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Dedication Text

To my mother and father, none of this would have ever been possible without their love and

the sacrifices they have made. I love you Mom and Dad.



Epigraph Text

If you can keep your head when all about you;
Are losing theirs and blaming it on you,

If you can trust yourself when all men doubt you,
But make allowance for their doubting too.

If you can wait and not be tired by waiting,

Or being lied about, dont deal in lies,

Or being hated, dont give way to hating,

And yet dont look too good, nor talk too wise:

If you can dream - and not make dreams your master;
If you can think - and not make thoughts your aim;
If you can meet with Triumph and Disaster,
And treat those two impostors just the same;
If you can bear to hear the truth you’ve spoken
Twisted by knaves to make a trap for fools,

Or watch the things you gave your life to, broken,
And stoop and build em up with worn-out tools:
If you can make a heap of all your winnings

And risk it on one turn of pitch-and-toss,

And lose, and start again at your beginnings

And never breathe a word about your loss;

If you can force your heart and nerve and sinew
To serve your turn long after they are gone,

And so hold on when there is nothing in you
Except the Will which says to them: Hold on!

If you can talk with crowds and keep your virtue,
Or walk with Kings - nor lose the common touch,
If neither foes nor loving friends can hurt you,

If all men count with you, but none too much;

If you can fill the unforgiving minute

With sixty seconds worth of distance run,

Yours is the Earth and everything thats in it,

And - which is more - youll be a Man, my son!

—Rudyard Kipling
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ABSTRACT

The directed self assembly of block copolymers is an exciting complimentary technique for
the fabrication of nanoscale structures for lithographic applications. Typically a directed self
assembly process is driven through substrates with chemical (chemoepitaxy) or topographical
(graphoepitaxy) guiding features. These patterning strategies have led to the ability to
assemble structures with a high degree of perfection over large areas. However, a guiding
pattern has not been created which assembles the desired features with a defect density
that is commensurate with industrial standards of 1 defect/100cm?. This work focuses
on using molecular simulations on the Theoretically Informed Coarse Grained model to
provide design rules for substrate patterns which drive the assembly of desired, device-
oriented morphologies.

Prior to the work presented in Chapter 2, the TICG model has been used in conjunction
with a chemical pattern that is approximated as a a hard-impenetrable surface. As many
experimental systems use polymer brushes to help guide the polymer melt deposited on the
substrate, this work analyzes the consequences of such an assumption by comparing a model
where the polymer brush is explicitly implemented to the hard-wall substrate used in the
past. Then, a methodology which utilizes a evolutionary optimization method is used to
map the parameters of the more detailed model to the hard-surface model. This provides a
qualitative understanding of how to interpret the model parameters used in previous works
in the context of real experimental pattern designs.

Chapter 3 discuss the concept of competitive assemblies in regards to defining a ther-
modynamic processing window in design space for assembling lines-and-spaces. The most
competitive assembly to the desired orientation of the lamella is defined as a rotation of
assembled lamella to the underlying pattern. Thermodynamic integration is used to calcu-
late the free-energy difference between these assemblies over chemical patterns with varied
design parameters. Local maximums in the free-energy difference are observed over pattern

designs that are in qualitatively agreement with the pattern designs which produce the most

XV



perfect assemblies in experiments. The analysis is extended to study how choice of chemistry
impacts this thermodynamic selection for the desired morphology.

Finally, Chapter 4 provides insight into the kinetics of patterned directed self-assembly by
investigating cylinder forming block copolymers within cylindrical confinements. Through
the use of the string method, the minimum free-energy path between a defective state and the
desired assembled morphology is calculated and clear transition states are highlighted. The
effects of key parameters of the confinement design on the calculated minimum free energy
path are calculated to identify design rules which should lead to a better understanding
of optimal confinement design for eliminating defects. In addition, a specific modification
to existing cylindrical confinements is discussed as a possibility for tackling the problem of

placement accuracy for a cylinder that is assembled within the confinement.
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CHAPTER 1
INTRODUCTION

Block copolymers are a class of macromolecules composed of two or more homopolymer
subunits that are connected through a covalent bond. In the case of diblock copolymers,
there are only two subunits. These materials have been shown to spontaneously microphase
separate into a number of morphologies, most notably spheres, cylinders, and lamella, with
length scales on the order of tens of nanometers.[1] The equilibrium morphology is a result
of the competition of entropic and enthalpic interactions. The entropic effects are governed
by the chain stretching and packing, while the enthalpic interactions are governed by the
chemical incompatibility of the two blocks, measured by the Flory Huggins parameter.[2] The
chemical incompatibility leads to phase separation, while the chain connectivity limits the
distance over which the materials can separate from one another. Without the two species
being connected, they would macrophase separate. [3] In addition, if the block copolymer is
deposited as a thin-film onto a substrate, or into a confinement, the boundary conditions of
the surface impact the resulting equilibrium morphology.

The material volume fraction, the degree of polymerization, and the chemical incompat-
ibility are intrinsic characteristics of the block copolymer that can be leveraged alongside
factors extrinsic to the material, such as substrate design, to direct the assembly of the
block copolymer into desired morphologies. Having numerous design parameters allows for
the ability to create various shapes of tunable size. This has made block copolymers an
attractive candidate for nanoscale fabrication in recent years.

In nanolithography applications, the current state-of-the-art fabrication facilities utilize
193nm immersion lithography tools. The directed self-assembly of block copolymers offers a
cost-effective solution to access similar, or smaller, length scales, for creating dense arrays of
device oriented structures for future microelectronics. However, industrial standards demand
that fabrication processes must have defect rates of lower than 1 defect/100cm?. Therefore,

eliminating the existence of defects when assembling desired structures is critical to the
1



success of the directed self assembly of block copolymers for industrial application. Chemical
patterns[4-7], shear flow[8-13], graphoepitaxy [14, 15], and solvent annealing[16] have all
proven to be methodologies that have the ability to drive long range order of the DSA
process. However, a process has not been developed which can meet the industrial defect
requirements. To understand the effects of pattern design on the DSA process, I perform
Monte Carlo simulations with a Theoretically Informed Coarse Grained model for block
copolymers to provide useful design rules for DSA processes.

In the second chapter, I present an analysis of a common assumption made when using
molecular simulations to study the DSA of BCPs in thin-films. All previous work done with
the TICG model has assumed that the polymer-substrate interface can be approximated as
the polymer melt interacting with a hard, impenetrable wall.[17, 18] The chemical patterns
are calculated through fast-decaying potentials. This assumption is demonstrably different
than experimental setups, where the polymer melt that is being assembled is often interacting
with soft polymer brushes, as the chemical patterns consist of random copolymer brushes
that provide the necessary chemical contrast to drive the assembly process.[19] In order to
better understand how the TICG model maps to experimental systems, we implement a
guiding pattern that is composed of explicit polymer brush molecules. A methodology is
proposed for mapping this explicit model to the more common implementation of the hard,
impenetrable wall with the implicit potential. This mapping is beneficial as it provides
heuristics for understanding the results of the simpler, more computationally efficient model.
and allows for better understanding of the esoteric parameters that govern the implicit
potential. In addition, evolutionary optimization techniques are used to demonstrate that
equivalent equilibrium morphologies can be assembled using both substrate models.

In the third chapter, we shift the focus to understanding how free-energy relationships
between competitive morphologies can be controlled through pattern design. We focus on
systems that produce lines-and-spaces. It is well-established by theory and experiment that

lamella forming block copolymers with characteristic periodicity, L, can assemble lines-and-



spaces over carefully crafted chemically patterned substrates comprised of stripes of width
W that repeat with period Lg. Where as previous works measured the efficacy of pattern
designs for self-assembly through visual inspection of experimental images or examination
of morphologies obtained from simulations, here we combine visual inspection over a large
number of processing conditions with a new theoretical strategy that quantitatively measures
the thermodynamic driving force of chemical patterns to produce a single grain of lines-and-
spaces. The metric we use to describe the thermodynamic driving force is defined by the
free-energy difference between the desired assembly of lines-and-spaces and the grain orien-
tation with the lowest energy, referred to as the most-competitive assembly. Visualization of
experimental systems using SEM-imaging provides a first-order approximation of the process
windows in pattern design space in regards to W and the chemical contrast of the stripe and
the background region, where the thermodynamic driving force is large enough to eliminate
competitive grains. The strategy proposed in this work then uses complimentary molecular
simulations to elucidate which combination of these pattern parameters provides the largest
driving force through free-energy calculations obtained by thermodynamic integration and
attempts to identify which pattern designs minimize the probability of assembling lamella
that are stabilized at undesired angles to the patterned stripes. The combination of exper-
iment and theory shows that narrow guiding stripes with width 0.4 < W/Ly < 0.8 that
are highly preferential for one of the blocks are best for obtaining a directed self-assembly
process flow with the highest probability of assembling a desired grain orientation.

Finally in the fourth chapter, we investigate the directed self-assembly of block copoly-
mers in cylindrical cavities or holes is a promising technology for lithographic patterning,
particularly in the context of vertical interconnect accesses. While the so-called hole-shrink
process for single cylinders has been extensively explored, a number of challenges remain
related to morphological defects and placement accuracy. In this work, we use theory and
simulations to systematically explore the metastable morphologies that form within cylin-

drical confinements for different combinations of the interfacial energy between the polymer



and the bottom and sidewall of the confining holes. We identify a set of well-defined de-
fective morphologies, in addition to the desired cylindrical morphology, in geometries where
the sidewall is wet by the majority block. By relying on coarse-grained simulations of model
polymers, coupled to a string method in collective variables, we identify transition pathways
between defective morphologies and the sought after cylindrical morphology to elucidate
the mechanism of defect annihilation within the confinements considered here. In addition,
the string method is also used to identify the formation of the desired morphology from a
disordered state. This work provides evidence that the minimum free energy path for the
formation of a cylinder goes through transition states that consist of defective morphologies,
and that proper design of confinement can help eliminate these undesirable transition states
in the underlying pathway. This work demonstrates the importance of controlling the chem-
istry of the sidewall within single-hole confinements as it relates to increasing the probability

of defect annihilation.



CHAPTER 2
MODELING POLYMER BRUSHES IN CHEMOEPITAXIAL
PATTERNS: A COMPARISON OF TWO SUBSTRATE
MODELS FOR MODELING THE DIRECTED
SELF-ASSEMBLY OF BLOCK COPOLYMERS IN THIN-FILMS

2.1 Introduction

Block copolymers can assemble into numerous device-oriented morphologies that are use-
ful for lithographic fabrication of integrated circuits.[20] The directed self-assembly of these
molecules on chemically or topographically patterned substrates provides a strategy to con-
trol the assembly process.[4-7] Molecular models have provided qualitative and quantita-
tive descriptions of the DSA process, primarily through simulations and self-consistent field
calculations.[14, 17, 18, 21, 22]

The Theoretically Informed Coarse Grained (TICG) model, in particular, has been used
extensively to understand the self-assembly of a number of materials into ordered thin-film
morphologies. [17, 23] The model has elucidated the three-dimensional shape of assemblies
over patterned surfaces, demonstrating that the top-down view of an assembly does not pro-
vide adequate information about the uniformity through-film.[21] It has been instrumental in
detailing the equilibrium relationship between desired assembled morphologies and defects,
namely dislocation-type defects.[24] The model has even been used in tandem with evolution-
ary optimization strategies to identify optimal design parameters for desired, device-oriented
structures.[20] These optimization strategies have also been used in conjunction with x-ray
scattering to provide information regarding three-dimensional structure from X-ray data.

The body of work mentioned above has always approximated the patterned surfaces as
a hard, impenetrable walls, where the surface-polymer interaction is modeled by a fast-

decaying Gaussian potential. However, in a wide range of experiments, the surface that
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the block copolymer is deposited onto is in fact coated with a polymer brush.[19] These soft
surfaces allow for the interpenetration of the block copolymer, and the question that arises is
whether a hard surface is a reasonable approximation to a polymer brush and, if so, what is
the appropriate mapping required to establish a correspondence between results for polymer
brushes and hard walls.

In this study, we consider the assembly of symmetric diblock copolymers on stripe-
patterned substrates. We consider a density multiplication strategy under which sparse
stripes, coated with explicit polymer brushes, are used to direct the assembly of a block
copolymer thin film. A genetic optimization strategy is used to parameterize the fast-
decaying Gaussian potential model that best matches the more realistic design parameters
that correspond to an explicit polymer brush pattern. The results of this parameteriza-
tion indicate that an effective mapping can be devised to translate results from detailed
(explicit brush) models of the patterned substrates onto simpler, hard-wall representations

while retaining the ability to capture the films three-dimensional equilibrium morphology.

2.2 Simulation Model

The simulation results presented here are based on the standard coarse-grained model for
block copolymers. Previous work used this model to elucidate the morphological behavior
of block copolymer films on chemically and topologically patterned substrates. In general,
the results from model calculatuions have been found to be consistent with experimental
observations. In this model, polymer molecules are represented by flexible, linear Gaussian
chains discretized into N beads, where the position of the sth bead in the it chain is given
by the vector r;(s). A system comprises n AB copolymer molecules in a fixed volume V' at a
fixed temperature 7. The Hamiltonian H = Hy+ H,,;, of the system includes the interactions

between bonded beads (b), as well as non-bonded interactions(nb). The connectivity of



neighboring beads in a polymer chain is described by:

[{rz 3 n 2
kBT = ;Szzl ri(s+1) —r;(s)] (2.1)

where k;, is the Boltzmann constant, b = R2/(N — 1) is the mean-squared bond length, and
Rg is the mean-squared end-to-end distance of an ideal chain. Non-bonded interactions are

described by

/ drlxapNoads + (1~ b4 — ép)2 (2.2)

2
7

Hyloa,05] VN
kgT ~  R3

where VN = 2 0 poRe represents the invariant degree of polymerization, which is proportional
to the polymer’s molecular weight in a dense melt, and where pg is the bead number density.
The local dimensionless density ¢y of species K = A, B is computed using the configuration
of the polymer beads relative to a lattice with spacing AL using a zeroth order particle-to-
mesh interpolation scheme. [17] The incompatibility between unlike species is measured by
the Flory-Huggins parameter, xy 4gN; the inverse isothermal compressibility, kN, gives the
polymer melt a finite compressibility.

