of the momentum conserving version of Stochastic 

Dynamics. [46] This method is quite popular in modeling mesoscopic units and their 

interactions. The method is especially effective to perform large scale simulations with 

millions of particles as this thermostat is computationally economical. [44][23][25] 

a 

2R 
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DPD simulations permits overlap of coarse grained beads. The interactions between 

these beads are defined by ‘soft cosine potentials’. To account for Van der Waal’s 

interactions, London forces it is essential to use LJ potentials. Soddemann et. al [46] has 

studied the effectiveness of the DPD thermostat in association with LJ potentials . 

For dpd simulations, the force on atom I due to atom J is given as a sum of 3 terms 

𝑓 = (𝐹𝐶  +   𝐹𝐷 + 𝐹𝑅)𝑟𝑖𝑗⃗⃗ ⃗⃗                   𝑟 < 𝑟 𝑐 

𝐹𝐶 = 𝐴𝜔(𝑟) 

𝐹𝐷 =  −𝛾𝜔2(𝑟)(𝑟𝑖𝑗⃗⃗ ⃗⃗ . 𝑣𝑖𝑗⃗⃗ ⃗⃗ ⃗ ) 

𝐹𝑅 =  𝜎𝜔(𝑟)(𝛼(𝛥𝑡)−
1
2 

𝜔(𝑟) = 1 −
𝑟

𝑟𝐶
 

𝜎 =  √2𝐾𝑏𝑇𝛾     - Equations (7-12) 

FC = Conservative force 

FD = Dissipative force (acts as heat source) 

FR = Random force (acts as heat drain) 

rij = Unit vector in the direction of ri – rj 

Vij = Vector difference in velocities of the two atoms = vi -vj 

Kb = Boltzman constant 

T = temperature parameter in the simulation 
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α is a random number generated from a space of Gaussian numbers with mean at zero 

and variance equal to unity. Δt is the time step size associated with each iteration. ω(r) 

is a weighing function whose value is 1 for all r < rc or zero otherwise.[47] LAMMPS 

implement the DPD thermostat similar to as described by the above equations (7-12) 

except that the temperature is set each timestep to a ramped value starting from Tstart 

to Tstop for the number of runs specified. If the user specifies the same value for Tstart 

and Tstop the temperature will be maintained at that constant value in the range of the 

thermal fluctuations. 

Most of the prior work using dpd thermostat was performed in the bulk, for beads that 

are not geometrically confined. It was observed that the dpd thermostat maintains the 

temperature at a lower value than the set point when the system is confined with spatial 

constraints. It is suspected that this anomaly arises from the fact that the polymer chains 

are unable to completely relax in the z direction due to the confinement. Hence the 

dissipative force (that acts as the heat source) is expected to be lesser than that of the 

random force (acts as heat sink) thus leading to a lower temperature. There thus aroused 

a need to calibrate the dpd thermostat for the confinement and geometry of our system. 

A simpler geometry comprising of polymers confined between two flat neutral 

substrates was chosen to confirm the earlier hypothesis of the temperature anomaly 

(refer figure 2.4)  
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The following two observations were made from the flat plate simulations: 

1. The temperature maintained varies linearly with the set temperature as y = mx 

+ c. The y intercept value ( c ) is negligibly small. 

2. The difference between the set temperature and the temperature maintained 

reduces as the confinement length increases. The set temperature and the 

maintained temperature is the same for bulk polymer simulations. 

 

Figure 2.5: Temperature calibration for flat plate geometry, confinement geometry - 5σ 

Figure 2.4: The dimensions of the plates are 40σ X 40σ. The confinement 

length is a variable. BCP is confined in the space in between the two plates. 
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Figure 2.6 : Plot for the slopes of the temperature calibration. As the confinement length 

increases, the slope plateaus out and is expected to approach 1 for the case of no 

confinement (bulk) 

The trials performed were on the pillarpost guide method geometry. The maintained 

temperature showed similar behavior as observed in the flat substrate case and varied 

linearly with the set temperature. The y intercept in this case was minimal as well. 

 

Figure 2.7: Temperature calibration for the scaled down pillarpost layout. 
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Confining the BCP beads and equilibration 

 

The first step involves creating the geometry which is done with Matlab. An added 

feature which is not present in actual device is the post (marked in red). The posts are 

essentially one bead thick poles with height equal to the height of the pillars. They are 

simulation tools used to confine the BCP within the space between the SiO2 pillars. 

BCP beads are then added randomly on the substrate. The initial co-ordinates of the 

BCP beads are such that there is no complete overlap of the beads. The next step 

involves activating the post potentials. The post are given a soft repulsive potential with 

a cut off radius higher than the radius of the pillar. The posts thus pushes the BCP beads 

away from the cylinder core and the BCP beads are confined within the free volume 

space. Once the confinement is complete, the post potential is deactivated. The three 

layered wall thickness of the SiO2 pillars prevent any BCP bead from escaping within 

the cylinder. The BCP beads are then equilibrated with potentials defined by equation 

Figure 2.8: Methodology to confine the BCP beads. The posts are shown in red. 

The pillars in purple, the minor phase of the polymer in pink, major phase in blue 

and the substrate in ochre. 
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(4). None of the surface are selective. The final step involves switching on the selective 

potentials. 

What defines a good self assembly? 

The main application of the pillarpost guide method is to form ‘contact-hole’ templates. 

The minor phase form the desired holes while the major phase occupies rest of the space. 

The minor phase is then etched away forming cylindrical hole bounded by the bottom 

substrate. An electron beam is then shone on the device which selectively dopes the 

bottom substrate. For the doping to be effective the minor phase domains need to be: 

a. Hexagonally packed uniform cylinders 

b. Have complete touchdown with the bottom substrate 

 

Methodology for Quantitative Analysis 

For the quantitative analysis of the results, concentration plots were generated for the 

projections of the minor phase along each of the planes (refer figure 2.9). The first step 

involves choosing an appropriate scanning width Δy for the axis under consideration (y 

in figure 2.10). For each scan, the number of beads of minor phase between y and y+Δy 

and the corresponding y co-ordinate is recorded. Plots are then generated with number 

of beads on y axis and the axis dimension on the x axis. This exercise is then repeated 

for x and z axis projections. A Fast Fourier Transform analysis is then performed to get 

the values for separation between cylinders. 
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Figure 2.9: A schematic of the BCP self assembly. The pink phase represent minor 

phase – PMMA, blue is the major phase –PS. The substrate is shown in ochre and the 

pillars in purple.The 2-d xz, yz and xy projections of the minor phase have the major 

phase and the pillars hidden for clarity of viewing. 

 

Figure 2.10: Methodology employed to generate the concentration plots. The major 

phase, pillars have been hidden for clarity. Δy = 0.2 σ. The number of beads 

corresponding to a particular y is counted only if the center of mass of the bead lies in 

the Δy.  
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2.3 Results for a model AB polymer 

Pillars repulsive to minor phase, neutral substrate (default case) 

The preliminary trial involved studying the effect of the pillars that are selectively 

repulsive to the minor phase. To isolate the effect of the Si substrate from the SiO2 

pillars , the substrate was made neutral to both phases. The generated self assembly was 

then annealed to optimize the structure.  

As observed in figure 2.11, there are three length scales for separation in the x direction 

which correspond to the three peaks in the FFT plots. Similarly there is one length scale 

of separation in the y direction which agrees with the single peak in the corresponding 

FFT plot. In an ideal self assembly, A= B+C, but the values obtained from the FFT 

analysis show that A > B+C. This is attributed to the fact the cylinders are not 

monodispersed. Some of the cylinders may have more number of beads than the other. 

Effect of annealing (Pillars repulsive to minor phase, neutral substrate) 

As observed in figure 2.12, when the system is allowed to equilibrate at a lower 

temperature (before annealing case, set T* = 1.0), some of the self assembled cylindrical 

blocks show micro-bridging. Although the density of molecules in the bridge was 

considerably less, there lies a scope for better separation. To get rid of the bridging, the 

system is ramped to 2.5 T* allowed to equilibrate for 100,000 steps before quenching 

the system to T*. This exercise is successful in eliminating the micro-bridging. 

The concentration plots show that annealing forms more uniform cylinder as the 

polydispersity in the cylinders is reduced. Annealing imparts higher temperatures and  
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in turn higher kinetic energies to the beads. Thus the self assembly is able to explore 

more regions in the phase space.  

 

 

Figure 2.12: The pink beads represent the minor phase, blue the major phase, purple 

the pillars and ochre the substrate. Annealing helps in resolving the issues related to 

micro-bridging and even out the PMMA distribution  



33 
 

 

Substrate Effect– bottom Si substrate repulsive to the Minor phase  

In these trials, the bottom substrate is chemically treated (brushed) with the same 

material as the SiO2 pillars. Thus bottom substrate and the pillar is repulsive to the minor 

phase and attractive to the major phase. 

 

Figure 2.13: The top view morphology and the yz projection for lower surface-polymer 

interction strengths. (ε=1.0).The PMMA cylinders look to be elevated as there is a ‘PS 

only’ layer formed atop the Si substrate 

 

 

 

 

 

As the bottom substrate is repulsive to the minor phase (PMMA), we see the cylinders 

being elevated. The blank region between the Si substrate and the elevated cylinders is 

occupied by the major phase (PS). This deposition of PS has an average thickness of 

1.2 nm . PS is photo resist and cannot be etched away. For ease in the manufacturing 

Figure 2.14: The top view morphology and the yz projection for higher surface-

polymer interction strengths. (ε=1.5). PS has been hidden in the yz projection to show 

the PMMA cylinder. Minor defects are observed in the PMMA cylinder formation. 



34 
 

of the device, the cylinders form should not only be uniform but also need to have a 

touch-down with the Si substrate. 

 

Figure 2.15: Z projections of the minor phase for lower surface-polymer interaction 

strengths (ε=1.0) 

 

Figure 2.16: Z projections of the minor phase for higher surface-polymer interaction 

strengths (ε=1.5) 

The density of brushing on the pillars and the polymer can be regulated to control the 

strength of interaction between the polymer and the surfaces. We observe that for higher 
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interaction strengths between the polymer and the surfaces (figure 2.14 and figure 2.16), 

the extent of wetting due to the biasing of the substrate is lesser as compared to the 

lower interaction strength (figure 2.13 and figure 2.15) between the polymer and the 

surfaces. Figure 2.15 and figure 2.16 shows that for lower brushing density the effect of 

the biasing the bottom substrate is felt to a height of 16 nm from the bottom substrate 

while for a higher brushing density this effect is felt only till 10.5 nm. 

Surfaces attractive to the minor phase, repulsive to major phase 

Trials have been performed with the substrate and the surfaces made attractive to 

PMMA and repulsive to PS. This case correspond to those trials with the surfaces 

being brushed with PMMA like material (usually with OH ligands being deposited on 

the surfaces). Two different surface to polymer interaction strength have been probed. 

 

Figure 2.17: Top view of the systen for surfaces attractive to the minor phase and 

repulsive to the major phase. Higher surface-polymer interaction strength forms 

smoother coating on the surfaces with no indication of cylinder formation 
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Substrate Effect– bottom substrate attractive and pillars repulsive to the minor 

phase  

One of the major drawback of biasing the bottom substrate repulsive to the Si pillar 

was that a photoresist PS layer is formed between the substrate and the cylinders. If 

the substrate is made attractive to the minor phase and the pillar repulsive to the minor 

phase, we see a uniform deposition of the minor phase (PMMA) on the substrate. 

Interestingly, a PS layer is formed above the PMMA on top of which rests the PMMA 

cylinders.This arrangement is still not ideal for manufacturing as the PS layer prevent 

cylinder touchdown to the bottom substrate. 

 

Figure 2.18: projections of the system for bottom substrate attractive to minor phase 

and pillars repulsive to minor phase 

Upon discussions with the experimental collaborators at EMD-Merck , it was 

understood that the self assembly obtained by biasing the substrate attractive to PMMA 

was an excellent match with the experiemental image obtained by TEM (image not 

provided by EMD). The experimentalists claimed that both the bottom substrate as well 
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the pillars were chemically treated in a way that they are attractive to the minor phase. 

When the pillars were made attractive to the minor phase, the resulting self assembly 

obtained was disordered and did not form cylinders. It was thus hypothesized that the 

brushing on the pillars might be uneven. A part of the pillar, most likely the part in 

contact with Si substrate is brushed making the Si substrate and the bottom part of the 

pillar PMMA attractive while the top part of the pillar not in contact with the substrate 

PMMA repulsive. 

Effect of Uneven Brushing- Substrate and bottom pillar PMMA attractive, top pillar 

PMMA repulsive 

Four different PMMA brushing height have been attempted and the results have been 

summarized below. 

 

Figure 2.19: Schematic representation of the pillars unevenly brushed with PMMA like 

material. The PMMA brushed surfaces are attractive to PMMA and repulsive to PS. 

It is observed that increase in height of the uneven brushing (green portion of the pillars) 

leads to shorter cylindrical BCP domains. A layer of PMMA is formed on the substrate 
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and the thickness of this layer increases with increasing PMMA brushing height on the 

pillar (green portion).  

Interestingly, the PS layer that is formed above the PMMA does not increase in size 

with increase in brushing height, but only moves to higher Z. Another interesting 

observation made was that as we increase the brushing height, the shape of the BCP 

domains changes from cylinders (for 2nm) to cylinders with a tapering bottom (12nm). 

This arrangement is still unacceptable to the industry as there is no contact of the 

cylinder BCP domains and the Si substrate. From these trials we can conclude that as a 

significant amount of PMMA is spent in coating the Si substrate, there is a deficiency 

in PMMA because of which we see a discontinuity between the cylindrical domains and 

the PMMA on the Si substrate.  

Figure 2.20: Plots representing z concentration increase in ‘PS only’ layer with 

increase in PMMA brushing height. PS, unbrushed pillars have been hidden for clarity 

in visualizing PMMA. 
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Figure 2.21: Representation of the X concentration plots. The thickness of the PMMA 

on the bottom substrate increases with increase in brushing height on the pillars.  

 

To overcome this deficiency more BCP beads were added to the system by a) adding 

PMMA homopolymer and b) by altering the BCP volume fraction. 

Effect of homopolymer addition vs change in volume fraction 

Prior to studying the effect of homopolymer addition and changing the volume fraction 

on the self assembly formed for pillars that are unevenly brushed, it was important to 

study the effect when the pillars are biased uniformly with affinity towards the major 

phase-PS. These trials have the bottom Si substrate attractive and SiO2 pillars repulsive 

to the Minor phase (PMMA). 
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Figure 2.22: Comparison of increasing the PMMA content in the system by addition of 

homopolymers vs changing volume fraction. The pink beads represent minor phase 

from the BCP.Blue beads represent PS from the BCP . Red beads represent PMMA 

from the homopolymer. The pillars are repulsive to the minor phase and attractive to the 

major phase. Substrate is attractive to the minor phase and repulsive to the major phase. 

 

Both addition of homopolymers and perturbing the volume fraction show improvement 

in the self assembly. The case of addition of homopolymers show that the short chained 

homopolymers(red) indeed help in bridging the gap to form complete touch down with 

the bottom substrate. There still lies scope for further improvement in the self assembly 

as one of the cylinders is incompletely formed. Trials were performed by adding higher 

percentage of homopolymer (9%). Instead of filling the region with incomplete pillar 

formation, the added minor phase led to bridging between the cylindrical domains. 
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Figure 2.23: Z concentration plot comparing homopolymer addition vs change in 

volume fraction of the BCP chain. An increase in the number of PMMA beads as seen 

in the blue and red curve demonstartes a reduction in the ‘only PS’ layer. 

 

Effect of homopolymer addition vs change in volume fraction for uneven pillar 

brushing (Substrate and bottom pillar PMMA attractive, top pillar PMMA repulsive) 

 

Figure 2.24: Projections and Z concentration plots of the comparison of effect of 

addition of Homopolymer vs pertubation in the BCP chain volume fraction for system 

with pillars that are unevenly brushed. The uneven pillar brushing height (green part of 

the pillars) is 2 nm. Pink beads represent minor phase from the BCP, while blue beads 

represent major phase of the BCP. Homopolymer from the minor phase is red. 
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It is observed that increasing the number of PMMA beads either by adding 

homopolymers or by altering the BCP volume fraction shifts the PS layer to higher z. 

The thickness of the PS layer is the same for the default case or when we add more 

beads by either means, but the PMMA layer formed on the bottom substrate is thicker 

when we add higher proportion of minor phase beads. We also observe that the PMMA 

homopolymer do not preferentially occupy the region between the BCP cylindrical 

minor domain and the PMMA on the Si substrate, but try to self assembly just as the 

minor phase of the BCP. As there is not much difference in the BCP self assembly for 

the homopolymer case and the volume fraction case, we can attribute the deviation from 

the default case to the fact that the proportion of the minor phase in the system is higher 

and not to the homopolymer effect. (Short homopolymer chains aid in the self assembly 

as they are less constrained to move as compared to the BCP chain) 

Effect of length of the BCP chain for pillars repulsive to minor phase, attractive to 

major phase and substrate attractive to minor phase, repulsive to major phase 

Figure 2.25: Z concentration plots for three different chain lengths probed. Lower chain 

lengths form a smaller ‘only PS’ layer thickness. N30 does form cylinders with 

touchdown on the bottom substrate. 
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The effect of changing the molecular weight of the BCP chain was also studied. Shorter 

chains under simple confinement have lesser entropic constraints as compared to longer 

chains. As the confinement geometry is complex, the results obtained are noteworthy. 

It is observed that the average thickness of the PS layer formed above the PMMA 

increases with increase in the chain length. Interestingly for N30, although the average 

thickness is higher, two of the individual BCP minor phase cylinder have a touchdown 

with the minor phase on the Si substrate. Thus using longer chains or shorter chains 

have their own advantages and disadvantages. This puts forth a good case for using a 

mixture of BCP chains of different molecular weights. 

Effect of polydispersity for uneven pillar brushing 

 

Figure 2.26: Comparison of using polydispersed BCP chains for pillar uneven brushing 

length of 2nm and 4nm. The results obtained for a 1:1 ratio of N10 and N30 lie in 

between those results obtained by using pure N10 or N30. This is true for the only PS 

layer thickness and the PMMA layer thickness on the bottom substrate.  

These trials were performed using a 1:1 ratio of N10 BCP chains and N30 BCP chains. 

This polydispersed mixture was expected to aid the self assembly by reducing the 

thickness of the only PS layer and by having a complete touch down with the bottom 

substrate. The z concentration plots as seen in figure 2.26 show that the polydispersed 

mixture does form a PS only layer with thickness intermediate to N10 and N30. The 
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second PMMA layer deposited on the bottom substrate has a thickness greater than N10 

but smaller than N30. Compared to an uneven brushing length of 2nm, for uneven 

brushing length of 4nm, the results from a polydispersed mixture are closer to N30 as 

compared to N10. 

Effect of change in length of the homopolymer chains for substrate attractive to 

PMMA, repulsive to PS and pillars repulsive to PMMA, attractive to PS 

 

Figure 2.27: Z concentration plots for a fixed BCP chain length (N20) 

 

These trials were performed by fixing the chain length of the BCP beads while the length 

of homopolymer chain was varied. The effect of homopolymer chain length variation is 

only seen in the second PMMA layer deposited on the bottom substrate. 

Self assembly for specific coarse graining PS-PMMA 

The trials performed thus far have been considering an AB model polymer. These 

simulations were performed by choosing the coarse grained parameters specific to PS-

b-PMMA. The methodology has been discussed in section 2.2.  As seen in figure 2.28, 
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for lower surface to polymer interaction strengths, we do not see a stark difference in 

the quality of the morphology formed. The ‘PS only’ layer still exists in the new coarse 

grained methodology. Some of the cylinders do show early sings of complete 

touchdown. If the surface to polymer interaction strength is increased, the morphology 

formed by the specific coarse graining is better as compared to non-specific technique. 

Many of the cylinders have complete touchdown with the bottom PMMA substrate. The 

better morphology formed for the specific coarse graining technique is attributed to the 

fact that the PMMA volume fraction used in this methodology is 0.35 as opposed to 0.3 

from the non-specific coarse graining. Thus the deficiency of PMMA in the system is 

overcome leading to better cylinder touchdown. 