Monte Carlo (MC) simulations are used to identify possible self-assembled morphologies
over distinct chemical patterns. Configurations are sampled according to Metropolis criteria,
where the probability of accepting a trial configuration is given by Pyec = exp(—AH/(kgT)),
and where AH represents the energy difference between the original and proposed config-
uration. Trial configurations are produced using four different Monte Carlo moves: single
bead displacement, translation of a chain, chain reptation, and chain inversion.

The lattice for computing local densities is defined such that the average number density
of beads in any cell is n;,; = 14. To model the self-assembly of a block copolymer thin
film, the polymer is confined between two impenetrable walls normal to the z-axis of the

simulation box, while periodic boundary conditions are applied in the x and y dimensions
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of the box. The top wall at z = L is considered neutral, whereas the bottom wall at z =0
mimics the chemically patterned substrate on which the block copolymer assembles. In
this work, two possible models are presented to represent this bottom, chemically patterned
surface. In each model, the underlying chemical pattern is composed of repeated stripes of
width W that have a period Lg. The area between stripes is referred to as the “backfill”
region. The x-dimension of the simulation box has length PLg, where P is a positive integer.
However, one model explicitly includes the polymer brush, while the other approximates the

surface as a hard surface with interactions described by an implicit field.

2.2.1 Gaussian Potential Model

The first model, which utilizes a Gaussian potential to approximate the surface interactions
has been described in the literature. The hamiltonian is extended to H = Hy + H,; + Hs,
where the substrate interaction is denoted by Hg. The interaction between the substrate
and polymer is modeled by a one-body potential acting on each bead:

K- Ag . (z, _ .2
US(I‘Z7 l) _ KZ('T y)ds eXp(—Z2
2ds

T - ) (2.3)

where dg governs the range of the interaction and z is the distance between the polymer
bead and the substrate along the axis normal to the substrate. The total contribution of the

substrate-polymer interaction to the Hamiltonian is

= Us(r, K). (2.4)
1

Here, A N represents the strength of the interaction between polymer beads of type K =
A, B located at (z,y) and the substrate. The functional form of Ag N depends on the
geometry of the chemical pattern. The guiding stripes’ strength of interaction with the

polymer is denoted by AgN and the backfill interaction by AgN. A larger value of Ag/N



indicates a greater affinity of the stripes for the A-type polymer, whereas a larger value of

ApgN indicates a greater affinity of the backfill for the B-type polymer.

2.2.2  Ezxplicit Brush Model (EBM)

In the second model, brush molecules are anchored to the bottom surface of the simulation
box. The brush molecules are represented at exactly the same level of description as the
thin film copolymer molecules. Brush molecules have a grafting density Bp [chains/ Rg],
and a molecular weight of MyN, where M; is the ratio of the molecular weight of the
brush molecules relative to the polymer melt. In each simulation of a chemical pattern, two
classifications of brush molecules are used; a brush for the guiding stripe and a brush for
the backfill region. Each brush has the same grafting density and molecular weight ratio;
however, the composition of each brush class is different, and represented by fy, 4, which is
the fraction of brush class V (where V is either guiding stripe, GS, or backfill, BF') comprising
beads of species A. The composition of bead species B is fiyp = 1.0 — fy, 4. The random
block copolymer brushes were consist of a random sequence of beads, where each bead has
a probability fy 4 of being A-type; otherwise, the bead would be B-type. The interfacial
energy between the random copolymer brushes and the block copolymer is governed by these
compositions.

Each brush molecule is anchored to the bottom wall of the simulation box, where z=0.
A random pair of coordinates x,y serves to specify each anchoring position. Any brush
molecule that is anchored at an x-position within [QLg,QLg + W], where @ is a integer
that satisfies 0 < @) < P, is considered to be of the guiding stripe brush class. Otherwise,
the brush molecule is considered to be a part of the backfill. Brush chains interact with the
polymer melt through the non-bonded potential described above, and their connectivity is

maintained through the bonded potential.



2.3 Results

In this work, several key parameters of the TICG model are kept constant, at values that
have been shown in previous work to be consistent with experimental observations. These
parameters are the chain discretization of the block copolymer, N, the interdigitation num-
ber, VN , and the isothermal compressibility, x/V —1 mentioned in the Methods section. A
value of N = 50 was chosen for discretization, as it allows for a reasonable representation of
polymer brush molecular weights in the EBM. The other two parameters are chosen to be

VN =83 and kN = 22, to be consistent with previous work.[25]
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Figure 2.1: The normalized number density of polymer brush beads calculated from sim-
ulations of the Explicit Brush Model as a function of distance z from a substrate located at
z = —Byp within a thin film that is [2.5 + Bp| R, thick. Simulation results of four different
values of By are shown here, where all other simulation parameters are held constant. The
brush grafting density is Bp = 125 [chains/R2], and the ratio of the molecular weight of a
brush molecule to a molecule in the polymer melt is M; = 0.2.

Attaching brush molecules to the surface of the substrate leads to a compression of the
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polymer melt; additional volume must be added to the simulation box in order toaccommo-
date the excess brush beads. The necessary thickness that must be added to the thin film to
accommodate the brush material is a function of the chosen grafting density, Bp, and the
molecular weight M N of the brush molecules. For the Explicit Brush Model (EBM), once
the grafting density Bp and the molecular weight ratio M, are specified, several simulations
can be performed at various thicknesses in order to establish a correspondence with results
for the hard surface model. For concreteness, we chose a reference thickness that governs
the amount of polymer in the simulation box for each simulation; for this work, we chose
2.5Re. This means that 2.5L, LyN V'N beads are used for the polymer atop the brush. The
thickness of the confinement is therefore 2.5 + B R,; in this work, we simulate thicknesses
where Brp is in the range of [0.0,1.0]R.. The polymer and brush consist of only A-type
beads in order to remove the enthalpic interactions in the simulations. Figure 2.1 shows the
normalized number density of brush beads as a function of distance z from the hard surface,
where z = — Byp corresponds to the location of the substrate and By is the thickness added
to the simulation box. The number density is normalized by the bulk density of the polymer
melt in the TICG model, which is py = \/TﬁRZ’. The brush density curves generated for
different thicknesses are similar; each shows a depletion layer near the surface and a peak
in density, followed by a sharp decrease. The peak heights follow intuition; they are slightly
higher for thinner films, as the volume is smaller with the same quantity of material, leading
to more compression. Figure 2.2 shows the density profile of the polymer melt within films
of different thicknesses. The same trends observed for the brush profile are seen for the
polymer melt, with thinner films leading to higher compression. Examination of Figures 2.1
and 2.2 reveals that there is significant interpenetration between the brush and the polymer
melt. In order to determine which thickness is most appropriate to carry out a comparative
study of the two surface models, we compare the density profiles of a homopolymer melt
over an explicit brush to the density profile obtained from the TICG model in the absence

of a brush or an interfacial potential.
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Figure 2.2: The normalized number density of polymer melt beads as a function of distance
z from a substrate located at z = —Bp within a thin film that is [2.5 + Bp|R. thick.
Simulation results of four different values of By are shown here for the simulations of the
Explicit Brush Model, where all other simulation parameters are held constant. The brush
grafting density is Bp = 125 [chains/R?2], and the ratio of the molecular weight of a brush
molecule to a molecule in the polymer melt is M = 0.2. The dotted black curve represents
the density profile of the polymer melt within a 2.5 R, thick film, which was calculated using

the Gaussian Potential Model. The normalization factor is pg = @N , where VN =83 and
N = 50. ’

Figure 2.2 shows the average density profile in the dimension normal to the hard surface
for beads confined in a slit of thickness 2.5R.. As expected, a depletion layer is observed
in the vicinity of the hard surfaces. Far away from the surface, an equilibrium normalized
density is attained. The equilibrium normalized density in the thin-film p7p is defined as
the mean of all values of ¢(z) where % (z) = 0. In order to model the same physical system
when using an explicit brush, we must choose a value of Bp for the EBM such that far
away from the brush-melt interface, the polymer melt has the same ppp. The value of B

for a given combination of Bp and M} that is used for our simulations corresponds to the
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condition where AE? = (PTFEBM — pTF,GpM)2 is minimized.

Figure 2.2 shows the local density profile for a series of By with Bp = 125 chains/R2
and My = 0.2. In Figure 2.2, the portion of the z-axis that is below zero is equivalent to
the added thickness. The hard wall that the brush is anchored to is located at tR. in the
dimension normal to the confining walls. The change in the density profile of the polymer
melt is satisfies intuition for changing B ; we see that brush takes up space and compresses
the polymer melt until more volume is added to the simulation box. This is true until too
much volume is added, and the volume filling nature of the TICG model causes the polymer
to be too disperse in the EBM when compared with the GPM. In addition, the depletion
layer is wider when an explicit brush is present, as there is considerable interpenetration of
the polymer belt into the brush. The reverse is also true (interpenetration of the brush into
the melt), as can be appreciated in the plot of the brush bead local density in Figure 2.1.

The thickness By where AE? is minimized is of interest for design of a suitable reference
EBM. Figure 2.3 shows the value of AE? as a function of Br for a series of grafting densities
and a My = 0.2. The value of My is fixed at 0.2 as it is a common molecular weight ratio for
the polymer brush to the polymer melt used in DSA experiments over chemical patterns with
brushes. This analysis can easily be extended to other molecular weight brushes. Figure 2.3
shows that each grafting density requires a different By to achieve AE? = 0. Higher grafting
densities require a thicker film to accommodate the increased total mass of the system that
corresponds to a higher number of brush beads.

Using this approach, we are able to specify which simulation box to use with a polymer
brush anchored to one of the confinement walls in order to mimic DSA in thin films over
guiding brushes. For a desired combination of Bp and M} we can find the corresponding
Brp through a series of short simulations of homopolymers. For Bp = 125 chains, / Rg,
My = 0.2, and the optimal value for the thickness is By = 0.25 as shown in Figure 2.3. As
we transition to represent DSA over chemical patterns, the design properties of the chemical

pattern must be specified. This work focuses on equilibrium lines-and-spaces formed from
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Figure 2.3: The squared difference, AE2, of the normalized thin film density of a ho-
mopolymer which is calculated using the Explicit Brush Model within a film of thickness
[2.5 + Bp|Re and the Gaussian Potential Model within a film of thickness 2.5R.. The pa-

rameters describing the polymer melt are the same in all simulations used: VN = 83.0,
Nint = 14.0, kN = 22.0, and N = 50. A series of calculations of AE? at different brush
thicknesses, Bp, are shown for four different brush grafting densities, Bp. In all simulations
of the Explicit Brush Model used in in this plot, the ratio of the molecular weight of a brush
molecule to a molecule in the polymer melt is M = 0.2

symmetric lamella-forming block copolymers with fraction f4 = 0.5. A typical density
multiplication pattern is considered where guiding stripes of width W/ L are separated by a
pattern periodicity Lg with a backfilled region of width Lg —W. The guiding stripe anchors
homopolymer brush of type A, and is therefore preferential for the A-species of the diblock
copolymer. The backfill region anchors random copolymer brushes comprising both A and
B type beads. Changing the composition of the backfill brush allows for control of interfacial
energy between the brush and polymer melt.

In order to supplement the less detailed description of the patterning surface in the
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Figure 2.4: Average two-dimensional equilibrium morphologies. The red domains represent
the block copolymer domain, which is guided by the guiding feature, and the blue domains
are comprised of the unguided block. The domains are labeled between 1 and 4 to identify
the number of unique domains which exist atop a 3X density multiplication pattern with a
guiding feature with width W/Lg < 1.0. The tick marks on the horizontal axis represent
the bounds of the guiding features within the simulation box. a) The morphology captured
from a simulation of the Explicit Brush Model, with W/Lgy = 0.5, fv,a = 0.5, By = 0.25,
Bp = 125 chains/ Rg, and My = 0.2. b) The morphology captured from a simulation of
the Gaussian Potential Model with W/Lg = 0.5, dg = 0.15, Ag/N = 0.75, and AgN = 0.00.
¢) The morphology captured from a simulation of the Gaussian Potential Model with the

optimized parameters to match the simulation in subset a) of W/Lg = 0.75, ds = 0.07,
AgN = 0.945, and AgN = —0.004.
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Gaussian Potential Model (GPM), the EBM is used to define an expected morphology for a
certain brush composition. Once the polymer brush thickness and chemistry are specified,
the expected morphology for a chemical pattern can be obtained from a series of Monte

Carlo simulations. The morphology is defined using the density order parameter ®(r) =

da(r)—¢p(r)
pa(r)+op(r)’

value designates a B-rich location for both models. By averaging ®(r) along the y-dimension,

where a positive value of ®(r) designates an A-rich location, and a negative

the morphology can be collapsed into a two-dimensional slice of the average morphology in
the zz plane. The iso-curve, I(z), where ®(r) = 0 then defines the average interfacial profile.
Using the interfacial profile, the width of each lamellar domain within the simulation box
can be calculated as a function of height in the film. In the EBM, only the polymer above
height B is used to generate the morphology, as this is the equivalent volume used in the
GPM. Figure 2.4a provides an example of the collapsed two-dimensional morphology, where
green curves are used to show the location of the iso-curves.

Figure 2.4b shows the two-dimensional morphology that arises in a GPM simulation,
where the pattern parameters are chosen to “naively” mimic the EBM. In the case in Fig-
ure 2.4b, we chose the guiding stripe width to be W/Ly = 0.5 in order to match the width
of the area that anchors the stripe brush, and Ag N = 0.00 in order to mimic the 50 : 50
backfill brush in the EBM simulation shown in Figure 2.4a. In addition, the guiding stripe
strength is chosen to be AgN = 0.75, and the range of interaction is set to ds = 0.15 in
order to be consistent with previous works.[17, 25] There is a distinct difference in the guided
domains corresponding to the two cases; a simple optical inspection of the image shows that
the GPM model underestimates the structural perturbation induced by the patterned stripe.

By comparing the average domain widths predicted by simulations of each model, we are
able to quantify the most salient differences. By considering a variety of parameter combi-
nations for the GPM, a specific substrate potential can be identified that best approximates
the profiles corresponding to the more detailed brush model. The key parameters in the

GPM are the range of interfacial interaction, ds, the strength of the interfacial interactions,

16



AgN and AgN, and the width of the guiding stripe, W /L. All patterns considered here
correspond to a 3X density multiplication scheme, which means that there is one feature on
the patterned surface for every three lamella created by the block copolymer.

This work focuses on patterns consisting of relatively thin guiding stripes, W/Ly =
[0.2,1.0], due to the fact that the stable morphology over these patterns consists of only a
single A domain over the guiding feature. Wider stripes, approximately 1.5L¢, stabilize two
A domains over the stripe that often become connected through a wetting layer. This makes
the comparison of the iso-curves less transparent. Also, by limiting the simulations to only
the case of thin stripes, there are four domain types that must be accounted for, instead
of six. This is due to the symmetry of the periodic assemblies. These four unique domains
are labeled according to their location in Figure 2.4. The first domain sits centered on the
guiding stripe and is A-rich. The second domain is B-rich and is directly adjacent to the
guiding stripe. The third domain is A-rich and is located over the backfill brush. The final,
fourth domain is centered over the backfill brush.

All simulations for the remainder of the paper focus on a brush with grafting density
Bp = 125 chains/ Rg, and with relative molecular weight M, = 0.2, as these conditions
represent well the brushes used in experiments. The domain widths as a function of distance
from the surface-brush interface are plotted in Figure 2.5 for a pattern with W/Ly = 0.5 and a
backfill brush composition of f4 g = 0.5. As the domains get far away from the interface,
their width returns to the average bulk domain value; however, there are perturbations
near the interface as a result of the interaction between the polymer melt and the brush
pattern. The most prominent of the perturbations seen in Figure 2.5 occurs over the first
domain type, which is centered over the guiding stripe. The width of this domain near
the brush interface is much greater than the bulk width, and much greater than the width
of the area which has the A-type brush anchored to it. This indicates that some A-type
polymer brush chains extend not only up through the film but also horizontally into the

neighboring random copolymer brush, causing an A-preferential region that is much larger
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Figure 2.5: The average domain width of each unique domain shown in Figure 2.4a. The
width is plot as a function of distance from z = 0.0 within the thin film.

than the design anticipates. The domain narrows before it returns back to approximately a
bulk spacing. The second unique type of domain, adjacent to the guiding stripe domain, is
compressed near the brush due to the extreme stretching of the domain over the stripe. The
other two domains are slightly narrower than the bulk spacing near the pattern; however,
the perturbation is not as pronounced. This is also due to the stretching of the domain over
the stripe, because the neutral brush in this simulation should not exhibit a preference for
either of the species, as f4 pp = 0.5.

The same set of iso-curves can be produced with the GPM. The square difference can
then be integrated over the film height. This integral can be calculated for each of the four
unique domains in order to create a similarity measurefor the two morphologies obtained for

the different models. The fitness function to describe the sameness of two assemblies can be

18



1.4 — Gaussian Brush: W/L = 0.5 .
L — Explicit Brush: W/L =0.5 .

)

“1.21 -

Domain Width (R
o
o0 —

©
=
|
|

z(R)

Figure 2.6: The average domain width of Domain 1 shown in Figure 2.4a for two different
simulations. The blue lines connecting the two curves are a visual indicator of the integral of
the difference that is used to calculate the fitness of a Gaussian Potential Model parameter
set for modeling an explicit polymer brush.

calculated as the integral
L, )
=) /0 (Lj,eBm(2) — Ijapy () dz (2.5)
J

where [ 1.(2) is the iso-curve of domain j € {1,2,3,4} for the model k € {EBM, GPM} over
the dimension normal to the hard surfaces, z. A graphical interpretation of the integral -
can be seen in Figure 2.6. The set of GPM parameters {ds, W, AgN, AgN} that minimizes
the function v provides the mapping of the chosen brush parameters.

First, we demonstrate this minimization by fixing AgNN, Ag/N, and ds, and minimizing
v through the width of the guiding stripe. The backfill strength is chosen to be AgN = 0.0

as the backfill brush being investigated is non-preferential, while Ag/N = 0.75 and dg = 0.15
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Figure 2.7: The value of the fitness function « for different guiding striped widths, which is
a metric for quantifying the efficacy of a given set of parameters for the Gaussian Potential
Model for modeling a given explicit polymer brush. In these simulations, only the guiding
stripe width is changed, the other relevant parameters are kept constant: ds = 0.15, AgN =
0.75, and AgN = 0.00.

to be comparable to values used in previous works using the TICG model. Figure 2.7 shows
the value of v for a set simulations of the GPM with different guide stripe widths versus
the same EBM, where B = 125 chains/R2, M, = 0.2, W/Lg = 0.5, and fapr =05 Tt
is clear that there is a width of the guiding feature for the GPM that best represents the
more detailed model. However, there is still a difference between the interfacial profiles, as
the minimization is only being done using one parameter. A brute force search over all four
parameters would be ineffective, especially when considering that such a methodology would
need to be repeated for new brush designs.

We therefore rely on an evolutionary optimization algorithm (the Covariance Matrix

Adaptation—Evolutionary Strategy (CMAES)) to find an optimal set of parameters in this
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large design space. This optimization technique seeks to maximize a chosen fitness function
by exploring an arbitrary number of continuous variables, in this case four. The details
of this strategy can be found in previous works. The fitness function used here is simply
v. Each optimization generation consists of 32 simulations; the single simulation with the
lowest value of 7 is used when launching the next generation of simulations.

Once again, the same simulation of the EBM is used to generate the target morphology.
The CMAES minimizes the fitness function by varying all four parameters simultaneously.
The evolution of all four parameters and the value of the fitness function can be seen in
Figure 2.8. After approximately 50 generations the four parameters have converged to a set
of values that remains essentially unchanged over the next 50 generations. Figure 2.9 shows
iso-curves of each type of domain from the best simulation in Generation 1 in red, the best
simulation in Generation 109 in green, the iso-curve from the brute force minimization in
blue, and the target iso-curve from the EBM. The CMAES finds a set of parameters for the
GPM to approximate the more detailed EBM faster and with less total simulations than
trying to find the optimal combination of parameters through brute force parameter sweeps.
The value of the v found using the CMAES is also lower than that found through the “naive”
minimization above. The value found through CMAES is v = 0.001 and through the naive
approach it is v = 0.005.

The values of the converged parameter set found by the CMAES are shown in Figure 2.8.
As expected, the strength of the backfill converges to Ag N = 0.0, which was the value used
in the brute force minimization above. In addition, the width of the stripe is W /Ly = 0.75,
which is approximately the value found in the naive minimization. However, the values of
AgN and the range of interaction ds are different. A stronger interaction strength and a
shorter range of interaction provides a lower value of v than the brute force simulation.

Looking back at Figure 2.4, there is a clear visual difference between the morphology
equilibrated through a naive implementation of the pattern parameters and the morphology

predicted after the optimization. The ability of the brush chains to move laterally creates an
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Figure 2.8: a) Value of the fitness function gamma at each generation of the CMA-ES,
when calculating the optimum parameter set for the Gaussian Potential Model for modeling
the Explicit Brush Model with W/Ly = 0.5, fiy 4 = 0.5, By = 0.25, Bp = 125 chains/R?,
and My = 0.2. (b) The evolution of the parameters used in the Gaussian Potential Model
at each generation of the CMA-ES optimization procedure.
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Figure 2.9: Curves of the average interfacial domain width as a function of distance from
the substrate interface at z = 0.0. The unique domains highlighted in Figure 2.4a are shown
in the different graphs. Unique domain 1, 2, 3, and 4 are shown in plots a, b, ¢, and d,
respectively. The black curves rerpesent the domain width of the target morphology. The
red curve represents the domain widths calculated in the first generation of the CMA-ES
algorithm. Finally, the blue curve represents the domain widths calculated after convergence

of the CMA-ES optimization procedure.
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Table 2.1: Parameters and fitness of different optimization schemes for fitting an explicit
brush simulation, where Bp = 125 chains/R2 and Mj, = 0.2

Guiding | Range Guiding
stripe of stripe Backfill
Optimization width | interaction | strength | strength | Fitness function
Strategy [W/Lg] [ds] [AgN] [ApN] value
Naive 0.50 0.15 0.750 0.000 0.016
Single Parameter 0.78 0.15 0.750 0.000 0.005
CMA-ES 0.75 0.07 0.945 -0.004 0.001

artificially larger stripe area, that must be accounted for when modeling the same system,
except where the brush surface is approximated as a hard wall. However, even though some
physics is lost in the approximation, there exists a set of parameters that allows for one to
capture the same end result, with the more simplified model.

Using the parameters identified with the CMA-ES algorithm, we attempt recover the
morphologies stabilized in simulations of the same brush in the EBM with different guiding
stripe widths. We show the comparison between a GPM with the CMA-ES parameters
where the guiding stripe is W/Ly = 0.65 and the EBM that has been used to parameterize
the GPM in this work, except with a guiding stripe of W/Lg = 0.3, is shown Figure 2.10
. The four unique domain types identified in Figure 2.4 are shown in insets a through d,
where the interfacial width as a function distance from the substrate of the two simulations
are compared. Qualitatively the GPM with the optimized parameter set reproduces the
interfacial profile closely. The same qualitative comparison is provided in Figure 2.11 between
a GPM with W/Ly = 0.95 and an EBM with W/Ly = 0.7. In both Figure 2.10 and
Figure 2.11 it can be seen that the parameterization of the GPM does a good job recovering
the morphologies predicted by the EBM for this range of guiding stripe widths, those that
have widths of W/Ly < 0.8.

However, by analyzing Figure 2.12 closely, it can bee seen through optical inspection that
this parameterization of the GPM does not exactly recover the morphologies observed over

wider guiding stripes, where W/Ly > 0.8. Over these widths in the EBM, the assembled

morphology has a unguided domain centered atop the guiding stripe, creating a U-shaped
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Figure 2.10: Curves of the average interfacial domain width as a function of distance from
the substrate interface at z = 0.0. The unique domains highlighted in Figure 2.4a are shown
in the different graphs. Unique domain 1, 2, 3, and 4 are shown in plots a, b, ¢, and d,
respectively. This is a comparison of a morphology assembled in the EBM model where
the guiding stripe width was W/Ly = 0.3 with a morphology assembled in the GPM model
where the guiding stripe width was W/Ly = 0.65. The red curves rerpesent the domain
widths of morphology assembled in the EBM model. The black curves represent the domain
widths calculated using the optimized CMA-ES parameters detailed in Table 2.1.
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Figure 2.11: Curves of the average interfacial domain width as a function of distance from
the substrate interface at z = 0.0. The unique domains highlighted in Figure 2.4a are shown
in the different graphs. Unique domain 1, 2, 3, and 4 are shown in plots a, b, ¢, and d,
respectively. This is a comparison of a morphology assembled in the EBM model where
the guiding stripe width was W/Ly = 0.7 with a morphology assembled in the GPM model
where the guiding stripe width was W/Ly = 0.95. The red curves rerpesent the domain
widths of morphology assembled in the EBM model. The black curves represent the domain
widths calculated using the optimized CMA-ES parameters detailed in Table 2.1.
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Figure 2.12: Average two-dimensional equilibrium morphologies. The red domains rep-
resent the block copolymer domain, which is guided by the guiding feature, and the blue
domains are comprised of the unguided block. The domains are labeled between 1 and 4
to identify the number of unique domains which exist atop a 3X density multiplication pat-
tern with a guiding feature with width W/Lg < 1.0. The tick marks on the horizontal axis
represent the bounds of the guiding features within the simulation box. a) The morphology
captured from a simulation of the Explicit Brush Model, with W/Ly = 1.2, fy; 4 = 0.5,
By = 0.25, Bp = 125 chains/Rg, and M = 0.2. b) The morphology captured from a
simulation of the Gaussian Potential Model with W/Ly = 1.5, ds = 0.07, AgN = 0.945, and
AgN = —0.004.
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structure, where the guiding stripe is completely wet by the guided material. As seen in
Figure 2.12, the thickness of this wetting layer is underestimated, however the basic shape
of the structure is recovered. The difference in wetting layer thickness is unsurprising as
the CMA-ES did not optimize based on this parameter. There is opportunity to develop a
more comprehensive fitness function that may be able to identify a parameter set that more
accurately recovers this feature while maintaining accuracy over the thinner stripes. The
optimizatoin using the fitness function presented in this work, however, shows that a a hard
surface model can adequately model the morphological behavior of these brush systems.
Table 2.1 shows the comparison between the techniques to choose a parameter set to
describe the brush system. It is clear that optimization of all four parameters simultaneously
via the genetic optimization algorithm produces a set of hard-surface parameters that provide
the best approximation of the more real brush system. This strategy provides an efficient
methodology to map an explicit brush design to an implicit surface potential. The key values
of dg, AgN, and AgN can then be used to explore various other guide stripe widths, while
the mapping procedure provides reference to the relative difference between the functional
size of the guide stripe width versus its design size. While, this strategy does well for a
range of guiding stripe widths, it is unable to capture exact morphological recovery over
wider guiding stripes, where it underestimates the wetting layer formation. Through this
methodology, the values of AgN and Ag/N gain a more quantitative meaning rather than
the qualitative relationship to pattern design that existed when using this model in previous

works.

2.4 Conclusions

The development of a framework for implementing an explicit polymer brush as a substrate
pattern has been presented. The size and volume of the simulation must be scaled appro-
priately to maintain reasonable local densities within the simulation box. A film-thickness

can be chosen for each combination of grafting density and brush molecular weight to re-
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alize local densities that are similar with previous work and theory. With a commensurate
thickness for the brush pattern, the brush can be separated into two different components,
one being the guiding feature and the other is the backfill region.

With a model for the explicit brush created, we present a methodology for mapping
this more detailed simulation back to the the simpler Gaussian Potential Model, which
approximates the brush-melt interface as a hard, impenetrable surface. Through a fitness
function which quantifies the difference in predicted equilibrium morphology, we used the
Covariance Matrix Adaptation—Evolution Strategy to optimize the parameters of the hard-
surface substrate to most closely mimic the results of the explicit brush. We show that a
set of parameters can be chosen for the Gaussian Potential Model to suitably recreate the
morphology predicted in the Explicit Brush Model. The optimization procedure revealed
that the hard surface underestimates the perturbation caused by a guiding stripe, due to the
ability of brush molecules to penetrate and reach further than their anchoring. This results
in needing to use a wider stripe in the GPM to model the relevant brush pattern. The work
demonstrates that, the GPM is an adequate tool for simulating the Directed Self-Assembly
of block copolymers in thin films, as it can be tailored to produce results that are equivalent
to more computationally expensive and realistic models; as long as a parameterization is

done to identify the necessary mapping.
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CHAPTER 3
DESIGN OF SURFACE PATTERNS WITH OPTIMIZED
THERMODYNAMIC DRIVING FORCES FOR THE
DIRECTED SELF-ASSEMBLY OF BLOCK COPOLYMERS IN
LITHOGRAPHIC APPLICATIONS

3.1 Introduction

The directed self assembly (DSA) of block copolymers (BCP) in thin-films has garnered inter-
est as a complimentary technique for nanolithographic patterning at ultra-small dimensions. [2,
5, 6] The DSA process offers a cost-effective solution to enhance the performance of current
193nm immersion lithography technology for obtaining dense arrays of features, [19, 26-28]
and has recently undergone a transition from laboratory to industrial scale to assess for
high volume manufacturing (HVM).[29, 30] Several bottom-up techniques, where the poly-
mer melt is spin-coat onto a substrate that has chemical or topographic patterns, have been
shown to achieve long-range order of the self-assembled microdomains.