 

Figure 2.28: Comparison of non specific AB model for coarse graining (old) vs specifc 

PS-b-PMMA coarse graining technique. Two surface-polymer interaction strength have 

been probed . εSA,SB = 1.0 , 1.5. We observe a complete touchdown for most cylinders 

for specific coarse-graining εSA,SB = 1.5 
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Comparison of specific coarse graining for uneven pillar brushing 

 

Figure 2.29: Comparison for non-specific AB model for coarse graining (old) vs specifc 

PS-b-PMMA coarse graining technique at different BCP volume fractions for unevenly 

brushed pillar length of 2nm. . εSA,SB = 1.0 . PMMA VF35 show smaller only PS layer 

and higher PMMA deposition on the bottom substrate.   

As seen in figure 2.29, figure 2.30 the results obtained for new coarse graining is similar 

to volume fraction 0.35 for non-specific coarse graining. This further confirms the 

hypothesis that the improvement in the morphology is due to the increase in PMMA 

volume fraction as compared to LJ interaction parameters. 

 

Figure 2.30: Comparison for non-specific AB model for coarse graining (old) vs specifc 

PS-b-PMMA coarse graining technique at different BCP volume fractions for unevenly 

brushed pillar. PMMA layer on the bottom substrate is slightly higher for the specific 

PS-b-PMMA. 
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‘Two-BCP’ approach for forming ideal morphology 

From the previous trials it was learnt that for surfaces that are brushed with material that 

has affinity to the major phase, a polystyrene layer is formed on the bottom substrate. 

Polystyrene being a photo resists inhibits the doping of the Silicon substrate. For an 

experimentalist it is exceedingly challenging to bias the bottom substrate differently 

from the pillars at such miniature scales. Hence it is amply clear that there arises a need 

to envisage a system in which the surfaces (pillars and substrates) are biased in the same 

way forming PMMA cylinders with total touch down. 

We define a system with two kinds of BCPs: BCP1 and BCP2. The PMMA of BCP1 

has a higher affinity to the surfaces as compared to PMMA from BCP2 while the PS 

from BCP1 is more repulsive to the surfaces as compared to the PS from BCP2. The 

interactions of the elements of like BCPs (BCP1-BCP1 and BCP2-BCP2) is governed 

by the coarse grained model described in section 2.2.The interaction between the unlike 

BCPs has been studied as a variable. 

 

Figure 2.31: Schematic for the 2-BCP approach 
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To understand the reasoning behind the segregation of the BCPs into two different types, 

it is necessary to study the interaction of the BCP with the surfaces. Prior to addition of 

the BCPs, the surfaces are brushed via chemical vapor deposition making them biased 

towards one of the phases. In this particular case, the surfaces form silanol bonds making 

them attractive towards the minor phase-PMMA. The PMMA is thus strongly adhered 

to the surfaces. Once the PMMA part of a chain reacts with a brushed surface and binds 

with it, the PMMA loses its reactive group. It is expected that the bound PMMA will 

react weakly with the bulk PMMA that is unbound. The surface will also lose part of its 

ligands and the density of brushing will also be reduced. The bound BCP1 will also 

create a screening effect on the BCP2 that is in the bulk. Hence we expect the BCP2 

from the bulk to have a lower affinity (lower attractive for PMMA and lower repulsive 

for PS) towards the surfaces. The system is designed in such a way that the BCP1 will 

be utilized in coating the surfaces whereas the BCP2 will form cylinder in between the 

pillars. The ratio of number of chains of BCP1 and BCP2 is a variable which has been 

studied.  

Particle interactions for 2 BCP approach 

Table 2.4: Polymer – Surfaces Interactions 

Polymer type Interaction type 

PMMA 1 Strongly attractive 

(12-6 tail corrected LJ , ε = 2.0) 

PMMA 2 Weakly attractive 

(12-6 tail corrected LJ , ε = 2.0) 
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PS 1 Strongly repulsive 

(WCA, ε = 2.0) 

PS 2 Weakly repulsive 

(WCA, ε = 2.0) 

 

Table 2.5: Polymer – Polymer Interactions 

 PMMA 1 PMMA 2 PS 1 PS 2 

PMMA 

1 

12-6 tail 

corrected LJ, 

strengths 

governed by CG 

model 

Weak soft cosine 

potentials. 

A =  

WCA , 

Strengths 

governed by 

CG model 

Weak soft 

cosine 

potentials. 

A = 

PMMA 

2 

Weak soft cosine 

potentials. 

A = 

12-6 tail 

corrected LJ, 

strengths 

governed by CG 

model 

Weak soft 

cosine 

potentials. 

A = 

WCA , 

Strengths 

governed by CG 

model 

PS 1 WCA , 

Strengths 

governed by CG 

model 

Weak soft cosine 

potentials. 

A = 

12-6 tail 

corrected LJ, 

strengths 

governed by 

CG model 

** 
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PS 2 Weak soft cosine 

potentials. 

A = 

WCA , 

Strengths 

governed by CG 

model 

** 12-6 tail 

corrected LJ, 

strengths 

governed by CG 

model 

 

12-6 LJ potentials = 𝑈(𝑟) = 4𝜀 [(
𝜎

𝑟
)

12

−  (
𝜎

𝑟
)

6

] +  𝑆𝐿𝐽(𝑟)  - equation (13) 

 

WCA potentials = 𝑈(𝑟) = 4𝜀 [(
𝜎

𝑟
)

12

−  (
𝜎

𝑟
)

6

]         𝑟 < 𝑟𝑐  - equation (14) 

The values for ε are governed by the analysis as discussed in section 2.2 

Soft cosine potentials: The main idea behind using soft potentials is to prevent overlap 

of the coarse grained beads. The potential is defined as follows: 

𝑈(𝑟) = 𝐴 [1 + cos (
𝜋𝑟

𝑟𝑐
)] r < rc     - equation (15) 

**The interactions between PS1 and PS2 are considered as a variable. Two different 

potential types have been analyzed: 

a. Soft Cosine Potentials as described by equation (15). 

b. Lenard Jones Potentials as described by equation (13, 14) that follows the coarse 

grained model. 

Studies have also been performed by completely switching off the interactions instead 

of using soft potentials. The results obtained from both the analysis were quite similar. 

 5.291.1  r
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As using soft potentials would mimic the experimental conditions better than the 

switching off the interactions completely, this methodology has been employed for the 

trials. 

 

 

Figure 2.32: 2BCP morphology with soft PS1-PS2 interaction. Incorrect pattern 

formation is observed .PMMA1 is shown in red and PMMA2 in pink. PS1,PS2 is hidden 

for clarity. 
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Figure 2.33: 2BCP morphology with LJ PS1-PS2 interaction. Desired PMMA pattern 

formation is formed. PMMA1 is shown in red and PMMA2 in pink. PS1 and PS2 are 

hidden for clarity 

From figure 2.32 and figure 2.33, we see that PMMA1 from BCP1 indeed coats the 

surfaces (pillars and substrates) while PMMA2 from BCP2 form the cylinders between 

the pillars. As discussed earlier when we use only one kind of BCP for surfaces that are 

brushed with PMMA like materials, there is an only PS layer formed resting above the 

PMMA on the bottom substrate. This PS layer prevents the cylinders from having a 

complete touchdown with the PMMA deposited with the bottom substrate. The new 

approach has solved this issue and offers complete touchdown of the cylinders. 

It is also observed that the interaction between PS1 and PS2 is what controls the pattern 

formation of the PMMA cylinders. Strong Lenard Jones interactions as described by the 

coarse grained model for PS1-PS2 interactions form the correct self assembly pattern 
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that shows close qualitative resemblance to the TEM image acquired by our 

experimental collaborators at EMD.   

 

Figure 2.342: Comparison of the two kinds of PMMA cylinder formation with the TEM 

image of the self assembly. PMMA1, PS1 and PS2 are hidden 

Other inter polymer interactions, interactions between polymers from BCP1 and BCP2 

were also varied. The use of hard LJ potential lead to disruption of the geometry. This 

disruption was also observed when the interaction strength was starkly reduced. The use 

of soft potentials for BCP1-BCP2 interaction (except PS1-PS2) lead to the desired 

morphology. 

Effect of variation of BCP1:BCP2 ratio 

In the trials discussed the equal amounts of BCP1 and BCP2 were used. These ratios 

were subsequently varied in an attempt to improve the morphology. Increasing the 

amount of BCP1 lead to thicker coating on the surfaces. As the total amount of BCP in 
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the system has to remain constant, there is a deficiency in the amount of BCP2. This not 

only leads to smaller radial domain sizes for the cylinders, but for extreme cases, 

incomplete pillar formations have been observed. On the other hand increasing the 

amount of BCP2 in the system has the advantage of complete pillar formations, with 

downside being increase in the domain size for the PMMA cylinders.  Micro-bridging 

is observed between adjacent cylinders. There also arises a deficiency in the PMMA1 

which leads to poor coating on the surfaces. Poor coating leads to poor screening of the 

PMMA2 which is contrary to the assumptions made while justifying the 2 BCP 

approach. From figure 2.35, BCP1:BCP2 ration of 60:40 seems to be the ideal ratio for 

the approach. Minor micro-bridging is observed for BCP ratio of 50:50. 

 

Figure 2.35: Effect of varying the BCP1:BCP2 ratio.PMMA1 is shown in red while 

PMMA2 is shown in pink. 

Effect of varying BCP volume fraction 

The volume fraction used for the 2BCP approach corresponds to the PS-b-PMMA with 

properties described in section 2.2, i.e. 35% of PMMA. Any reduction in the molecular 

weight of PMMA monomer in the BCP will lead to it having a lower volume fraction. 

Attempts were made to study the morphology formed for PMMA volume fraction 0.3 
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and BCP1:BCP2 ratio of 40:60 and 50:50. These ratios when used with PMMA with 

volume fraction 0.35 lead to micro-bridging. 

 

Figure 2.36: Effect of lowering BCP volume fraction to 0.3. Incomplete cylinder 

formation is observed due to the deficiency of PMMA. 

  

When the volume fraction is reduced to 0.3, the system can account for the change in 

two ways. The first way would be to form cylinder with complete touchdown but with 

a smaller radial domain size. Alternatively, the cylinder radial domain size could remain 

more or less same, but the cylinder formation could be imperfect and / or with 

incomplete touchdown. The observations from figure 2.36 show that the system prefers 

the latter option. 