Density multiplication is one of the techniques has emerged as one of the most promising
techniques for producing arrays of lines-and-spaces with critical dimensions of less than 30
nm. A nanopatterned substrate used for density multiplication of diblock copolymers is
comprised of a stripe, which is preferentially wet by one of the blocks, and a region referred
to as the background, which exhibits little to no preference for either block. Typically,
the backfill is functionalized using random copolymer brushes made of the same monomer
units as the BCP being assembled, the industry standard being poly-styrene (PS) and poly-
methyl methacrylate (PMMA). Mansky et al. demonstrated that the composition of random
copolymer brushes can be varied to tune the surface energy in a precise manner.[31, 32] In
the case of hydroxyl terminated poly(styrene-random-methyl methacrylate) copolymer (P(S-

r-MMA-OH) brushes, a brush with approximately 58% PS was shown to have the same
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interfacial energy with each block of a lamella forming PS-PMMA BCP. Using this type of
nonpreferential material provides the boundary conditions that allow for the assembly of the
lamella domains perpendicular to the substrate, which is the desired orientation for industrial
application. Although there is a unique composition that is neutral to both blocks of the
assembled polymer, there exists a range of brush compositions that allows for perpendicular
orientation of the assembly. Liu et al. studied the effects of brushes in this composition range
on DSA using density multiplication and discovered that the best patterns for assembling
lines-and-spaces were composed of a backfill brush that had slight preference for the the
block opposite of that which is preferred by the guiding stripe.[27]

Rincon Delgadillo et al. were able to achieve DSA with high degrees of perfection over
large areas in the final assembly of the BCP over 3X density multiplication patterns with
multiple guide stripes that were approximately half and three-halves of the natural domain
spacing of the assembled polymer using a non-preferential backfill brush.[33] In that study,
the final assemblies were analyzed using top-down scanning-electron microscopy (SEM) im-
ages. The two process windows in substrate design space identified by Rincon Delgadillo et
al. were separated by a range of guiding stripe widths that resulted in fingerprint assembly
over the guiding pattern.[34] The transitions in design space from a pattern that produces a
single grain of lines-and-spaces to a pattern that results in a random assortment of grains are
abrupt. Within these process windows of successful DSA, there is little that can be gleaned
about the capabilities of one set of pattern parameters to drive the assembly of lines-and-
spaces relative to another set through top down image inspection. In past works, molecular
simulations have provided insight into the three-dimensional morphology of assembled films
and corroborated the existence of large windows in process space where one can assem-
ble lines-and-spaces over nanopatterned substrates.[35, 36] However, little has been done
to quantify how pattern design at macromolecular length scales affects the thermodynamic
driving force for assembly of a single grain.

Here, we use the Theoretically Informed Coarse-Grained (TICG) model, which has been

31



shown to be in qualitative and quantitative agreement with experiment in prior works, as the
machinery in which we implement a strategy for evaluating a substrate’s efficacy at driving
self-assembly. We build on previous work, in particular, the comparison of dislocation defects
to perfect assembly free-energies performed by Nagpal et al. through thermodynamic inte-
gration provides a methodology by which to calculate the relative free-energies of metastable
state. In the case of Rincon Delgadillo et al., the meta-stable state most commonly seen
outside the observed process windows is fingerprint assembly. Therefore, we attempt to
make a first approximation about the relative efficacy of a substrate pattern by comparing
the free-energy of lamella perfectly aligned to the underlying pattern to that of fingerprint
assembly over the same pattern. We calculate this metric by using multiple simulations of
single grains misaligned at unique angles to the underlying pattern and compare the low-
est in free-energy, the most competitive, with the free-energy of the aligned assembly. As
we use only a single grain, we are afforded the opportunity to use smaller simulation boxes,
which makes the presented methodology tractable for a wide range of combinations of design
parameters.

While previous work focused on finding ranges of patterning conditions that were ef-
fective at stabilizing well-aligned lamellae over the patterns, here we calculate the relative
energies of the driving forces of patterns within these windows to elucidate design strategies
that will be useful in achieving a single grain of lines-and-spaces. By combining experimen-
tal data and molecular simulations, we study the impact of the interfacial energy between
BCP and a nanopatterned substrate on the thermodynamics of the assembled film. The
implementation of process flows on 300mm wafers using an X-PS guiding stripe and random
copolymer backfill brush allowed for the evaluation of the impact of materials and processing
conditions on the DSA over large areas, while the fabrication and inspection of patterned
samples using automated tools at imec enabled investigation of DSA on chemical patterns
of various dimensions and chemistries. We used this industrial scale fabrication facility to

systematically explore the effects that these tunable parameters have on the assembly of a
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Table 3.1: Labels for polymer brushes with different poly(styrene) compositions

Brush | PS fraction, fg
Brush-44 0.44
Brush-46 0.46
Brush-51 0.51
Brush-56 0.56
Brush-60 0.60
Brush-63 0.63
Brush-69 0.69

single grain aligned with underlying pattern. A collection of patterns was prepared with
many combinations of backfill brush composition and guiding stripe width, W. We compare
this data with free-energy calculations of coarse-grained Monte Carlo simulations of differ-
ent grain orientations in these two process windows to gain insight into how different design
parameters affect the relative free energies of competitive grains. This strategy is used to
understand the effect that interfacial energy of the substrate and guide stripe width have on

the effectiveness of a chemical pattern to drive the DSA process for HVM.

3.2 Experiments

3.2.1 Materials

Cross-linkable poly(styrene) (X-PS) (AZEMBLY ™ NLD128), hydroxyl-terminated poly(styrene-
random-methyl methacrylate) brushes with various monomer fractions, referred to as fg and
fvva, (AZEMBLY ®) series, shown on Table 3.1), and poly(styrene-block-methyl methacry-
late) (PS-b-PMMA) (AZEMBLY™ PME312) lamellae forming BCP with a domain-spacing
of Ly = 28 nm, were synthesized and dissolved in organic solvent by EMD Performance
Materials and used as received. Photoresist AIM5484 was purchased from JSR Micro and
developer OPD262 from Fujifilm. Organic solvents RER600 and Orgasolv STR 301 were

purchased from Fujifilm and BASF, respectively, and used as received.
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3.2.2  Sample Preparation

All samples consisted of 300 mm Si wafers and were processed and inspected using all-track

processing at imec (Leuven, Belgium).

Chemically nano-patterned substrates

For the fabrication of the patterned substrates, a 14 nm inorganic antireflective coating
(ARC) film of SiN was deposited on the 300 mm Si wafers via chemical vapor deposition.
Next, an 8 nm thick film of X-PS was spin-coated on the SiN layer and annealed for 5
min at 315°C under a nitrogen atmosphere in a TEL CLEAN TRACK ACT™ 12. The
thickness of the SiN and X-PS films was selected to minimize surface reflections during
photoresist exposure with 193 nm immersion lithography. Subsequently, a 95 nm thick
layer of photoresist was coated and baked at 120°C for Imin. The samples were exposed
on an ASML NXT:1950i scanner using the ”Vinaigrette” mask, which contains gratings of
multiple pitches (Lg) and widths, as well as a large area (7.5 mm x 5 mm) with pitch
Lg = 84 nm. A 1.35 numerical aperture (NA) and quadrupole illumination (XY polarized,
oo = 0.87, 0; = 0.72) yielded well-defined line/space patterns with pitches in the range of
80-89 nm. Different widths of the photoresist lines, or critical dimension (CD), were obtained
by using a focus-exposure matrix (FEM), in which the exposure energy and the focus were
systematically varied on each field. The exposure dose was varied from 13-23 mJ/ cm? in 1
mJ /em? increments, and the focus was chosen in a range of 360 nm at 20 nm increments.
Combinations of dose and focus were used to produce approximately 160 different exposure
conditions on a single sample. After exposure, the samples were baked at 120°C for 20 sec
and developed using OPD262. The samples were submitted to an O9 and Cls plasma etch
step in a V3A Lam Research tool, to trim the resist lines and, simultaneously, remove the
X-PS exposed to the plasma. The remaining photoresist was selectively removed from the
X-PS using a wet strip with Orgasolv@® STR 301 yielding periodic X-PS guiding stripes.

The series of OH-terminated brushes of specific composition presented in Table 3.1 were
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spin-coated at 1500 rpm yielding 50 nm thick films and annealed for 5 minutes at 250°C in
a nitrogen environment. During the annealing step, a monolayer of the brush material was
grafted to the regions between the X-PS lines via a condensation reaction. The material that
did not react with the surface was rinsed with RER600. On the resulting periodic chemical
patterns of defined chemistry and geometry, a 32 nm thick film of BCP, PME312™, was
coated and annealed for 5 minutes at 250°C. To improve the contrast on the SEM images,
the PMMA block was removed using a dry etch process in a TEL Tactras™ system. A Hitachi
CG4000 scanning electron microscope (SEM) was used to image and measure the CD of the
photoresist after trim etch, as well as the BCP assembled structures after PMMA removal.
Representative images from eight CD per pitch (80-89 nm in 1 nm increments) were taken
at five dose steps exposed at best focus. Each SEM image obtained was matched with its
corresponding boundary condition. In addition, ten random locations on the 84 nm pitch
large patterned areas, exposed at different doses and best focus, were imaged using relatively

low magnification (2.5 mm x 2.5 mm).

Homogenous substrates

Non-patterned substrates were used for the characterization of the X-PS and the brush
materials at different steps of the process. For this purpose, the polymer solutions were
applied on bare Si wafers and processed with the same conditions as the step of interest,
described in the fabrication of chemical patterns. The wetting properties of the materials
comprising the chemical nano-patterns were characterized using static water contact angle.
A Dataphysics OCAH230L contact angle measurement system was used for this purpose.
In addition, ellipsometry measurements of homogeneous films deposited on (or grafted to)
bare silicon wafers were performed using a KLA Tencor SCD100 over 49 points across the

diameter to determine their thickness and uniformity.
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3.2.83  Sitmulation Model

The simulation results presented are based on the standard coarse-grained model for block
copolymers.[17] Previous work has relied on this model to elucidate morphological behavior of
block copolymer films on chemically and topologically patterned substrates and results have
been quantitatively consistent with experimental observation.[21, 37-39] Polymers in the
model are represented by flexible, linear Gaussian chains discretized into N beads, where
the position of the s bead in the " chain is given by the vector r;(s). A system is
comprised of n AB copolymer molecules in a fixed volume V at a fixed temperature T. The
Hamiltonian H = Hy + H,;, + Hs of the system includes the interactions between bonded
beads (b), the non-bonded interactions(nb), and the interaction of beads with the substrate
(s). The connectivity of neighboring beads in a polymer chain is modeled by describing the

bonded interactions acting along the chain by

H{ri(s)}] _ 3 s~ )
kBT = ; 2_:1 r;(s+1) —r;(s)] (3.1)

where k;, is the Boltzmann constant, b> = R2/(N — 1) is the mean-squared bond length, and
Rg is the mean-squared end-to-end distance of an ideal chain. The non-bonded interactions

are described by

/d (XaBNoadp + ﬂ(1 — 64— 0B)?] (3.2)

2
7

Hloa,05] VN
kgT ~  R3

where VN = 2 0 poRe represents the invariant degree of polymerization, which is proportional
to the polymer’s molecular weight in a dense melt, and pg is the bead number density. The
local dimensionless density ¢ g of species K = A, B is computed using the configuration of
the polymer beads relative to a lattice with spacing AL using a zeroth order particle-to-mesh
interpolation. The incompatibility between unlike species is measured by the Flory-Huggins

parameter, x 4N, and the inverse isothermal compressibility, x/V, gives the polymer melt
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a finite compressibility.

To model the experimental systems used for DSA of block copolymers, the polymer is
confined between two impenetrable walls normal to the z-axis of the simulation box. The
top wall at z = L, is considered neutral, whereas the bottom wall at z = 0 mimics the
chemically patterned substrate on which the block copolymer assembles. The interaction
between the substrate and polymer is modeled by a one-body potential acting on each bead

of the form
Us(ri, Ki) _ Ak, (@,y) o (—22
kpT ds oz

) (3.3)

where dg governs the range of the interaction and z is the distance between the polymer
bead and the substrate along the axis normal to the substrate. The total contribution of the

substrate-polymer interaction to the Hamiltonian is

H
kT

nN
= Ugl(r, Ky). (3.4)
i=1

Ay represents the strength of the interaction between polymer beads of type K = A, B
located at (z,y) and the substrate. The functional form of A is dependent on the geometry
of the chemical pattern.

Monte Carlo (MC) simulations are used to identify possible self-assembled morphologies
over certain chemical patterns. Configurations are sampled according to Metropolis criteria,
where the probability of accepting a trial configuration is given by Pyec = exp(—AH/(kgT)),
and where AH represents the energy difference between the original and proposed config-
uration. Trial configurations are produced using four different Monte Carlo moves: single
bead displacement, translation of a chain, chain reptation, and chain inversion.

The polymer melt considered here is characterized by the parameters VN = 83, kKN =
22, xapN = 17 which correspond qualitatively with AZEMBLY™ PME312 used in the
experiments at imec. The lattice for computing local densities is defined such that the

average number density of beads in any cell is n;,; = 14. The computed bulk domain spacing
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Figure 3.1: Liu-Nealey (LiNe) flow for the fabrication of chemically nanopatterned sub-
strates with well-defined geometry and chemistry, and subsequent DSA of a symmetric BCP.

of the melt using these simulation parameters is Ly = 1.5R.. We choose ds = 0.05R, to
ensure that the interaction between the patterned substrate and the polymer operates on a
range similar to that of the incompatibility between blocks. The underlying chemical pattern
is composed of repeated stripes of width W that have a period Lg. The area between stripes
is referred to as the backfill region. The guiding stripes’ strength of interaction with the
polymer is denoted by Ag and the backfill interaction by Ag. A larger value of Ag indicates
a greater affinity of the stripes for the A-type polymer (PS), where a larger value of Ap

indicates a greater affinity of the backfill for B-type polymer (PMMA).