For BCP1:BCP2 ratio of 40:60, the micro-bridging observed is lesser as compared to 

BCP1:BCP2 ratio of 50:50. The extent of incomplete cylinder formation is more for the 

50:50 case as well. 
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Proposed mechanism for correct pattern formation – 2BCP approach 

From our earlier observations it was inferred that the interaction between PS1 and PS2 

play a crucial role in driving the self assembly. To better understand the mechanism of 

cylinder formation, let us consider the process to be sequential. The first step involves 

the PMMA1, the minor phase with high affinity to the surfaces, coating the surfaces. 

Part of this PMMA is consumed in wetting the substrate and the remaining in wetting 

the pillars. The fraction of PMMA1 that is utilized in coating each type of the surface 

(either substrate or pillars) is expected to be proportional to the surface area of that 

surface. The PMMA1 that is coated on the surfaces has PS1 covalently bonded to it. 

PS1 is highly repulsive to the surfaces but is attractive to PS1 from other BCP1 chains. 

PS1 is pushed away from the surfaces but are unable to completely move to region B as 

they are constrained by the covalent bond. The PS1 chains thus occupy the region A, 

shortest distance between two pillars. 

 

Figure 2.37: Schematic top view of the geometry. A denotes the region of critical 

confinement: shortest distance between two pillars. B denotes the region encapsulating 

the centroid of the triangle formed by the SiO2 pillar centers. 
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The like PS1 chains are able to associate in region A as the BCP chain length is long 

enough as compared to the confinement dimension corresponding to A. On the contrary, 

region B is the furthest away from any of the pillar surfaces. If PS1 and PS2 have a 

strong affinity to each other (attractive hard LJ potential), PS1 in region will drive the 

PS2 from the system towards itself. Both kinds of polystyrene will try to self assemble 

in the shortest distance between the pillars. PS2 is covalently bonded to PMMA2. The 

only space available for PMMA2 is the cylindrical region with the centroid of the 

triangle joining the center of the pillars as the center of the cylinder. If the interactions 

between PS1 and PS2 are soft, the driving force for PS2 to occupy region A is limited. 

Thus PMMA2 is not forced in region B leading to incorrect pattern formation.  
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CHAPTER 3 

FLAT PLAT STUDY 

3.1 Introduction 

From the previous chapter it is evident that confinement dimension along with polymer 

domain size plays a crucial role in the morphology formed. The entropic constraints 

imposed by the confinement frustrates the chains in to forming morphologies different 

from that is expected in a bulk self assembly. 

The pillar post guide method has an intricate geometry. To simplify the ease of studying 

the fundamental aspects that drives the self assembly, it was decided to construct a new 

geometry. The new geometry essentially confines the BCP within two flat substrates. 

Both the bottom substrate and the top substrate are biased in the same way either 

attractive or repulsive to one of the phases. The geometry has no topographical features 

as in the pillar post method. 

 

Figure 3.1: Schematic of the flat plate geometry. BCPs are confined in between the two 

flat plates. 

This aim of this study was to verify some of the results observed in the pillarpost guide 

as well as to test many of the hypothesis put forth in a much simpler setting. To have a 

closer resemblance to the pillar post guide method, it was decided to have the default z 



59 
 

confinement dimension equal to the least distance between the pillars (distance 

corresponding to region A in the draft) It is this region where the chains will experience 

the highest entropic penalty. Consider figure (), a schematic of the full scale layout. The 

shortest distance between two pillars or the critical confinement length corresponds to 

30 nm ~ 17 σ. The default chain length employed according to the coarse graining 

methodology employed is 121. 

𝑁

𝐿
=

121

17
= 7.12 

We define N/L as the critical chain length to critical confinement ratio. For the initial 

set of trials we have kept the critical confinement length constant and varied the chain 

length and observed the chain  in the BCP self assembly formed. 

 

Figure 3.2: Schematic of the system denoting the critical confinement length 

Along with the chain length variation, the effect of biasing of the substrate, variation of 

the volume fraction of the BCP chain and using homopolymer instead of BCPs have 

been studied.  
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3.2 Methods and Potentials 

The trials have been performed for a standard AB polymer as described in section 2.2. 

Specific coarse graining technique for PS-PMMA has not been employed.  An important 

aspect in these trials have been to choose the correct box size. The simulation box for 

the trials is periodic in X and Y and fixed in the Z direction (confinement dimension). 

The trials have probed long chain BCPs. (highest chain length probed – 200N) For such 

high chain lengths it is essential that the box size is sufficiently large in the non –

confined periodic dimension. For smaller box sizes, a BCP bead that escapes from one 

side of a periodic boundary could interact with its own mirror image leading to 

erroneous results. 

The default box size for the trials has been 120σ X 120 σ X 17 σ with 17 σ being the 

confinement dimension. Trials have been performed to calculate the radius of gyration 

and polymer end to end distance. For the highest chain length probed (200N), the values 

for these parameters are about 3-4 times smaller than 120 σ. Hence the use of the current 

box dimensions is justified. For smaller confinement dimension probed (10σ) the X, Y 

dimension is increased to 200 σ. The total number of beads (BCP + substrate) probed in 

the default setting of 120 σ X 120 σ X 17 σ is 295602 . Increasing the X and Y box 

dimension to 200 σ X 200 σ X 17 σ increases the number of beads to 820002, thus 

increasing the computational labor required to run the simulation. For lower 

confinement dimensions (10 σ), the box size chosen is 200 σ X 200 σ X 10 σ with 

582002 beads. 
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3.3 BCP (volume fraction 0.3) at critical confinement confined within substrates 

repulsive to major phase, attractive to minor phase 

 

Figure 3.3: BCP morphology formed for substrate repulsive to the major phase and 

attractive to the minor phase. (BCP VF 0.3)The major phase has been hidden for clarity. 

 

These trials were performed with the substrates repulsive to the minor phase and 

attractive to the major phase. The reaction co-ordinate chosen is the degree of 

polymerization or the BCP chain length. The volume fraction for these trials was 30% 

of PMMA in a BCP chain. 

It is observed that PMMA is deposited on the two substrates. For lower chain lengths 

(N10, N20) the morphology formed is a three layered sandwich. This observation is 

confirmed from the Z concentration plots in figure 3.5. There are two peaks observed in 

the plots for the PMMA deposited near the two substrates which suggests two layers of 

PMMA on the substrates. The concentration of the middle layer plateaus out near the 
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middle of the confinement. The third layered is more spread out for N20 as compared 

to N10 but plateaus out at a slight lower concentration. There is a transition seen from 

a three layered sandwich to two layered sandwich when the chain length is increased 

from N20 to N40. For all chain lengths  N40, the two layered sandwich structure is the 

preferred morphology over the three layer. Interestingly, we observe three distinct 

concentration peaks corresponding to a tri-layered PMMA deposition on the surface for 

chain length  N40.  

3.4 BCP (volume fraction 0.35) at critical confinement confined within substrates 

repulsive to major phase, attractive to minor phase 

 

Figure 3.4: BCP morphology formed for substrate repulsive to the major phase and 

attractive to the minor phase. (BCP VF 0.35). Major phase is denoted in blue and minor 

phase in red. 
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Attempts have been made to study the effect of increasing the BCP volume fraction to 

0.35 and note the change in the morphology of the system. The results obtained are to a 

certain extent similar to those obtained from VF 0.3, but some critical distinction can be 

made (refer figure 3.4). The third layer observed for lower chain lengths (N20) has a 

much lower concentration and does not extend to the entirety of the periodic X and Y 

direction. Three distinct peaks are observed near the bottom and top substrate for all the 

chain lengths probed suggesting a tri-layer PMMA deposition. Increasing the PMMA 

volume fraction to 0.35 increases the total PMMA content in the system. As the PMMA 

part of the chain gets longer, there is more frustration seen in this part. For higher chain 

lengths (N120, N200) we observe bridging between the top substrate and the bottom 

substrate. The critical confinement of 17 σ is not long enough for the chains of length 

N120 and N200.  A part of these bridged chains rests on each of the substrate. 
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3.5 Effect of reducing the chain the confinement dimension 

These trials have attempted to pack the BCP chain in a dimension below the critical 

confinement. The frustration of the chains is expected to further increase, especially for 

higher chain lengths. The box size chosen is 200 σ X 200 σ X 10 σ. A lower volume 

fraction of 0.3 for PMMA is chosen is an attempt to observe the three layer to two layer 

transition as seen for the critical confinement. 

 

Figure 3.7: BCP beads confined at 10 σ between substrates attractive to the minor phase 

and repulsive to the major phase. 

 

As observed in figure 3.7, the trend observed in the morphology with the chain length 

is unlike that observed for the critical confinement. A double sandwich morphology is 

observed for lower chain lengths (N10, N20) for confinement length of 10 𝜎 as opposed 

to a three sandwich morphology for lower chain lengths for the critical confinement of 

17. The extreme frustration of the chain is shown in the form a micro-bridging observed 
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for N200. The confinement length in this case is exceptionally small and some of the 

chain prefer being arranged on both the substrates leading to the micro-bridging. 

3.6 BCP (volume fraction 0.30) at critical confinement confined within substrates 

attractive to major phase, repulsive to minor phase 

These trials have resemblance to the pillarpost guide trials in which the surfaces are 

brushed with materials that like PS over PMMA. The substrates are attracted to the 

major phase while the minor phase is expected to occupy the region in between them. 

 

Figure 3.8: BCP beads at critical confinement within substrates attractive to the major 

phase and repulsive to the minor phase. 

 

For N10, a morphology of an alternating layer of major phase and minor phase is formed 

with the major phase being deposited on the two substrates. As we increase the chain 

length, a single layer of PMMA is formed sandwiched between two major phases. As 

chain length is further increased, the thickness of the middle PMMA layer is increased, 

but this layer is not uniform across the length of the substrate. Although the domain size 

of the middle layer is larger, there exists regions of discontinuity wherein there lies a 

deficiency of PMMA. 
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3.7 BCP (volume fraction 0.35) at critical confinement confined within substrates 

attractive to major phase, repulsive to minor phase 

 

Figure 3.9: BCP beads, VF 0.35 confined at critical confinement within substrate 

attractive to the major phase and repulsive to the minor phase. 

 

Figure 3.10: XY projection (top and bottom substrate are hidden) of the minor phase 

shows an increase in the order with chain length 

Increasing the PMMA volume fraction to 0.35 does not have a drastic effect in the 

overall morphology for substrate attractive to the major phase and repulsive to the minor 

phase. For all the chain lengths probed, PMMA is sandwiched in between two PS layers 
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encompassing the substrates. For lower chain lengths, the PMMA layer is continuous 

without any long range order in the pattern formed. As we increase the chain length 

from N20 to N200, the thickness of the PMMA layer increases. The PMMA self 

assembles into distinct patterns and the overall order of the system is increased as the 

patterns forms get more distinct for higher chain lengths. 

3.8 Effect of further reducing the confinement dimension for BCP VF 0.3, substrate 

attractive to major phase and repulsive to minor phase. 

 

Figure 3.11: BCP morphology formed for BCP (VF 0.3) confined at 10 σ. The XY 

projections repeated periodically show an increase in domain size and the order for 

higher chain lengths. N100 and N200 show packing frustration 

 

The box size chosen for these trials is 200 σ X 200 σ X 10 σ with both the substrates 

being attractive to the major phase and repulsive to the minor phase. In absence of the 

entropic penalty caused by the extremely small confinement, the major phase is 

expected to coat the two substrates and the minor phase occupy the region in between 
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the two as observed for the case with confinement dimension of 17 σ. The trend 

observed is similar for lower chain length, ≤ N40 . For higher chain lengths (N100, 

N200) the PMMA domains expected to be formed around the mid plane of the z 

dimension are large enough to have contact with the substrates (refer figure 3.12).

 

Figure 3.12: Z concentration plots for lower and higher chain lengths. The distribution 

is narrower and plateaus at a higher value for lower chain lengths  

 

The trend is confirmed in the z concentration plot (figure 3.12) wherein the width of the 

distribution of the fraction of beads is much lower for chain length N20 as compared to 

N200 which shows contact with the substrates. N20 plateaus out at a higher value as 

compared to N200 that peaks at a lower fraction of beads. This supports the hypothesis 

that at lower chain length, the preferred morphology for the minor phase is a single 

layered dense sandwich between alternating PS layers. In this case the entropic forces 

are not strong enough to overcome the energetic constraints imposed by the biased 

potentials of the substrates. For N200, the distribution of the minor phase is more 

uniform across the Z dimension. The entropic forces are of the same order as that of the 

energetic forces and for many chains the entropic forces overcome the energetic barriers 
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imposed by the biased substrate. The preferential wetting of PMMA on the substrate 

supports this premise. We can make interesting observations by checking the z 

projection morphology of the minor phase (top view). As we increase the chain length, 

the order of the system increases. The size of the individual domains increases for higher 

chain lengths.    

3.9 Flat plate study and relevance to pillarpost guide method: 

 The primary purpose of the flat plate study was to understand the correct pattern 

formation. In figure 3.13 we have two kinds of morphology formed from the flat plate 

study for critical confinement of 17 σ – three layered sandwich (B) and two layered 

sandwich (A). Consider figure 3.13C and the explanation provided in the 2BCP 

pillarpost mechanism. To form the correct pattern in accordance with the pillar post 

guide method, it is essential that at critical confinement of 17 σ, there needs to be a two 

layered sandwich morphology for the minor phase. The chains need to have a certain 

minimum length for this to occur. From the flat plate study, we have found out that the 

transition from three layered to two layered sandwich occurs between N20 and N40. 

The experimenter needs to note the minimum molecular weight of the BCP that would 

provide satisfactory results. The flat plate study has also elucidated that using much 

longer chains in extreme confinement leads to packing frustration that causes micro-

bridging between the two independent domains.  
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Figure 3.13: Ideal BCP pattern formation for the 2-BCP approach as explained by the 

flat plate study. The PS has been hidden in the figure C for clarity 

  

3.10 Two BCP approach for flat plate study 

This study tries to understand the effect of using two different kinds of BCPs with the 

chain length used as the reaction co-ordinate. The reasoning for segregating the BCPs 

into two types has been explained in the two-BCP approach. The potentials used has 

also been consolidated in table 2.4 and table 2.5. From our earlier studies it was revealed 

that the interactions between PS1 and PS2 plays a crucial role in driving the self 

assembly. Although the flat plate geometry is quite different from the pillarpost 

geometry, the purpose of these simulations was to look for evidence of PS1 and PS2 

segregating and thus controlling the morphology of PMMA2. The confinement length 

is maintained at critical confinement – 17 σ and the box size for the trials have been 

kept constant – 120 σ X 120 σ X 17 σ . 
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Figure  3.14: 2BCP approach for flat plate study with PS1-PS2 interacting with LJ 

potentials 

 

In figure 3.14, we can see that for lower chain lengths (N20), PMMA1 forms a three 

layered sandwich structure as opposed to two layered PMMA1 sandwich structure for 

N40 and N80. PMMA2 occupies the region between the PMMA1 wetted substrates. As 

the interaction between PS1 and PS2 is strong, the PS chains come together. This 

confluence of the chain form large domains of PS which in turn pushes PMMA2. A 

similar behavior is observed for pilllarpost guide method in which the occupancy of PS1 

near region A pushes PMMA2 to region B (figure 2.37) On the other hand if the 

interaction between PS1-PS2 is governed by soft-cosine potentials (figure 3.15), we 

observe much lower degree of segregation. The distribution of PMMA2 is more uniform 

at the critical confinement. The occurrence of this phenomena in pillarpost trials leads 

to the hexagonal packed cylinders formed at the incorrect spacing. For soft cosine 

potentials, it is also observed that a three layered PMMA1 sandwich is the preferred 
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morphology formed for N20. The concentration of PMMA1 in the middle layer is higher 

in the case of softer PS1-PS2 interactions as compared to hard LJ interaction. A 

transition from three layered BCP1 sandwich to two layered sandwich is observed for 

chain length greater than N20. Interestingly, for higher chain lengths ( N120), micro-

bridging between PMMA1 beads wetted on the bottom and top substrates is observed. 

 

Figure 3.15:  2BCP approach for flat plate study with PS1-PS2 interacting with soft 

cosine potentials 
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CHAPTER 4 

 

CONCLUSION 

 

This study has attempted to study the self assembly of block copolymer under 

confinement using a coarse grained molecular dynamics framework. Firstly, for a 

pillarpost guide method geometry and non-biased substrates, the optimal conditions to 

achieve the hexagonally packed cylinder were elucidated. It was found out that 

annealing of the system leads to better morphology by eliminating the micro-bridging 

between the cylinders. For biased substrates (either PS attractive or PMMA attractive), 

there forms a PS layer on the bottom substrate which prevents a complete touchdown 

for the PMMA cylinders. To rectify this shortcomings, two methods were suggested: 

addition of minor phase homopolymer and perturbation of the BCP volume fraction to 

0.35. Both the alternatives lead to improvement in PMMA cylinder touchdown. To 

further improve the geometry, a new methodology called ,’2-BCP approach’ has been 

suggested. This approach essentially segregates the BCP into two types. The self 

assembly formed the hexagonally packed cylinders with complete touchdown of the 

PMMA cylinders. The morphology formed was also in agreement with the experimental 

results obtained by EMD. 

The second part of the study dealt with explaining the results obtained in the pillarpost 

guide method using a simple flat plate geometry at critical confinement. A change in 

morphology from three layered sandwich to two layered sandwich is observed from N20 

to N40 for substrate repulsive to the major phase. A strong effect of confinement is also 
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observed for substrate attractive to the major phase and for confinements smaller than 

the critical confinement, especially at higher chain lengths. The behavior of the BCP 

chains under confinement is observed to be starkly different from its behavior in bulk. 

This is attributed to the entropic penalty that the confinement imposes on the polymer 

chain resulting from the inability of the polymer to encapsulate the entire phase space. 

A comparison with the pillarpost geometry shows that there exist a critical chain length 

that needs to be employed for the cylinders to form the correct hexagonal pattern. This 

hypothesis is further supported by the results obtained for the 2-BCP study for a flat 

plate geometry.  
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CHAPTER 5 

FUTURE WORK 

For my future work I envisage a three-tier approach for my research. With this approach, 

I plan to carry forward my work on BCP lithography as well perform fundamental 

studies to explain the lithographic results. The first stage of the work will involve 

optimizing the pillarpost methodology to obtain the best ‘punch hole’ structures. This 

section will include scaling up of the system to meet the exact device dimension. 

Variations in the type of BCP will also be employed. A new technique called ‘stick-

trap’ method will be introduced as an improvement over the 2-BCP approach. 

Secondly, I will study the lamellae BCP morphology formed by symmetric BCPs and 

optimize the ‘line-space’ structures. The two main lithographic techniques that will be 

studied are Li / Ne method and the SMARTTM method. I will start by first studying a 

scaled down layout before optimizing the geometry to meet the full-scale device 

dimensions. 

Thirdly, I propose to perform fundamental studies on a geometry much less intricate to 

the pillarpost geometry. This study will be an extension of the flat-plate geometry work 

discussed in chapter 3. Among the problems probed will be a comparison of the polymer 

mixing patterns observed with and without confinement. Free energy studies to estimate 

the trend in the Helmholtz free energy for different chain lengths and confinement will 

also be performed. Lastly, I will validate the coarse-grained results by a united atom 

force field study for a scaled down pillarpost layout. The results from this study will 
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decide whether to opt for a full-atomistic approach or not, to study the deviation from 

the coarse-grained results. 

Each of the aspect will be discussed broadly in the sections to follow.  

5.1 Optimizing Pillarpost 

5.1.1 System scale up 

The work performed thus far has been on a scaled down layout with a box size 5.5 times 

smaller than the actual device dimension. The results obtained on a scaled down layout 

will be independently collaborated on a full scale layout. A one to one correspondence 

with the experimental geometry and dimensions will give added weightage to the 

simulation results. As the ratio of surface area to volume scales as the inverse of the 

length scale, it is not necessary that the results obtained for a smaller layout can be 

extrapolated to the scaled layout. Deviations are expected in the quantitative aspects of 

the results. As confinement dimensions play a crucial role, it is not unexpected if the 

results diverge qualitatively for systems of different sizes.  

Figure 5.1 shows a comparison of the scaled down simulation box with the full scale 

layout box. The scaled down box encompasses 3 full pillars, 2 half pillars and 4 quarter 

pillars. As the simulation is periodic in X and Y, repeating images in the +ve and –ve 
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negative X, Y axes complete the half and quarter images. 