3.3 Results

The chemo-epitaxy flow for directed self-assembly (DSA) of block copolymers (BCP) de-
signed by Liu and Nealey (LiNe flow), shown in Figure 3.1, was used to assess the com-
binatorial effect of the composition and the dimensions of the chemically nano-patterned
substrate on the assembly process. We used the fully-automated process implemented on
industrial equipment available at imec. First, a thin film of X-PS was coated on a SiN layer

deposited on 300mm silicon wafers. Next, a photoresist layer was coated and exposed using
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193nm immersion lithography. The mask used for this work includes gratings of various
pitches and a large patterned area of Lg = 84 nm. A matrix of focus and exposure doses
(FEM) was used to print line/space patterns with varying critical dimension (CD). After
exposure and development, a dry etch process was used to simultaneously tune the width
of the photoresist lines and remove the X-PS exposed to the plasma. In the next step,
the remaining photoresist was rinsed with organic solvent, yielding X-PS guiding-stripes. A
series of OH-terminated brushes of specific composition was used to functionalize the area
between the X-PS lines, often referred to as the backfill region, via condensation reaction
of the hydroxyl-end groups and the oxygen moieties incorporated in the surface during the
etch step. On these chemical patterns of defined geometry and chemistry, a BCP film was
coated and annealed. After the removal of the PMMA block, the resulting structures were

imaged and related to the boundary conditions used in each case.
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Figure 3.2: Water contact angle measurements of an X-PS film as coated and annealed,
after resist strip, and after brush grafting, show the change in the wetting properties of the
X-PS at each processing step in the creation of the chemically nanopatterned substrate.
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In the fabrication of the chemical patterns, the X-PS is the first polymer applied on the
SiN layer, which further underwent photoresist exposure, a trim-etch procedure, stripping
of the photoresist, and brush deposition before coming into contact with the BCP material.
In order to gain insight into the wetting properties of the guiding stripe relative to the
unmodified X-PS, we assessed the impact of each of these steps on the chemical character
of the X-PS prior to the construction of the final guiding feature. Due to the dimensions
of the guiding stripe, direct evaluation of the wetting properties of the process-modified
X-PS was difficult. Therefore, we created surfaces that were representative of the X-PS
at each processing step. To achieve these model surfaces, we coated and annealed an X-
PS and a photoresist layer onto an Si wafer with the same conditions described for the
fabrication of the chemical patterns. On these substrates, checkerboard patterns, which
consist of exposed and unexposed regions that are approximately 3cm x 3cm, were exposed
using conventional illumination and energy of 18 mJ/ cm?. The printed areas are sufficiently
large to allow for the measurement of the water contact angle (WCA) of each surface. The
wafers were subsequently trim-etched, stripped, and coated with the different brushes to
reproduce surfaces consistent with the X-PS at each step in the process of producing the
chemically nanopatterned substrates. Water contact angle results for a blanket X-PS film
and the unexposed and exposed areas on the checkerboard patterns that were processed prior
to brush grafting are shown in Figure 3.2.

Each processing step made the X-PS film more hydrophilic. The first decrease in the
WCA can be attributed to the degradation of the X-PS by the ultraviolet light generated
during the exposure and the Cly plasma during the trim-etch step.[40-42] Further optimiza-
tion of the trim-etch may provide an alternative route to retain the hydrophobic character
of the X-PS and increase the strength of the interaction between the guiding stripe and the
BCP domains.

The second decrease in the WCA after the P(S-r-MMA)-OH coat and anneal suggests that

the brush molecules can partially graft to the guiding stripes. This may be an additional
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consequence of the modification of the X-PS, by UV irradiation, with oxygen-containing
functionalities, which can further react with the hydroxyl end group of the random copoly-
mer. At the end of the process, the unexposed X-PS presented a WCA of 82.5°, as shown
in Figure 3.2. The total drop of nine degrees of the WCA indicated that the X-PS guiding
stripe lost some of its non-polar character, resulting in a weaker expected interaction with
the BCP. For the present analysis this is advantageous, as previous reports using the LiNe
flow, as described in this study, show assembly of the BCP with a high degree of perfection,
suggesting that the difference in interfacial energy between the X-PS and the backfill region
with PS and PMMA is large enough to guide the BCP structures over thin (WW/Ly ~ 0.5) and
wide guiding stripes (W/Lgy ~ 1.5). In contrast, a strong interaction with the guiding region
may yield non-bulk morphologies during BCP assembly, especially for wide guiding stripes
(W/Lg > 0), which may limit the range of dimensions of the chemical patterns available for
our investigation.[43, 44]

One important aspect of the LiNe flow is its brush-last approach, which ensures that the
surface properties of the backfill area are exclusively controlled by the material design of the
random copolymers grafted to this region. Therefore, before incorporating the P(s-r-MMA)-
OH random brushes into the chemical nano-pattern, we measured the film thickness and
WCA of each brush material, thereby gaining insight into the topographical and chemical
nature of the patterned substrates. First, we coated blanket wafers with each unique brush
and annealed to tether the molecules to the substrate through the hydroxyl end-group via
the condensation reaction mentioned previously. Excess material was rinsed, yielding a
monolayer that was chemically grafted to the surface. Film thickness and uniformity across
wafer were characterized using ellipsometry. Independent experiments by varying anneal
time and temperature have demonstrated that a saturated monolayer of a random copolymer
brush with fpg = 0.51, which is similar to the standard Brush-51 used in the experiments
presented in this work, is about 7 nm.[45] We performed ellipsometry measurements on the

AZEMBLY®) series used in this work to provide accurate film thicknesses for the particular
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Figure 3.3: Characterization of a series of brushes with differrent compositions: a) mono-
layer film thickness after rinse as determined by ellipsometry measurements, b) water contact
angle measurements, ¢) top-down SEM images of (P(S-6-MMA) films annealed at 220°C' and
250°C' on top of the different random brushes grafted onto silcon wafers. The green squares
indicate the brushes that result in perpendicular BCP assembly, while yellow and red frames
indicated mixed orientation and hole-island assemblies, respectively.
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batch of materials used in the experiments shown. Figure 3.3a shows the film thickness results
obtained for the investigated AZEMBLY®) brushes; each measurement was performed on
brushes that had the same initial film thickness and annealing conditions. The thinnest film
was observed with Brush-51 where the thickness was measured to be 5.2 nm, while Brush-60
produced the thickest film of 8.0 nm. The difference of the brush thickness used in this work
and the values obtained previously can be attributed to the different batches of materials
used. In addition, we measured the thickness of a blanket X-PS film to be 7.2 nm. The
difference between thicknesses of the blanket X-PS and each unique brush film suggests that
there were minimal topographical features on the final patterned substrates.

The chemically modified surfaces were subsequently used to perform static WCA mea-
surements. Figure 3.3b shows that the series of brushes exhibit a monotonic increase in
WCA as fg increases, with values that are in agreement with previous reports.[32] For the
current study, in which the chemical patterns were comprised of an X-PS guiding stripe, Liu
et al.[27] demonstrated that the optimal brush in the backfill region must be slightly PMMA
preferential. Therefore, in order to test the wetting properties of the substrates treated with
each brush material, a 32 nm film of BCP was coated on the samples and annealed at 250°C
for 5 min or at 220°C for 20 minutes. As shown on Figure 3.3c, when the BCP was annealed
using standard conditions (250°C, 5 min) all the samples showed perpendicular assembly
of randomly oriented structures. However, at the lower temperature, mixed orientation was
observed as the PS content in the brush decreases. At the lowest end, Brush-44 showed
hole-and-island structures characteristic of preferential wetting of one of the blocks to the
substrate. In contrast, the higher PS content in the brush materials (> 56%PS) did not
induce mixed or parallel orientation of the polymer domains. These results suggest that the
composition of the brush series available in this study provides the wetting properties of
interest, ranging from slightly preferential to the PMMA block to non-preferential.

The response of the BCP assembled on chemically nanopatterned substrates of different

compositions and dimensions was also investigated. The impact of the commensurability of
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Figure 3.4: Top-down SEM images of a BCP assembled on chemical patterns with different
W and backfill brush compositions over a pattern with an 84 nm pitch. The number on each
die represents the number of defect-free images out of ten images analyzed.
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the pattern period with the natural domain spacing of the BCP (Lg/Lg) and the width of
the guide stripe (W/Lg) was studied by varying these parameters through the exposure and
etching conditions, as described previously.[45] In addition, the interfacial energy between the
PS and PMMA blocks with the backfill region was included in this analysis by using brushes
of different compositions. In order to investigate the BCP behavior over large areas, the 84nm
inspection blocks included from the reticle design were imaged using top-down SEM at ten
different locations on each exposure condition. A total area of 62.5 um? per die was imaged
and used to evaluate the defect level through the patterned region. The number of defect-free
images is reported as a measure of the degree of order, where a value of 10 indicates that all
ten images taken had zero visible defects. This method does not differentiate between random
orientation and a single dislocation; however, we can identify the pattern conditions that
thermodynamically favor well-registered assembly (WRA) such that no misaligned sturctures
exist after DSA. The results collected from ten dose steps at nominal focus with 12.6 < W <
35.6 nm for the available brushes are shown in Figure 3.4. Random orientation or partial
alignment, indicated by the red and yellow squares, respectively, was observed for all brush
compositions when W < 13.0 nm, indicating that the guiding stripe is not wide enough to
direct the BCP assembly. As W increases, good registration of the BCP with the underlying
chemical pattern, represented by the green squares, was observed when 14.8 < W < 27.3
nm on the samples treated with brushes of low fg (0.44-0.51). In contrast, the images
collected for large PS content random copolymers (> 56% PS) showed a drastic reduction
of the process windows for the same guiding stripe width range. When W = 32 nm random
orientation is observed for all brush compositions. This result is in good agreement with
previous reports, where the lack of registration with the guiding material when W/Ly = 1.0
was related to the largest total free energy of the system calculated at this condition. Finally,
as W/Lg approaches 1.5 | the material that resulted in the largest number of defect free
images was Brush-51, although, in all cases, the process window was significantly smaller

than the window for thinner stripes.
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Figure 3.5: BCP assembly as a function of pitch (Lg) and width of the guiding stripe (V)
for various compositions of the backfill brush. The color code used to evaluate the degree
of perfection of the assembled structures is based on a 0 — 3 score system corresponding to
random orientation to good alignment, respectively, as shown by top-down SEM images. The
dashed, white lines indicate the pitch that is commensurate with 3X density multiplication.
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In order to include the impact of the commensurability of the pattern period with the
natural domain spacing of the BCP (Lg/Lg) in our parameter space, we evaluated the
degree of order of the BCP structures assembled on chemical patterns of different Lg, W,
and backfill brush composition. For this end, top-down SEM-images of 2.5 ym x 2.5 ym area
(1 pm x 1 pm are shown on Figure 3.5 to exemplify the scoring system) were assigned a score
according to the degree of order observed at each condition. Ten random images, each of a
2.5 pm x 2.5 pm area, from each pattern design were investigated manually by eye to score
the pattern. A range from 0 to 3 was used, corresponding to random orientation to a high
degree of order, respectively. If at least nine of the ten images at the condition were absent
of defects, then the pattern design was scored a 3. If fingerprint assembly was observed in
all ten images, then the pattern was scored a 0. A score of 2 indicates that only isolated
defects were observed, while a score of 1 indicates that among the ten images analyzed, a
combination of images of fingerprint assembly and images of assemblies containing isolated
defects were observed. This scoring system provides a qualitative experimental metric for
the thermodynamic stability of a WRA compared to a misaligned structure. A score of
3 indicates that there is a large enough difference in the free-energy of the WRA and a
misaligned domain that no other grains can be found in any field of view. In contrast, a
score of 0 indicates that the the free-energy difference between all possible states is small,
such that the field of view will consist of multiple grains. We identify a thermodynamic
process window using this metric, by finding the conditions that produce SEM images with
a score of 3.

Figure 3.5 shows these experimentally determined thermodynamic process windows in
W/Ly and Lg for patterns with different brushes. For the standard backfill material, Brush-
51, the largest thermodynamic process windows in W occurred using a pattern with a com-
mensurate pitch of 84 nm, where Lg/Lg = 3.0. In addition, it can be observed that the BCP
can accommodate to different pitches in the range of 81 nm< Lg < 86 nm, with slightly

higher tolerance for compression compared to stretching.
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In terms of W, two process windows were obtained, in agreement with the observations
over large patterned areas and with previous results. The largest window is observed when
W/Ly < 1.0 (12.4-27.0 nm). Process windows of similar size were observed at small values
of W/ Ly for the chemical patterns with low fg (0.44-0.46) grafted to the background. Still,
Brush-51 showed more tolerance towards incommensurate chemical patterns, both at small
and large pitches. Increasing the PS-content of the brush to fg = 0.56 caused a shrink
in these process windows. The brushes with the higher PS-content (Brush-60 and Brush-
63) showed an even greater reduction in the process window size, such that only partial
alignment was captured from top-down SEM images. As W/Lq approaches 1.0, top-down
SEM images show fingerprint patterns on all chemical patterns with different Lg and brush
compositions. Finally, a second smaller process window was observed as W/L( approaches
1.5 (36-40nm). As with the process window observed over thin guiding features, the more
PMMA-preferential brushes show combinations of W/Lg and Lg that produce a WRA, but
this window begins to disappear for brushes with fg > 0.56. Results with Brush-69 are not
shown because random orientation of the assembled BCP was observed on most samples.
These trends in thermodynamic process window size indicate that a PMMA-preferential
backfill of the pattern is necessary to create conditions that thermodynamically favor a
WRA enough to have no other grains present in the final assembly for both thin and wide
guiding stripes.

Experimental data were compared with simulation results to gain insight into the effect
that the chemical nature of a patterned substrate has on the DSA process of lines-and-spaces.
The simulations presented here focus on chemically patterned substrates that result in 3X
density multiplication, which is comparable to the guiding patterns used in our experimental
work. We investigate the impact that three parameters characterizing the chemical pattern
have on the assembly of the block copolymer: guiding stripe width, guiding stripe’s preference
for the guided species PS, and the backfill’s preference for the non-guided species PMMA.