 

Figure 5.1: Comparison of the scaled down box with the full scale simulation box 

 

To reduce the computational time required for the runs, the scaled up box includes 1 

full pillar and 4 half pillars. With a bead density of 0.85, scaling up of the system 

increases the number of beads from about 19,000 to half a million. The system requires 

more number of steps to converge to a steady state. As the newton’s laws of motion are 

applied to each of the particle, any increase in the number of particles or the number of 

runs exceptionally escalates the computational expense of the simulation. Thus there 

arises a need for higher computational capabilities. 

The most common strategy applied in computational studies to improve the efficiency 

of a run is to parallelize the code using a number of cores. The in-house computational 

capability offered at the Institute of Computational Science and Engineering, Cornell 
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University gives us a maximum of 12 cores to per simulation run. 12 cores are sufficient 

for the scaled down layout, but are not sufficient to run full scale simulations. 

The larger simulations are thus run using supercomputing resources. After exhausting 

the initial startup allocation, we have been allocated approximately 1.5 million hours on 

the San Diego Supercomputing Centre’s Comet system through NSF XSEDE [48]. To 

judiciously use the supercomputing resources, attempts have been made to understand 

the computational efficiency of the code. 

Parallelization in LAMMPS happens on two levels: 

a. The parallelization strategy [39] 

b. The communication calls 

For communication calls LAMMPS uses Message Passing Interface (MPI). MPI is 

one of the most common protocol to communicate with parallel computers. With 

features like high performance, scalability and portability, MPI remains the dominant 

mode in high performance computing. To further increase the computational 

efficiencies, neighbor lists are used to keep track of nearby particles. The code divides 

the 3-D simulations box in smaller 3-D sub domains using spatial decomposition 

techniques. Each of the processors is assigned to one of the sub domains. Another 

unique feature in the code is the use of ‘ghost atoms’ which essentially communicate 

between neighboring atoms of different sub domains. Communication in the form of 

particle velocities and trajectories are passed on through ghost atoms between the 

processors.  
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LAMMPS benchmark 

The LAMMPS documentation available on lammps.sandia.gov illustrates the several 

performance benchmarks, for codes runs on serial, parallel as well as on GPUs. These 

runs are carried out for variety of system like simple Lenard-Jones fluid, bead spring 

bonded polymers, proteins, granular solids and metals. 

The authors of the benchmark document claim that LAMMPS run-time scales roughly 

linearly in the number of atoms and using the parallel efficiency data, one can estimate 

the CPU cost for the desired problem. [40] 

To have a better understanding of the computational expense of the code it is vital to 

know which part of the code contributes most to the cost. The following is the data 

obtained from the LAMMPS documentation for the kind of system relevant to the 

problem: 

System LJ fluid  Bead spring polymer - 

100 mer chains 

CPU/atom/step 7.02E-7 3.15E-7 

 

The system of interest has both LJ interactions as well as bead – spring interactions. 

As we see in table 5.1, the LJ interaction are suspected to be more than twice as 

computationally intensive as compared to the FENE bond interactions. This difference 

Table 5.1: Comparison of the computational expense on one processor - Dell 

Precision T7500 desktop Red Hat Linux box with dual hex-core 3.47 GHz Intel Xeon 

processors 
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is primarily due to the in-build expense of computing a particular kind of pair-wise 

force field for a given number of neighboring atoms. 

In an attempt to accelerate the LJ interactions, GPU accelerated versions of these 

potentials will be employed eventually. The accelerated version of the LAMMPS pair 

styles and fixes typically run faster than the non-accelerated versions and thus will aid 

the efficiency of the simulations.  

Parallel efficiency of the code 

To generate the scaling efficiency data, the BCP beads were first allowed to warmup 

with soft potentials. The next step involves allowing the beads to equilibrate with 

Lenard-Jones Potentials. The system is said to be equilibrated when there is no change 

in the thermodynamic properties apart from the statistical fluctuations. The morphology 

of the system is more or less stable at this point. These co-ordinates of the beads are 

employed and the code is ran for 100 time steps on different number of processors. The 

wall clock time is then plotted with the number of processors. This exercise is repeated 

for two system sizes corresponding to the substrate bead size of 1.8 nm and 1 nm. 
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From figure 5.2 and figure 5.3 of the performance curves, we see that the parallel 

efficiency is reduced beyond 600 cores. LAMMPs shows its best efficiency in a 

parallel computing sense for particles that fill the simulation box with more or less 

Figure 5.2: Parallel scaling performance curve for the full scale layout with substrate bead size = 

1.0 nm carried on Comet. The scaling efficiency drops considerably after 600 cores 

Figure 5.3: Parallel scaling performance curve for full scale layout with substrate bead size 

= 1.8 nm. Simulations carried out on comet 
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uniform density. This is due to the fact that a uniform particle distribution ensures 

uniform load on each of the processors. Although the site density is maintained 

uniformly, the system contains areas with no particles in the box (region inside the 

pillars) which may lead to deviation from the ideal parallel efficiency. The architecture 

of the Comet systems is such that each node contains 24 cores. All the full scale 

simulations are thus performed parallel on 25 nodes (600 cores). 

Preliminary results for the full-scale layout are consolidated in the next section. The 

coarse-graining methodology employed is described in section 2.2. The interactions 

of the polymers with the surface have been varied in the different trials. 

Surfaces attractive to PS and repulsive to PMMA 

 

Figure 5.4: Projections of the full scale layout. Minor phase is shown in red, major 

phase is blue. The size of PS bead is reduced for clarity 
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These trials resemble the scaled down layout as discussed in chapter 2. The PS beads 

are shown in blue in reduced size. The results obtained are quite similar to earlier trials 

with PMMA cylinder formed hexagonally packed in its pattern. A PS layer is formed 

on the bottom substrate which prevents a complete PMMA touchdown. As compared 

to the scaled down layout, the cylinders formed are slightly non-uniform in the z 

direction. We expect such deviation for larger systems as the PMMA beads find it 

difficult to maintain the symmetry for such long heights. 

Pillar -PS attractive, PMMA repulsive; Substrate PMMA attractive, PS repulsive 

 

Figure 5.5: Projections for full scale layout. PMMA is shown in pink and PS in blue. 

Some of the PMMA cylinders are incompletely formed 

 

As observed in figure 5.5, the results obtained for full scale layout have a qualitative 

agreement to the scaled down layout. We see a complete cylinder touchdown in four 

of the central cylinders while the other cylinder are not fully formed. This is an 
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improvement to the scaled down layout results obtained in earlier studies wherein 

none of the cylinders had a complete touchdown. As a part of the future work, the 

immediate aim would be to improve the cylinder morphology by having complete 

cylinder touchdown. As discussed earlier, addition of homopolymers and change in 

the BCP volume fraction will aid in having a complete touchdown. 

5.1.2 Variation in the BCP 

Repulsive pendant group at the BCP junction 

Discussions with the experimental collaborators made us understand that addition of a 

highly fluorinated pendant group to the BCP can lead to remarkably different 

morphologies as compared to BCPs without the pendant group. In most of the cases, 

disruption in geometries were observed, but a systematic study of the effect of the side-

group is required. The side chain can be visualized as a highly fluorinated short 

hydrocarbon chain which is repulsive to both the phases.  

 

Figure 5.6: PS-b-PMMA with a short fluorinated aliphatic side chain 

Depending on whether the sidechain is located on the minor phase or the major phase 

and if the chain is one bead or two beads long, four different cases have been studied on 

a scaled down layout with surfaces repulsive to the minor phase and attractive to the 
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major phase. (Refer figure 5.6) The inter-polymer bead potentials have been maintained 

same as described in section 2.2. The interactions between the pendant group and other 

BCP beads are according to equation 3. 

 

 

 

Ideal conditions were formed with the 1 pendant group on minor phase.  Substrate 

wetting effect is felt till about 15-16nm in the z direction and is slightly stronger for 

the sidechain with pendant on major phase. Addition of 2 pendant group / pendant 

group on major phase leads to micro-bridging.  

Figure 5.7: Four different side chain BCPs have been studied. Side1 and Side2 

have two side bead chains while Side3 and Side4 have one side bead chain. 

Side 1 and Side3 have the side chain on the PMMA part of the junction while 

Side2 and Side4 and the side chain on the PS part. 
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Figure 5.8: X concentration plots for side chain studies. Non uniformity is observed for 

two side chain trials and trial with one side chain on major phase 

 

Figure 5.9: Y concentration plots for. Micro-bridging is observed when the sidechain 

is on the major phase 

 

Figure 5.10: Z concentration plots for side chain studies 

Substrate wetting effect 

Stronger effect 
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 As part of the future work the trials will be performed for surfaces that are attractive to 

PMMA. Trials will also be performed for different surface to polymer interactions 

which correspond to different kinds of brushing. After the scaled down layout is 

optimized, the full scaled layout will be analyzed. 

PS-b-PMMA with terminal OH group 

As discussed in chapter 2, the 2-BCP approach successfully solved the issue of having 

a complete touchdown with the bottom substrate. The 2-BCP approach essentially 

separates the BCP into two kinds depending on its affinity to the surfaces. BCP1 has 

higher affinity to the surfaces while BCP2 prefers forming cylinders in the bulk. For an 

experimenter, a way to justify the approach is to alter BCP1 chemically such that it 

preferentially wets the surfaces with a much higher affinity as compared to BCP2. A 

system is thus designed with BCP chains that have a hydroxyl group on the terminal 

BCP bead. The hydroxyl group could be present on the terminal bead on the PMMA 

part of the chain (figure 5.11) or on the terminal bead on the PS part of the chain (figure 

5.12). Although justification of the 2-BCP approach requires a hydroxyl group on the 

terminal PMMA bead, a complete study is required to form the optimal morphology. 

 

Figure 5.11: Structure of BCP with hydroxyl pendant group on PS 
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Figure 5.12: Structure of BCP with pendant hydroxyl group on PMMA 

 

A preliminary study has been performed for BCP with terminal hydroxyl group on 

PMMA. For these trials the ratio of the BCP1 : BCP 2 is a variable. As opposed to the 

2-BCP approach in which PMMA from BCP1 and BCP2 are different, in the new 

methodology only the terminal PMMA beads from BCP1 are considered as a different 

atom type in the code. The interaction strength in the LJ potential between this terminal 

PMMA and the surfaces is higher than the bulk PMMA. 