While film thickness is a key parameter in the resulting assembled morphology, here it is

48



fixed at a value of L, = 1.28L¢ in all simulations, which is comparable to the experimental
conditions, where the thickness of the AZEMBLY™ PME312 films assembled on the chemical
patterns is approximately 32 nm.

In experiments, there are a wide range of unwanted structures that form over patterns
where the final assembly would be categorized as a 0, 1, or 2 in Figure 3.5. A commonality
amongst many of the defective structures observed in the SEM images analyzed earlier is
the presence of lamella grains that are misaligned with respect to the underlying pattern
and appear to be oriented perpendicular to the substrate. Figure 3.7 shows an SEM image
depicting fingerprint registration of the block copolymer, which is a combination of the
coexistence of many grains in one assembly, over a chemical pattern. The areas of misaligned
lamella can be of various sizes, and Figure 3.7 shows examples of areas of grains that are
at least as large as the simulation box (6Lyx6Lg). As a first approximation of a pattern’s
effectiveness for guiding a DSA process, we look at the thermodynamics of different grain
orientations to the underlying patterned stripes. We investigated the relative thermodynamic
stability of grain orientations over different patterns using thermodynamic integration to
calculate the free energy of the meta-stable morphologies (with methodologies previously
utilized with the TICG model).[43, 46]

We calculate the free energy associated with going from one thermodynamic state alpha

to another state beta by changing a parameter u through the equation,

us 6H
AFCHﬂ:/ua du<E> (3.5)

where () indicates a thermodynamic average. The pathway between states o and [ are
assumed to form a continuous, reversible path. The pathway used to calculate the free
energy of a well-defined morphology from disorder is shown in Figure . The figure shows
four branches of the thermodynamic integration scheme, and identifies the state a and 3, as

well as the three intermediate states along each branch of the pathway. For each morphology
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Figure 3.6: The thermodynamic integration cycle used for evaluating the difference in free-
energy between an assembled structure and disorder. The first branch turns on the patterned
field. The second branch turns on the external field, which matches the morphology of
interest. The Flory-Huggins parameter is turned on in the third branch. And the final
branch turns off the external field defining the morphology.

considered, the « state is defined as a system comprised of only rouse chains where YN =0
and there is no pattern in the simulation box. This serves as a reference point and allows
us to compare the free-energies of morphologies that are assembled over different pattern
designs. The first stage of the thermodynamic integration involves integrating the pattern

field which can be defined by

Us(ri, K;) _ #hr; (2, 9) exp(—22
kgT ds 2d2

) (3.6)

Where p is a coefficient with bounds at [0, 1]. The second branch requires the implementation
of an external field that defines the morphology of interest, fey¢. It is similar to the patterned
field in implementation. The external field is defined as

Uext (ria Kz)

b —& fext(ri, ;) (3.7)
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where £ determines the strength of the field, with maximum value &4, and minimum value
of 0. The nature of the external field used here is defined by an order parameter that is a

function of the local densities of each species,

feat = <%> (3'8)

The third branch integrates the system over the parameter wy N, where we increase w from
0 to 1. Finally, we perform the last branch, which is identical to the second, except the
integration pathway goes from &4z to 0. The total free energy change along this pathway

can be described by

z niN AK T y 2 Emaz 1=nN
AFa—>ﬁ_/ dn Z (E)>+/o d€< z@: _fext(riaKi)>
Z*J\[grids 1=nN (39)

+/01dw< Z V;¢A(i)¢3(i>>+/;w dg( Z ~feat(ri, 7))

We initialize the simulations such that the block copolymer is microphase separated into
lamella that are perpendicular to the underlying substrate and form an angle 6 with the
underlying guiding stripe, which we refer to as a misaligned grain (MG), see Figure 3.7. We
refer to the case where §# = 0.0° as a well-registered assembly (WRA), which is the case
where the grain is aligned with the patterned features. The simulations are allowed to relax
over 5x10° MC sweeps to produce metastable morphologies that appear, from a top-down
view, to be lines-and-spaces oriented at 6 degrees with the guiding feature.

We could only investigate grains at a discrete number of angles € due to the periodic
boundary conditions of the simulation box. By assuming that the block copolymer adopts
the natural bulk-domain spacing on average, we are able to investigate 3P + 1 values of 0,
where P is the number of chemical pattern periods contained in a simulation box. A value of
P = 2 was used in this work, as the increased resolution in 6 for P > 2 increased computation

time. In addition, there are instances in experimental SEM images where grains of the same
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size as a box with P = 2 can be found, as shown in Figure 3.7. The values of 6 and a
schematic demonstrating the assembly over the chemical patterns for each value can be seen
in Figure 3.7. For each simulation of a misaligned grain, the simulation box has a height of
L, = 1.28 ¢ and the box-dimension normal to the direction of the underlying pattern is 6Ly,
such that each simulation contains two periods of the chemical pattern. The third dimension
of the box is chosen such that the intialized microphase separated domains have a period of
1.0Lg. The third dimension for the WRA is always 6.0Lg. We then perform thermodynamic
integration to compute the difference in free energy, AF', between an assembly of defect-free
lamella perpendicular to the substrate that are oriented at an angle 6 to the chemical pattern
and defect-free lamella with period 1.0L¢ confined between two neutral surfaces.

In order to demonstrate the described methodology, we investigate the impact of the
guiding stripe on the relative free energy of different orientations of assembled lamella. We
selected a chemical pattern with a guiding stripe with strength Ag = 0.75 and a backfill
with strength Ag = 0.20. We calculated the relative free-energy for the seven orientations
of assembly shown in Figure 3.7. Figure 3.8 shows the comparison of free energy between
the WRA and the misaligned orientation with the lowest free energy, which we refer to as
the most competitive assembly (MCA). Note that, all of the misaligned orientations have
similar energies, but for the purposes of this work only the orientation with the absolute
lowest free energy was considered as the MCA. The free energy of the MCA changes linearly
with guiding stripe width. The MCA for each W/Ly may correspond to different rotations
of the misaligned grain. This trend can be explained by analyzing the structure of the
misaligned assemblies, which adopt a morphology that consists of lamella that are deformed
in close proximity to the substrate. In these assemblies, wetting layers of the guided material
an unguided material form over the guiding stripe and the backfill, respectively. The larger
interfacial energy of the guiding feature (Ag > Ap) leads to higher interfacial curvature
of the lamellar domains over the guiding stripe than over the backfill due to this wetting

behavior. The change in guiding stripe width does not cause a qualitative change in the
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Figure 3.8: The red triangles and black squares show the calculated AF in kgT /chain for
the well-registered assembly and the most competitive assembly, respectively, over periodic
guiding stripes of width W at a pitch of Lg/Lg = 3.0 for Ag = 0.75,Ap = 0.2. The
blue circles show the difference in the relative free energy of the WRA and the MCA for
the corresponding stripe width using AAF = AFy;c4 — AFywra. The insets show the
through-film profile of the WRA at two different guiding stripe widths, W/Ly = 0.5, 1.5.
The guided domains are identified in dark red.

assembly for these rotated lamella; however, the increase in the volume of polymer that
interacts with the guiding feature results in an increase in the fraction of lamella with larger
interfacial curvature, resulting in the observed change in free energy of these structures with
guiding feature width.

In contrast, a WRA has a fundamentally different structure over thin and wide guiding
stripes. The differences between the two types of structures are demonstrated in the insets
in Figure 3.8. For thin guiding stripes, 0 < W/Lg < 1.0, the assembly is characterized by a
guided block (species A) domain centered over the stripe, while the wider guiding features,

1.0 < W/Lgy < 2.0, have a non-guided block (species B) domain centered. The difference
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Figure 3.9: Normalized interfacial area, o, of a WRA over periodic guiding stripes of widths
W/Ly € [0.5,1.5] with pitch Lg/Lg = 3.0. The value of ¢ is found by comparing interfacial
area between A and B domains calculated from simulations of a WRA at equilibrium with
the calculated A-B interfacial area that would exist if all A and B domains were rectangular
prisms.

between these two types of assembly causes a more complicated trend in free energy versus
guiding stripe width than that of the misaligned assemblies. The AF of the WRA over these
chemical patterns results from three interactions: the amount of non-guided material (species
B) affected by the guiding stripe, the amount of guided material (species A) affected by the
backfill, and the curvature of the AB interface. Greater volumes of non-guided material
assembled over the guiding stripe and guided material assembled over the backfill results in
a larger enthalpic contribution to the free energy of the assembly. While, larger interfacial
areas between A and B domains are associated with a larger entropic contribution.

In addition, Figure 3.8 shows the difference in AF' associated with the WRA and the
MCA, AAF = AFyroa— AFywpa, for the defined patterned substrate with a slightly weak
guiding stripe and a slightly preferential background region. AAF provides a measure of
thermodynamic preference of the chemical pattern for the desired assembly, the WRA. Fig-
ure 3.8 shows local maxima in AAF at W/Ly = (0.5,1.5). These are the optimal guiding
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stripe widths for having the highest thermodynamic preference for a WRA over a misaligned
grain for the two fundamentally different assemblies mentioned earlier with the chosen inter-
facial energies (Ag = 0.75, Ag = 0.20). Although these two values of W/L( have a different
material centered upon the guiding feature and the interfacial curvature of the assembled
domains is drastically different, the relative values for AAF at W/Lg = 0.5 and W/Ly = 1.5
in Figure 3.8 indicate that the two patterns provide equivalent selectivity for the assembly
that appears to be well-registered to the underlying pattern from a top-down perspective.
This is a rare situation, where the selectivity is approximately equal at the optimum con-
dition within each processing window. Figure 3.11 shows that for most interfacial energy
combinations the selectivity for a WRA is higher for thinner guiding features. While the
thermodynamics may indicate that both guiding patterns have the same preference for a
WRA over other grain orientations, the nature of the WRA is different and must be con-
sidered when designing experimental conditions for industrial applications, as the increased

curvature could change the way the assembly affects post-DSA processing.
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Figure 3.10: A heat map showing the difference in AF for the WRA and the MCA as a
function of pattern pitch, Lg/Ly and guiding stripe width, W/ Ly, where AAF = AFy;cp—
AFypra. The guiding stripe strength is maintained at a constant value of Ag = 0.75 and
the backfill strength is fixed at Ag = 0.2.
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Before investigating the chemistry of the patterned surface, we performed simulations
over a range of combinations of periodicity and guiding stripe width. Figure 3.10 shows
the AAF for patterns with period of Lg/Lg € [0.95,1.05] and guide stripe widths of
W/Lgy € [0.25,1.75]. Qualitatively, the same trends can be observed as seen in the experimen-
tal graphs shown in Figure 3.5. Two process windows can be identified, one centered around
thin guiding stripes and the other centered around wider guiding stripes. The simulations
predict that there is a higher selectivity for patterns that are wider than the commensurate
3X density multiplication pattern. However, this is not necessarily in contrast to the exper-
imental evidence, as the metric used to grade the effectiveness pattern, lacks the capability
to differentiate the patterns which resulted in scores of 3 from one another. The simulations
seem to indicate that a higher selection for a WRA occurs at extended patterns, although
the experimental window is centered around a compressed pattern period.

In order to better understand the effect of substrate chemistry on DSA, we also examine
the guiding stripe affinity for the material to be guided. We fix Ag = 0.2, which models a
backfill region that is slightly preferential for the non-guided material. This strength of the
guiding stripe A g was varied from 0.25 to 1.25 in 0.25 increments and W/ L was varied from
0.00 to 2.00 in 0.25 increments. The same procedure as outlined above was performed to
calculate the AF and AAF for each set of parameters. Figure 3.11 shows the AF vs. W/ Ly
of the WRA and the MCA for three of the five different Ag values evaluated. For the thinnest
guiding stripes with W/Ly = 0.25, there is no statistically significant difference in the free
energy of the WRASs between the three guiding stripe strengths. The increased strength is an
increase in repulsion of the non-guided material, therefore the enthalpic energy of the system
is only increased when the B species interacts with the guiding stripe. Stripes at this width
only interact with one A-type domain in a WRA, increasing Ag does not cause a significant
change in the AF because the A-preferential surface only interacts with the small amount
of non-guided material that is present in the singular A-rich domain centered on the stripe.

Figure 3.9 compares the change in interfacial area for different interfacial energies at various
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guiding stripe widths through a normalized interfacial area, . This value is calculated by
obtaining the average surface area of the interface between A and B domains in one period of
the pattern, Lg, obtained from simulations at equilibrium and normalizing that value by the
idealized surface area that would exist if each domain were rectangular prisms. The value of
o is never calculated to be 1.0 due to the molecular fluctuations present in the TICG model.
However, it can be seen in Figure 3.9, that a larger value of A g causes no statistically relevant
change in the average interfacial area of WRA over guiding stripes of width W < 0.8. This
results in WRAs that are equivalent in relative free energy, as the structure of the assemblies
are approximately identical. Larger stripes have more of interaction with the B-species
resulting in more perturbation to the WRA, and a larger AF. However, rotated assemblies
invariably have fractions of the guiding stripe covered by the B-rich domain. The larger
repulsion of the B-species that comes with stronger guiding stripes results in an increased
wetting of the stripe by the A-species which causes an increase in the curvature of the AB
interface. The extra frustration due to a larger amount of curvature at stronger guiding
stripes causes the AF' of these rotated assemblies to increase. The heat-map in Figure 3.11b
shows that stronger thin guiding stripes caused an increase in AAF for the Ag investigated
due to the minimal impact that Ag has on the WRA and the higher amount of perturbation
of the MCA associated with a stronger stripe.

For wide guiding stripes, where W/Lg > 1.0, the presence of a B-domain over the guiding
feature changes the trend in AAF associated with a higher preference of the stripe for the
guided material. The preference of the stripe for the guided material causes wetting of the
stripe by the A-species, which leads to the larger interfacial curvature of a WRA over guiding
stripes of width W/Ly > 1.0 shown in Figure 3.9; at high values of Ag the B-rich domain
becomes completely disconnected with the substrate. This wetting behavior creates more
frustration in a WRA over stronger guiding stripes, as can be seen by the increase in AF' of
the WRA over wide stripes for higher Ag in Figure 3.11. Although the trends in AF' for well-

registered assemblies is different for thin and wide guiding stripes, the trend for the rotated
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assemblies remains the same in both regimes of stripe width. The maximal AAF over wide
guiding stripes was obtained at Ag = 0.75 for the strengths investigated. For the values of
Ag > 0.75, there is a decrease in the AAF indicating that the frustration caused by the
wetting behavior in the WRA causes the rotated morphologies to become more competitive.
It should be noted that at values of Ag > 1.25 the WRA is no longer even metastable,
and the simulations predict assemblies of non-bulk morphologies where the guiding stripe is
completely wet by the preferred block. The decrease in AAF and the instability of a WRA
at high values of Ag indicate that the interfacial energy must be more tightly controlled for
wide guiding stripes.

These results indicate that a value of Ag in the range of 0.5 and 0.75 qualitatively agrees
with the experimental results, as Figure 3.11 shows that these two values of Ag have high
selectivity for a WRA at thin and wide guiding stripes. The simulation results, presented in
Figure 3.11, suggest that optimizing the processing conditions to retain the hydrophobicity
of the unmodified X-PS could lead to greater thermodynamic selectivity for the BCP to
assemble with a high-degree of perfection and improve the process over thin guiding stripes.
In contrast, Figure 3.11 also demonstrates that using a more selective material could result
in worse conditions for producing a WRA when using wide guiding stripes. In summary,
the largest possible AAF between a WRA and its corresponding MCA, that will lead to
minimum number of defects, will occur at W/Ly = 0.5. However, if, due to resolution limits
or fabrication constraints, such dimensions are difficult to achieve, then a guiding stripe with
W/Ly = 1.5 and weaker interaction with the blocks may still result in WRA with a high
degree of perfection.

The selectivity of a guiding pattern for WRA is also influenced by the choice of material
used in the backfill area, as it was shown in the experimental work. The periodicity of the
pattern was set to Lg = 3.0Lg, so as to compare directly with the width of the thermo-
dynamic process windows in Figure 3.5. We chose to fix Ag = 0.75, as the guiding stripe

chemistry remained constant in the experimental work, and investigated backfill strengths
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of Ag =10.0,0.2,0.4] with W/Lg from 0.0 to 1.5 by increments of 0.1. This is not a compre-
hensive exploration of guiding chemistries, but it does give insight into the influence of the
backfill interfacial energy on the assembly. Figure 3.12 shows that for both thin and wide
guiding stripes, increasing Apg results in a larger AAF. A backfill that is more preferential
for the nonguided material results in a larger AF' of the WRA due to increased A B-interfacial
curvature that results from the wetting behavior of the B-species on the backfill. In addi-
tion, stronger backfills cause an increase in the AF' of the MCA, for the same reason. For
every guiding stripe width investigated in Figure 3.12, the MCA is more sensitive to backfill
affinity because the geometry of a rotated assembly insures that a larger fraction of the
B-rich domain assembles atop the backfill region. This indicates that increasing the affin-
ity for the backfilled area for the nonguided material leads to an increased thermodynamic
stability of a WRA relative to a misaligned grain. It should be noted that the backfill can
be too preferential, such that parallel lamella become the preferred state, especially for thin
guide stripes. However, for moderate values of A g, molecular simulations demonstrate good
agreement with experimental findings, where patterns with a PMMA-preferential backfills

show greater thermodynamic selectivity for a WRA compared to a misaligned grain.

3.4 Conclusions

The implementation of a chemo-epitaxy flow in an industrial fabrication facility allowed
for the systematic investigation and precise control of critical characteristics of chemically
nanopatterned substrates. We focused specifically on the effects of guiding stripe width,
guiding stripe affinity for the PS, and the backfill affinity for PMMA with a 3X density mul-
tiplication pattern that was commensurate with bulk domain spacing of the block copolymer.
Top-down SEM images were able to identify two fundamentally different process windows
that assembled single-grains with a high-degree of perfection. A new strategy that relies on
molecular simulations supported the existence of these process windows by demonstrating

maximum thermodynamic driving force for a well-registered assembly when compared to
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a competitive misaligned grain at W/Ly = 0.5,1.5. Free-energy calculations also demon-
strated that increasing the affinity of a thin guide stripe for PS increases the thermodynamic
selectivity for a single grain aligned with the underlying pattern. The selectivity can be
increased for wide guiding stripes, W/Ly = 1.5, by having a higher affinity of the stripe
with the guided material; however, if this affinity is too large for these stripe widths where
unguided material is centered over the guiding stripe, then the selectivity is reduced until
the WRA ceases to be meta-stable. Experimentally the size of these process windows was
adjusted by changing the composition of the backfill brush. As PS-content in the brush was
decreased, the two process windows in W increased in size. Similarly, we showed through
simulations that a backfill that is more preferential for PMMA would have a higher ther-
modynamic selectivity for the WRA. The results presented here provide a justification for
engineering rules that can be used for designing patterns. Although this study does not
consider important kinetic aspects of the assembly process, we speculate that by tailoring
the interfacial energies and guiding stripe widths according to the rules proposed here, such
that the thermodynamic driving force is maximized, patterns can be designed that are more
suitable for meeting industrial defect requirements. We finish by emphasizing that when
assessing a chemical-pattern for industrial application, the through-film structure must be
considered alongside the ease of producing what appears to be the desired assembly from a
top-down perspective, and here we also showed that 3D structure can have curvature that

may not be noticeable from top-down inspection.
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Figure 3.11: a) The relative free energy difference AF in kg7 /chain of the WRA as a func-
tion of guiding stripe width, W/L¢, for the guiding stripe strengths Ag = [0.25,0.75,1.25]
and Agp = 0.2 for a pattern with periodicity Lg/Ly = 3.0. b) A heat map showing the
difference in AF' for the WRA and the MCA as a function of guiding stripe strength, Ag
and W/L(), where AAF = AFMC’A - AFWRA-
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CHAPTER 4
ANALYZING THE MECHANISMS OF DEFECT
ANNIHILATION IN SINGLE-HOLE CONFINEMENTS USING
THE STRING METHOD IN COLLECTIVE VARIABLE SPACE

4.1 Introduction

As conventional optical lithographic techniques reach their resolution limit, and with many
of the proposed replacements growing in cost, the directed self-assembly (DSA) of block
copolymers has attracted considerable industrial interest as a means to achieve cost-efficient,
high-resolution patterning at the nanoscale[47-52]. The DSA process relies on utilizing
confinement design and chemically functionalized surfaces, referred to as graphoepitaxy [53—
56] and chemoepitaxy [4-7, 57], respectively, in order to coerce a block copolymer morphology
into a desired structure. These strategies have proven capable of yielding the assembly of
lines[26] and cylinders [58] over large patterned areas [59]. Of particular interest for the
fabrication of device-oriented structures is the assembly of cylindrical-phase block copolymers
within cylindrical confinements (or “holes”), known as the hole-shrink process [60]. Such
a process offers an inexpensive route towards efficient production of vertical interconnect
accesses (VIAs) or cut masks [61, 62].

Cylindrical confinements have two unique surfaces: the sidewall of the holes and the cir-
cular bottom. The interfacial energy between each surface and each copolymer block needs
to be carefully tuned, in concert with the template diameter, to induce the assembly of a
desired cylinder. It has been demonstrated that cylinders can successfully form in smaller
template diameters if the sidewall preference is for the majority block [63, 64]. However, most
theoretical work has focused on cylindrical templates where the sidewall surface is prefer-
entially wet by the minority block of a cylinder-forming block copolymer [65-68]. Peters

et al., using a theoretically informed coarse-grained model, demonstrated that increasing
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the affinity of the sidewall for the minority block leads to a stabilization of the desired
through-film cylinder morphology over other metastable structures[23]. Laachi et al., uti-
lizing a field-theoretic model, have also provided insights into the morphological, kinetic,
and thermodynamic differences that exist between non-preferential sidewalls and sidewalls
that are preferentially wet by the minority block [69]. These studies collectively support the
conclusion that a sidewall that is preferentially wet by the minority block provides a critical
boundary condition for obtaining the desired cylindrical morphology. However, given that
smaller template diameters have been found to stabilize well ordered cylinders when the
sidewall is preferentially wet by the majority block - a reduction from approximately twice
the bulk domain spacing to a single bulk domain spacing - additional theoretical study is
needed in order to understand assembly under such conditions.

In particular, recent experimental work by Doise et al. has shown that it is possible to
experimentally control the wetting behavior of both the sidewalls and the bottom substrate
independently, through random block copolymer brushes [70]. This control has allowed
for the modification of the wetting behavior of the sidewalls and bottom of the cylindrical
confinements separately; furthermore, the random block copolymer brushes allowed for the
surfaces to be preferential for either the majority block or the minority block. Through ma-
nipulation of the brush composition, these authors demonstrated the ability to use prepattern
holes with smaller and larger critical dimensions (confinements with diameters of approxi-
mately one and two times the natural domain spacing, respectively) to drive the assembly
of cylindrical morphologies. Doise et al. achieved successful assembly at an open hole rate
greater than 95% in some cases (as verified via top down SEM after pattern transfer); this
relatively high threshold, however, does not meet the defectivity requirements for industrial
applications, prompting further questions about how to optimize a prepattern to reduce or
avoid defect formation in contact hole-shrink experiments.

The results reported by Doise et al. were generally in good agreement with predictions

by Peters et al. but, at the experimental level, confinement still led in some cases to defective
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assembly. The work of Peters et al. provided a qualitative understanding of which design
rules are necessary for stabilizing a cylindrical morphology, but only considered the final -
equilibrium- states reached in a simulation, without addresing how defective states form and
remain stable, or how transitions between defective states occur. Recent work by Li et al.,
Hur et al. and Laachi et al. has shown that a string method can be used in coarse grained
[24, 84] and field theoretic models [66, 69, 71], respectively, to analyze transition pathways
in block copolymer systems. These works provided an understanding of transitions between
competitive structures in thin films and in cylindrical confinement, but did not address how
the formation of competitive, metastable states might interfere with morphology formation.
In addition, in the context of exploring the transition between defective states and through
film cylinders in contact holes, the work of Laachi et al. only explored a limited number of
pre-pattern configurations, and did not consider how optimization of the prepattern might
influence defectivity.

Here, we utilize a theoretically informed coarse grained model for block copolymers,
which has been shown to be in good agreement with experiment in past work, to explore
the emergence of metastable states within cylindrical confinements with a critical dimension
of approximately one domain spacing. Subsequently, we use the string method to analyze
the transition between competitive states, uncovering the free energy barriers opposing the
transition from metastable defects to through-film cylinders. The influence of the strength
of the affinity of the sidewall and bottom substrates on these free energy barriers is also con-
sidered. We find that in a large sample of simulations repeated at the same set of conditions,
different final morphologies appear, including defects and through film cylinders, indicating
template conditions which stabilize various morphologies. Transition pathways calculated
at prepattern conditions in the vicinity of these regions, where several different morpholo-
gies occur, reveal that significant free energy barriers exist that oppose the annihilation of

defects, even if the defective states have a significantly higher free energy.
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4.2 Models and Methods

The simulation results presented in this work are based on the standard theoretically in-
formed coarse-grained model[18, 72, 73], which represents block copolymer chains n Gaussian
chains which are discretized into N beads connected by harmonic springs in a fixed volume
V at a fixed temperature T'. This model has previously been shown to be in quantitative and
qualitative agreement with experimental results [17, 43]. In this model, the energy associated

with the polymer bonds is expressed as

n N-—1

[IEZT 222 > > Iris+1) —ri(s))? (4.1)

i=1 s=1

where the s bead on the it chain has position r;i(s). Re is the end-to-end distance of the
polymer chains; typically, a unit system is adopted for the simulations where the end-to-end
distance is unity. Additionally, kg is the Boltzmann constant. The energy associated with

non-bonded interactions is given as

H VN N
w08 N [dstianNosen + 50— 0a - o) (42)
J

an estimate of the number of chains a

— 3
where VN = p%%e’

given chains interacts with (pg is the average bulk number density of beads). The parameter

YN is the Flory-Huggins parameter governing the incompatibility of the two blocks, and x4
is proportional to the melt compressibility. Each term ¢(r)is a function of the local density
of each type of bead; these densities are calculated by a particle-to-mesh (PM) scheme,
where the underlying grid is comprised of cubic cells with side length AL.

The cylindrical confinement is modeled as being composed of hard walls; the sidewall
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and bottom substrate interact with the polymer according to the term

Hg K —22

nN A

where K is the type of monomer bead; the term fq(x,y, K) adopts the values of either —1
or 1, depending on the value of K and the position of the bead. AX defines the strength
of interaction between the surface and the bead; when a bead of type A is in a position
preferable to type B, the overall energy contribution should be positive, and A = —AB,
Lastly, z is the distance to the surface, and dg is the decay length of the potential. Both the
sidewall and the bottom surface contribute a term of this form. The model is implemented
in the context of a Monte Carlo simulation. Configurations are sampled according to the
Metropolis criterion, where the probability of accepting a trial configuration is given by
Pace = exp(—AH/(kgT)). Trial configurations are proposed using two different Monte
Carlo moves; single bead displacement and chain reptation.

To find the minimum free energy pathways between two states of interest, we make use
of the string method described mainly by Maragliano et al. [74-84] A string of states is
constructed connecting the two states; each state along the string, or image, is a unique
morphology. The string is mathematically described as m(«) where « is the reaction co-
ordinate (0 < a < 1). The images are vectors, each component m; of which is a function
of an order parameter constructed from the local densities on a grid. At each point 7; in
the grid, m; = %ﬁg%. This quantity represents the normalized density differences
between beads of type A and B in a volume AL3 around each point r; in the grid spanning
the entire simulation box.

The condition for the string to be the MFEP is that the perpendicular component of the

gradient of the mean force along the string must be zero everywhere. The potential of mean
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force on the string, defined at each image, is given by

F(m) = —kgTn / ANy exp(—kBiT)a[m 1) (4.4)

In this equation, m indicates the order parameter vector constructed from the particle
coordinates {r"V}. The MFEP satisfies V| F(m) = 0, which means that the variation
perpendicular to the path is zero everywhere along the path. The mean force is numerically
calculated via umbrella sampling with a harmonic restraint; the total Hamiltonian has the

additional term

HC o )\ ~ 2
FaT ~ 2 /dr[m m| (4.5)
7

where )\ is a spring constant which controls the strength of the training potential. In the limit
of an infinitely large spring constant, the free energy of the restrained system converges to
the free-energy functional F'(m). Using a spatial grid to evaluate the integral in the umbrella
potential, the differential of free energy with respect to m goes to gT}:l = ALk pT[m—(m),],
where (m) is averaged over many MC steps. Therefore, the string is updated every iteration
according to my_, | = my, — TAAL3[my, — (1h).], where 7 is a time constant controlling the
frequency at which the string is updated. As described in Maragliano et al., the images are
redistributed after every iteration to avoid the images falling into the minima of the free
energy landscape [78].