The potentials have been summarized below: 

BCP-surface interactions 

• PMMA-OH – strongly attractive (ε=2.0) 

• PMMA – weakly attractive 

• PS – strongly repulsive (ε=2.0) 

Inter BCP interactions 

• PMMA-OH - PMMA : soft interactions 
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• PMMA-OH - PS : soft interactions 

• PMMA-OH – PMMA-OH : interactions as per the CG model 

 

Figure 5.13: Projections for PMMA-OH trials with the hydroxyl group on terminal 

PMMA. 60% of BCPs have terminal hydroxyl PMMA.  

 

The results shown in figure 5.13 show preliminary results obtained for the PMMA-OH 

trials. 60% of BCPs have terminal PMMA with hydroxyl group. The morphology 

formed is poor with cylinder like structures formed with the wrong pattern. A PS only 

layer is observed above the PMMA on the bottom substrate. Trials have also been 

performed by lowering the PMMA-OH to PMMA ratio to 50% and 40% with similar 

results. The early morphology formed shows that more effort needs to be put to optimize 

the potentials and the polymer ratios. Although, it is not guaranteed that this approach 

will prove fruitful, trials will be performed with different box sizes in an effort to form 

the desired structure.  
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5.1.3 Tethering PMMA to surfaces 

One of the inadequacy of the 2BCP approach is that ratio of the two kinds of BCPs is 

decided before hand by the person modeling the system. In reality, a single type of BCP 

is used to form the desired morphology. As the system is annealed, the acrylate part of 

PMMA reacts with the hydroxyl ligands on the brushed surfaces forming silanol bonds. 

Thus in the midst of the annealing process, two kinds of BCPs are formed from a single 

type of BCP. The ratio of the two different kind of BCPs- that is tethered to the surface 

and the BCP in the bulk is decided by the physics of the self assembly. Although the 2-

BCP approach gives the experimenter an idea as to what the optimum ratio between the 

chains of the two kinds of BCPs should be, there occurs a need to automate the process 

with the system itself choosing the proportion. 

As part of the future work of this study, a new methodology called ‘stick-trap’ approach 

will be introduced. Consider figure 5.14, a model BCP chain in the vicinity of a surface. 

This surface (either the SiO2 pillar or the Si substrate) has affinity towards PMMA while 

 

Figure 5.14: Schematic representation of the ‘stick-trap’ approach. The PMMA bead 

marked X gets tethered to the surface 
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being repulsive to PS. We define a region with thickness δz. This region is a cuboid 

with length and breadth equal to the simulation box dimensions for the bottom substrate. 

For the pillars, this region is an annular cylinder (half, quarter or full depending on the 

pillar of interest) with height equal to the pillar height. If the center of any PMMA bead 

(like the one marked X) comes in the region of interest, we assume that the reactive 

group in this PMMA bead comes in the vicinity of the ligands brushed on the surfaces. 

This PMMA bead is then tethered to the surface. The bead has a lower affinity to the 

major phase as well as to the BCP in the bulk. The inter BCP interactions is maintained 

similar to the 2-BCP approach discussed in table 2.5. 

From programming point of view, the following algorithm is implemented: 

1. Equilibrate the BCP beads so that initial co-ordinates are unbiased. 

2. Define a region P encompassing the entirety of the surfaces. Use LAMMPs 

region command. Two types of regions are defined: blocks for bottom substrate 

and cylinder for the pillars. 

3. Run the code for 100 runs. 

4. Find PMMA in the region P and group them together. 

5. Change the atom type of these PMMAs and setforce it to zero so that they are 

immobilized. The interactions of the new atom type are different from the old. 

6. If number of runs are less than Y (variable to be optimized) go to step 3. 

7. If number of runs are greater than Y, continue simulations as in the 2 BCP 

approach. 
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A preliminary study has been performed for BCPs confined between two flat plates. In 

this study, the bottom substrate is brushed with ligands that has affinity to PMMA and 

repulsive to PS. The top substrate exist to prevent loss of atoms through the simulation 

box and has been hidden in the representations. 

 

Figure 5.15: Schematic representation of the system before the selective potential on 

the bottom substrate is activated 

 

Consider figure 5.15 when the system has been equilibrated but the selective potentials 

of the bottom substrate are off. Once the bottom substrate is biased against PS and the 

system is allowed to equilibrate in accordance to the algorithm mentioned earlier, the 

morphology formed in shown in figure 5.16 A, B, C. 

We see deposition of PMMA deposited on the bottom substrate. For a thickness of δz = 

1σ, about 30% of the total PMMA in the system is tethered on the bottom substrate. The 

tethered PMMA is labelled as PMMA2 while the PMMA in the bulk is termed PMMA1. 

The tethered PMMA2 has PS covalently bonded to it. These PS chains are seen resting 

in between PMMA2 and PMMA1. From our previous studies, we have learnt that the 

interactions between PS from the tethered and untethered BCP plays a crucial role in 

driving the self assembly and thus the preferential arrangement of the PS from the 

tethered BCP has interesting implications. 
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Figure 5.16: ‘B’ shows schematic representation of the stick-trap approach after the 

selective potentials have been activated. ‘A’ is the setup with PS beads hidden while ‘C’ 

shows PMMA2 being tethered on the substrate.  

These preliminary results have set a promising foundation to replicate the code for 

geometries of lithographic interest. From a more fundamental aspect, the wetting of the 

tethered PMMA needs to be studied in depth. An important facet of these simulations 

is the thickness of the region P defined in the algorithm. The thickness can be interpreted 

as the extent to which the attractive or repulsive forces of brushed ligands act upon the 

polymers. This thickness and the interaction strength of the LJ potential is thus directly 

related to length of the ligand chains as well as the density of the brushing. The variables 
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discussed above will be studied meticulously once the approach is optimized for a scaled 

down layout. The methodology will later be replicated for a full scale layout. 

5.2 Lithography with symmetric BCP 

Introduction 

A di-block copolymer is symmetric if the volume fraction of each of the block is equal. 

They have been commonly employed in the industry to form line-space structures. 

Symmetric BCPs chains form lamellae morphology in bulk. This 

process is slow and often the time scales are unacceptable for research purposes. There 

is also limited control on the orientation of the BCP domains. A variety of chemoepitaxy 

and graphoepitaxy techniques can be employed to direct the self assembly to form 

optimum morphologies. Two such techniques will be studied as a part of this work. 

5.2.1 Li / Ne Method 

 This method has also been referred to as UW method (abbreviation for University of 

Wisconsin) as most of the pioneering early work is credited to researchers from this 

University.[30][49] In this method BCP chains are allowed to self assembly on a 

substrate which interacts with the BCP beads. A part of this substrate is pinned. 
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Figure 5.17: Schematic of the substrate of the Li/Ne method. Green part shows the 

pinned region 

By pinning the substrate, we ensure that this pinned region is selective to and 

preferentially wets only one of the phases. The other phase is generally repulsive to the 

pinned region. The dimension of the pinned region is generally smaller than the non-

pinned region. 

Our preliminary studies have shown that the morphology formed is exceedingly 

sensitive to the pinning width.  

Simulation details 

While the pillarpost method uses selective pillars to direct the self 

assembly, Li / Ne method uses a substrate with a selective pinned region to get the 

desired lamellae morphology. The substrate thickness and substrate bead density plays 

a crucial role in directing the BCP. A dense three layered closed packed substrate has 

been employed. There is a neutral top wall identical in density and thickness to prevent 

loss of beads. (The top wall has been hidden in all the snapshots) The wall density (no. 

of closed packed beads/unit volume) is a variable and two different densities has been 

studied. The preliminary studies have been performed with a simulation box one third 

the actual device dimension. 
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Two different wall densities and thicknesses have been attempted: 

 Lower density : 1.15/σ3 ; Substrate thickness of 3σ , σ ~ 1 nm 

 Higher density : 3/ σ3 ; Substrate thickness of 2σ , σ ~ 1 nm 

Note: Substrate thickness is measured from the extremities of the beads and not from 

the centers of the beads. 

Preliminary results: Ideal parameters for lamellae formation 

 

Figure 3.18: Lamellae morphology perpendicular to longest substrate axis formed at 

ideal conditions 

The following conditions have been found to be form optimum morphology: 

 Substrate density : 1.15 

 Substrate thickness : 3 σ = 3 nm 

 3 layered substrate, hexagonally closed packed 

 Pinning width: 5.25 – 5.5 nm 

 Symmetric BCP, 10 beads per chain 
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Effect of substrate density 

As reported earlier two substrate densities have been studied. The pinning width has 

been varied in these cases. As seen from figure 5.19 and figure 5.20, the ideal 

morphology is formed only at lower density for two of the pinning width. Higher density 

did not form the desired lamellae structure, but the BCP domains were inclined to the 

longest axis of the device. 

 

Figure 5.19: Effect of pinning width for lower substrate bead density. Ideal morphology 

is formed at a pinning width of 5.25 nm and 5.5 nm 



100 
 

 

Figure 5.20: Effect of pinning width for higher substrate density. Ideal morphology is 

not formed for any pinning widths probed 
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Effect of number of substrate layers 

From the previous section, it was learnt that the substrate density plays an important 

role in the resulting morphology of the BCP self assembly. In these trials a layer of the 

substrate is erased keeping the pinning width (5.25 nm), density and parameters 

constant. Three layered wall with a thickness of 3σ formed the ideal morphology. Any 

thickness above 3σ, will not change the self assembly as the LJ cut-off distance is 2.5 σ 

for the neutral substrate and 1.12 σ for the repulsive substrate. 

 

Figure 5.21: Effect of substrate layers. Ideal morphology is formed for three layered 

wall 

Tolerance for pinning width 

As the dimension of the device are in nanometers, even a sub nanometer variation in the 

width of the pinning region can make a difference in the morphology. Thus 

manufacturing the device at these scales can prove to be challenging. It is thus important 

for the manufacturer to know the leverage available in the pinning width. 
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Figure 5.22: Effect of variation of pinning width for Li/Ne method 

From figure 5.22, it is found out that a pinning width of 5.25 – 5.5 nm is ideal. Thus the 

tolerance in the pinning width is ± 2.5 %. 

As part of the future work, a lot more can be done to understand the system. The trials 

thus far have been performed on a model A-B BCP polymer. New trials will be 

performed for a specific PS-b-PMAA with more accurate LJ interaction potentials. 

Once the scaled down layout is optimized, the system size will be increased three times 

to match the actual device dimension. 
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5.2.3 SMARTTM Method 

Like the Li / Ne method, the SMARTTM method also uses symmetric block copolymers 

to form ‘line space structures’. The main distinction between the two methods is that 

SMARTTM uses a pinning region that is lowered in the z direction (refer figure5.23). 

The pinning width for this method is relatively larger (comparable to the non-pinned 

region width). The desired morphology of the self assembly is the same as the Li / Ne 

method – lamellae oriented perpendicular to the longest axis of the device. 

 

Figure 5.23: Schematic representation of the substrate for SMARTTM method 

Simulation details 

Coarse graining technique employed is the same discussed in section 2.2 for the 

pillarpost trials. Symmetric PS-b-PMMA has been employed and the order disorder 

temperature is assumed to be 523 K (corresponds to symmetric PS-b-PMMA of 

30kg/mol) Critical temperatures of PS, PMMA have been used to find the LJ interaction 

strength while the cross interactions strength have been calculated using equation (5). 

The chain length for the BCP is 10 beads / chain. The substrate beads are separated at a 

distance of 1σ and this provides us with a higher tolerance for the width of the pinning 
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region as compared to the Li / Ne method. The box size is one third the device 

dimension. 

Lenard Jones interaction parameters: 

εPMMA-PMMA = 0.9354 

εPS-PS = 1.0 

εPS-PMMA = 0.9312 

Smart Process – Ideal conditions 

 

Figure 5.24: Ideal conditions forming lamellae perpendicular to the substrate axis 

 

The preliminary results show that the optimum ratio of the non-pinned region to the 

pinned region is 13:14:13 for a pinning depth of 2.5 σ. The lowered substrate of the 

pinned region has a stronger attraction towards to PS as compared to PMMA. The side 

walls of the pinned region is attractive to PMMA and repulsive to PS. The potentials 

used in this case is comparable to a pinned region brushed with a material that has 

stronger affinity towards PS. 
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Attempts have been made to vary the relative pinning width for a fixed pinning depth 

in an attempt to find the optimal morphology. Two types of ‘pinned-surface’ to polymer 

interactions have been studied. In the first kind, both the side wall and the bottom 

substrates are neutral, but have stronger attraction towards PS. The second type of 

surface-polymer interaction, the side wall is attractive to PS but repulsive to PMMA 

while the bottom substrate is neutral with stronger attraction to PS. From an 

experimental point of view, the first kind of ‘pinned surface – polymer’ interactions is 

easier to attain as the brushing performed via chemical vapor deposition is similar on 

both the side wall and the bottom substrate. Hence both the surfaces will interact 

similarly with the polymers. 

Following are the details of the potentials used for the two type of surface-polymer 

interactions: 

Table 5.2: Strength of energy interaction parameter for surface to polymer interactions. 

Neutral and bottom substrate has stronger attraction to PS 
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Table 5.3: Strength of energy interaction parameter for surface to polymer interactions. 

Lowered pinned region has stronger attraction towards PS. Side walls are PS attractive 

and PMMA repulsive 

 

As observed in figure 5.25, for uniformly brushed bottom substrate and a pinning depth 

of 2.5 σ a relative ratio of non-pinned width to pinned width of 12:16:12 forms optimum 

structure as compared to other ratios. Although there lies some defect in the morphology 

formed, these results have laid a strong base to optimize the structure. Some strategies 

to rectify the defect would be to slightly perturb the BCP volume fraction, addition of 

homopolymers, change the pinning depth etc. For the trials with pinned region that have 

side walls differently biased as the lowered substrate, the optimum morphology is 

formed for a relative ration of 13:14:13. 

Trials will also be attempted on a full scale layout. 
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Figure 5.25: Effect of ratio of the relative lengths of neutral region to pinned region 
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5.3 Fundamental study in simple confinement 

Chain statistics to understand polymer behavior [50]   

A polymer chain can be visualized as a random walk on a periodic lattice. Although this 

model works sufficiently well for an ideal chain in space, it is crude and lacks accuracy 

for a more complicated system.   

 

Figure 5.26: Two models for polymer mixing. B shows high degree of chain overlap. 

A shows only slight overlap 

In presence of solvents polymer chains are known to swell up depending on the type of 

solvents but in melts the chains move freely and behave ideally.  In the 1970s there 

existed some dispute among polymer scientists some dispute on two opposing views on 

the representation of the melts. There are two standard models as shown in figure in 

5.26.  

A) Segregated Chain Models: In this model the different chains overlap only 

slightly. This pattern of arrangement is expected in systems confined in one 

direction like 2D melts. The local concentration 𝐶 ~
𝑁

𝑅0
2 , where N is the chain 

length and R0 is the radius of the chain. Although this arrangement is not 
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commonly found, chains on adsorbed layers and polymers trapped in lipid 

bilayers are some examples. 

B) Mixed Chain Models: In this pattern of mixing, the chains are known to 

interpenetrate strongly. This arrangement is preferred in 3D systems or polymer 

melts in bulk. The local concentration is small which implies that there are many 

chains overlapping to build up the concentration,  ~
𝑁

𝑅0
3 .  

The question arises what model of mixing is followed by the polymer chains in a system. 

The answer to the above question depends on the dimensionality of the system. For the 

confined system probed earlier in this study we expect the chains to mix according to 

the segregated chain models, while the bulk BCP systems follow mixed chain models. 

To understand the pattern of mixing statistically, the average radius of gyration of the 

chains and the average end to end distance have been calculated. The parameters are 

expected to be smaller for BCP in confined system as opposed to bulk system. These 

quantities have also been calculated for homopolymers and for BCPs at two different 

volume fractions. 

 

Figure 5.27: Polymer end to end distance denoted by vector R 

 

𝑅 =  ∑ 𝑟𝑖

𝑁

𝑖
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𝑆2 =
1

𝑁
∑ (𝑟𝑖 ⃗⃗ ⃗⃗  − 𝑟0 ⃗⃗ ⃗⃗⃗)

2
𝑁

𝑖=1

 

N = Chain length 

ri = position vector of bead i of the chain. 

r0 = position vector of the center of mass of the chain 

S = Radius of gyration 

R = end to end distance 

A preliminary study has been performed for polymers of different chain lengths 

confined between two flat plates at a critical confinement of 17 σ. The type of polymers 

probed are homopolymers and di-block copolymers at two different minor phase 

volume fractions (0.3 and 0.35). The substrates are repulsive to the homopolymers and 

the minor phase of the block copolymer. For comparison, simulations have been 

performed on block copolymers that are not confined, on simulation boxes of 

approximately similar volumes. 

As observed in figure 5.28 and figure 5.29, for chain lengths above N40 or N/L ratio 

greater than 2.35, the effect of confinement is clearly seen. The values of the radius of 

gyration, end to end distance is higher for the non-confined system for N/L greater than 

2.35 as compared for confined block copolymers and confined homopolymer. This is 

interesting to note as N40 was the chain length when the transition from three sandwich 

structure to two sandwich structure was seen in section 3.3. For higher chain lengths, 

the confinement dimension being quite small, the chains experience much more 



111 
 

frustration due to the entropic constraints. Thus for a comparable chain that is not 

confined, a long confined BCP chain coils and segregates higher than its counterpart. 

This leads to less inter chain mixing.  

The effect of volume fraction is not that evident for any of the chain length probed. We 

also see that homopolymers have smaller chain statistics as compared to block 

copolymers. Homopolymer chains are made up of only one kind of monomer and like 

beads have affinity to each other. Thus as compared to BCPs, homopolymer tend to coil 

more than BCPs and thus show a stronger segregated chain behavior. 

 

Figure 5.28: Polymer chain statistics: radius of gyration vs polymer chain length 
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Figure 5.29: Polymer chain statistics: radius of gyration vs polymer chain length 

 

Free Energy Studies [51] 

Apart from polymer chain statistics, free energy studies will also be performed for the 

confined and non-confined system. Deviations are expected from the theoretical phase 

diagram for polymer under confinement. By varying the Flory-Huggins parameter 

(scales inversely as temperature) and the confinement length, the phase diagram specific 

to the confinement geometry of our system will be elucidated. 

The Florry Huggins parameter is directly proportional to the Free Energy of Mixing. 

The flat plate geometry in figure 3.1 is employed for the study. The plates are 3 layers, 

hexagonal packed. The default potential to the plates are repulsive to the minor phase 

and attractive to the major phase. Asymmetric BCP of 30:70 volume fraction are used. 
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The temperature, potential energy and the total energy are recorded as output among 

other data. The quantity of interest is ΔA (Helmholtz Free Energy). The BCP chain 

length is chosen as the reaction co-ordinate. 

Consider an N particle system described by the Hamiltonian Η0(x, px) The system is 

described by the 3N Cartesian co-ordinates x and the conjugated momenta px. We can 

express the Helmholtz free energy as: 











0

1ln
1

Q

Q
A


  where 1)(  TkB and Q0 and Q1 denotes the partition functions 

of the reference and current state. We can express the partition function in terms of 

Hamiltonian and the equation reduces to : 
0

)],(exp[ln
1

xpxA  


 

The above equation denotes the ensemble average over configurations sampled from 

reference state. The Hamiltonian contains a Kinetic Energy contribution and a 

Potential Energy contribution, as the masses of the BCP beads and the number of BCP 

beads remains constant over the reaction co-ordinate, we can neglect the Kinetic 

Energy contribution. The equation thus simplifies to: 

0
]exp[ln

1
UA  


   - equation (15) 

ΔU is the difference in potential energies between the target and reference system. 

Equation 15 will thus be used to estimate the trend in the Free Energies. 

The final part of the work will be spent on United-atom / full atomistic studies, first for 

a scaled down flat plate geometry and then on the pillarpost trials. Coarse grained 
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models gives the user the advantage to probe higher length and time scales as much of 

the computational complexity is masked and approximated. The change in the angels 

and dihedrals between bonded atoms are ignored in coarse grained results. These 

approximations could lead to deviations in the BCP morphology. Less coarse models 

would be especially crucial when the effect of side chains (either fluorinated or 

hydroxyl) will be analyzed for the pillarpost method. 
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