The string is discretized into 128 nodes, each of which is an independent MC simulation
used to estimate the mean force along the string. The free energy along the string can be
determined from the free energy estimation method outlined in Maragliano et al. [78] The
strings were initialized as linear interpolations in collective variable space between a defective
morphology (or a disordered melt), a = 0, and a through-film cylinder, a = 1. These states
were chosen from independent MC simulations. When calculating pathways between defects
and ordered cylinders, the ends of the string are free to move, ensuring the ends represent
local minima.
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Figure 4.1: A compilation of the well-defined morphologies that were stabilized from inde-
pendent Monte Carlo simulations of cylinder forming block copolymers. The dark, red phase
represents the minority-block rich domain, while the light blue phase is the majority-block
rich domain. The morphologies observed were (a) the double donut, 2D, (b) the donut-bar,
DB, (c) the double bar, 2B, (d) the disconnected cylinder, DC, and (e) the cylinder.

4.3 Results and Discussion

he cylindrical confinement for guiding the DSA process utilizes chemoepitaxy and graphoepi-
taxy to drive the assembly of cylindrical features that span the height of the confinement.
The simulations in this work focus on perfectly cylindrical confinements that are filled
with poly-styrene-b-(methylmethacrylate), PS-b-PMMA, with a styrene volume fraction of
fpvava = 0.3, We assume that the surfaces that produce the confinement, the vertical
sidewall and the circular bottom, are unique in terms of their affinity for the polymer; thus,
the block copolymer that is deposited inside the hole is assumed to have an independent
interfacial energy with each surface. The strength of these interfacial energies is governed
by the constants Agyy and Ag for the sidewall and bottom surfaces, respectively, and the
surfaces interact with the polymer via the potential described above, where z is the distance
between a polymer bead and the closest (normal) point on the given surface. A negative
value indicates a preference for the minor block, poly-(methyl methacrylate), PMMA, and
a positive value indicates a preference for the major block, poly-styrene, PS.

We performed a number of independent Monte Carlo simulations to investigate the impact

of the combination of these parameters on a predicted morphology for constant confinement
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Table 4.1: Stable morphologies that exist at intersections in design space

Agw | Ap | Stable Morphologies
0.1 |-0.1 9B, 2D
0.1 |-0.6 DB, 2B
0.4 |-0.2 2B, C, DC
0.3 |-0.6 2B, DC
0.6 |-0.5 C, DC

dimensions. A height of 62 nm, 1.67Ly and diameter of 43 nm, 1.16Lg, were chosen in
order to be in agreement with the experimental conditions used by Doise et al.[70]. These
values were well in the region of the design space that resulted in the desired cylindrical
morphology (at least when viewed from a top down perspective, experimentally). Using this
geometrical confinement, we set the interfacial energy constants to be 0.0 < Agyy < 1.0 and
—1.0 < Ap < 0.0. In this work, the sidewall is assumed to be preferential for PS (or neutral)
and the bottom for PMMA (or neutral); again, this is in qualitative agreement with the
experimental setup of Doise et al. [70] The simulations were run for 500,000 Monte Carlo
sweeps to find the stable morphologies at each interfacial energy combination.

The results of these simulations revealed that five unique, well-defined morphologies were
stable within this range of parametric combinations. A 3D rendering of those morphologies
can be seen in Figure 4.1, which includes the double donut (2D), the donut-bar (DB), the
double bar (2B), the disconnected cylinder (DC), and the full cylinder (C). In some con-
finements, only one of these morphologies was stable across the set of simulations; however,
there were many cases where more than one morphology was stable. This implies that ei-
ther the states have comparable free energies, or that the stabilized morphologies represent
kinetically trapped metastable states. Figure 4.2 shows a diagram that illustrates which
morphologies were stable at each parametric combination of interfacial energies. The in-
terfacial energy combinations that stabilize multiple morphologies are denoted by the large
beige circles surrounding the markers in Figure 4.2 - these combinations are seen at the
intersection of the areas of parameter space that stabilize only one structure. The points

at these intersections have as potentially stable states the morphologies that are singularly
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Figure 4.2: A phase diagram that shows which morphologies were most likely to form
at a given combination of sidewall preference for the majority block, Agy, and bottom
preference for the minority block, Ag. Each combination of interfacial energies is given
a marker that identifies which morphology was observed most often after 10 independent
Monte Carlo simulations. The large beige circles denote interfacial energy combinations
that resulted in multiple stable morphologies. The absence of a beige circle means that only
one type of morphology was stabilized. The morphologies observed can be seen in Figure 4.1,
and include the double donut (2D) denoted by orange upward pointing triangles, the donut-
bar (DB) denoted by green squares, the double bar (2B) denoted by blue diamonds, the
disconnected cylinder (DC) denoted by the red circles, and the cylinder (C) denoted by the
violet downward facing triangles.

stable in the adjacent areas of design space. Examples of these intersections exist at the
combinations of (Agyy, Ap) listed in Table 4.1. One of the interesting combinations of in-
terfacial energies occurs around the “triple point”, where the conditions that stabilize the
double bar, the disconnected cylinder, and the cylinder morphologies coincide. At the values
of Agyw = 0.4, Ap = —0.2 the Monte Carlo simulations yield formation of all three of the
aforementioned morphologies.

At this "triple point”, where multiple possible stable states result arise in simulations,
we can extract useful thermodynamic and kinetic information about their relative stability
using the string method. We chose to analyze the transition pathway between a defective
morphology and a cylinder beginning at the "triple point” (Agy = 0.4 and Agp = —0.2),
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then subsequently in its immediate vicinity in parameter space. This provided the oppor-
tunity to analyze the annhilation pathway for two different defects, the double-bar and the

disconnected cylinder within a single confinement design.
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Figure 4.3: The transition pathway along the reaction coordinate v between a double bar
morphology and a cylinder with Agy = 0.4, Ag = —0.2. The green triangles identify the
end nodes of the string, the red squares identify the nodes of the string where the transition
states occur, and the blue circles identify the location of the metastable states along the
pathway. Graphics of the morphologies corresponding to the labeled nodes are included.

First, we investigated the transition pathway between the double-bar and cylindrical
morphologies using the string method. Figure 4.3 shows the MFEP calculated from the
string between a double-bar structure (o = 0) and the through-film cylinder (o = 1) within
a cylindrical confinement with Agyy = 0.4 and Ag = —0.2. Two clear transition states can
be identified along this pathway. The first transition state is approximately 30kgT higher
in free energy compared to the metastable defect, and it corresponds to the formation of a
PMMA bridge linking the upper and middle bars. For this bridge to form, a certain number
of PMMA chains must diffuse through a layer of PS, a highly unfavorable and unlikely event -
hence, the large barrier. Following the initial bridge formation, however, polymer can diffuse

more easily through the bridge, corresponding to the downhill descent in free energy. The
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second transition state is approximately 15kgT higher in free energy compared to the nearby
metastable state, and it corresponds to the formation of a second PMMA bridge between the
layer of polymer at the bottom and the growing PMMA structure in the middle. Just as was
the case for the first bridge, the diffusion of the first few PMMA chains through the layer
of PS is unfavorable, and so the free energy barrier is large. Once that process is initiated,
however, there are no more free energy barriers, and polymer simply diffuses through the
established bridges to form a well-ordered, complete cylinder.

It is of interest to consider why the opposite pathway is not favored - that is, the bottom
bridge forming first, followed by the upper bridge. If the bottom bridge formation occurred
first, it is expected that the first free energy barrier would be even higher because, in addition
to requiring the same number of chains to diffuse the same distance, PS would be forced
(due to the volume-filling nature of the model) to occupy space near the bottom substrate,
a situation that is enthalpically unfavorable. This presumably large free energy barrier is
circumvented when the system first forms the upper bridge; this also creates a bulge in the
PMMA in the center of the system. Thus, when the bottom bridge does form, it need not
traverse as great a distance, making up for the enthalpic penalty of forcing PS onto the
bottom substrate. While this effect would likely be observed in the opposite pathway as
well, it is the avoidance of the first very large barrier that is expected to be most critical.

Next, we fixed the end states of the string to be the disconnected cylinder and the
complete cylinder morphologies. The calculated MFEP for the annihilation of this defective
morphology can be seen in Figure 4.4. The MFEP for annihilation of the disconnected
cylinder is similar to the last half of the annihilation of the double-bar, including a transition
state that is approximately 20kgT higher than the metastable defect. Likewise, this free
energy barrier corresponds to the formation of a PMMA bridge between the bottom layer
and the disconnected cylinder, requiring the unfavorable diffusion of PMMA through a PS
layer. Indeed, it can be observed in Figure 4.3 that a metastable morphology very much like

that corresponding to the disconnected cylinder exists in the middle of the pathway.
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Figure 4.4: The transition pathway along the reaction coordinate o between a disconnected
cylinder morphology and a cylinder with Agy = 0.4,Ap = —0.2. The green triangles
identify the end nodes of the string, the red squares identify the nodes of the string where
the transition states occur, and the blue circles identify the location of the metastable states
along the pathway. Graphics of the morphologies corresponding to the labeled nodes are
included.

It is now clear that these defective morphologies are not competitive at equilibrium, but
instead represent long lived kinetically trapped states. Despite the fact that a confinement
design can be conceived to thermodynamically favor formation of a complete cylinder, there
can simultaneously exist significant barriers that must be overcome if the assembly process
initially leads to an undesirable, meta-stable structure. In an attempt to understand how
design parameters affect these barriers, we performed string calculations for several interfacial
energy combinations.

Figure 4.5 shows the effect that the sidewall interfacial energy has on the transition bar-
riers by varying the value of Agyy = {0.3,0.4,0.5} while Ag = —0.2. There is a significant
reduction in the free energy barriers associated with both transition states as the sidewall be-
comes more preferential for the majority block, PS. Meanwhile, the free energy barriers grow
much larger if the interaction parameter on the sidewall becomes more weakly preferential
for PS.
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Figure 4.5: Three transition pathway along the reaction coordinate v between a double bar
morphology and a cylinder with A = —0.2 where the sidewall interfacial energy is varied
between Agyy = {0.3,0.4,0.5}.

Figure 4.6 also shows how the MFEP changes when the interfacial energy corresponding
to the interaction between the bottom of the confinement and the polymer changes if we
use Ag = {-0.1,-0.2,—0.3} while Agyy = 0.4. In contrast to the sidewall interfacial
energy, the bottom of the confinement has only a small effect on the barrier heights of the
transition states. The first transition is virtually unaffected, and there is a minor influence
on the height of the second free energy barrier. As discussed previously, part of the barrier
associated with this latter transition is the forcing of PS to the bottom substrate as PMMA
diffuses to the center. If the bottom substrate is less hostile to PS, there is less of a penalty
associated with this transition. Furthermore, this observation also explains the reduction in
the thermodynamic free energy difference between the two-bar structure and the full cylinder.
The volume of PS wetting the bottom surface is greater in the full cylinder morphology than
the two-bar morphology; increasing the preference for PMMA of the bottom surface therefore
causes a greater perturbation to the free energy of the full cylinder morphology, resulting in
the reduction in thermodynamic preference.

The simulation results in Figure 4.5 and Figure 4.6 show that the two unique surfaces
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Figure 4.6: Three transition pathway along the reaction coordinate v between a double bar
morphology and a cylinder with Agy = 0.4 where the bottom interfacial energy is varied
between Ag = {—0.1,—0.2, —0.3}.

comprising the guiding confinement have different effects on the thermodynamics and kinet-
ics of the hole shrink process. These results indicate that it is more important to control
the sidewall surface characteristics when trying to minimize the kinetic barriers that exist
between defective states such as the two-bar structure and the desired full cylinder morphol-
ogy. This follows intuition, as the full cylinder morphology needs the majority phase to wet
the entirety of the sidewalls of the confinement for the cylinder to exist.

This provides evidence that if a sidewall surface can be designed that exhibits a sufficiently
strong preference for the majority block, then the MFEP towards the desired cylindrical
morphology is void of unwanted meta-stable morphologies. It is likely that continuing to
increase the sidewall preference for the majority block will improve dynamics of assembly,
as well as the thermodynamics. It is our belief that many pathways, including those that
pass through defects and those which do not, remain competitive regardless of which is most
probable. Therefore, continued increase of the sidewall preference for the majority block is
likely to make defect-free pathways progressively more probable. Quantifying this effect is a

future direction of interest.
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The comparison of the MFEP for different patterning combinations seems to suggest
that the bottom of the cylinder does not affect the relative selection for the desired cylinder
over defective structures as much as the side walls. This provides an opportunity to improve
upon the design of the patterned hole. A homogeneous bottom surface does not provide any
method for assuring the location at which the cylinder contacts the bottom surface. This
placement accuracy can be crucial when considering the usefulness of the technology for
industrial application. If the hole-shrink process is to be used for VIAs, then a design strategy
must be employed to guarantee that the BCP cylinder is in contact with the desired circuit
feature. Here we propose a confinement hole with a stripe imprinted onto the bottom surface
to control the placement of the cylinder contact. The stripe is assumed to be preferentially

wet by the minority domain, so as to drive the cylinder to wet at the stripes location.

Ag=0.1

Figure 4.7: A bottom up view of the morphology assembled within a cylindrical confinement
with a guiding stripe feature at the bottom of the patterning hole. The sidewall of the
confinement has preference for the majority block with strength Agy = 0.4. The stripe’s
preference for the minority block is constant across the rows and is labeled above the rows as
Ag. The black band represents the locations of the guiding stripe, and as you move across
the row of images, the stripe increases its offset from the center of the patterned hole.

Figure 4.7 shows a bottom-up view of this type of confinement, where a black stripe
is located at the position of the guiding feature. A side view is omitted, as all of the
morphologies resemble complete cylinders; the difference between the assemblies occurs only

near the bottom of the confinement. For these simulations, Agy = 0.4 so as to reduce
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the likelihood of defective states. Note in Figure 4.7 that multiple bottom-up images are
shown, where the guiding feature is centered at different locations relative to the center of the
cylindrical confinement. This is done to model possible offsets that can occur when matching
contact holes to the features that the VIAs are supposed to connect. A confinement that
is suitable for this industrial application should be able to rectify the inevitable variations

that will occur in pattern production, and provide the desired contact.
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Figure 4.8: The fractional coverage of the guiding stripe at the bottom of the confine-
ment hole by the assembled cylinder as a function of the stripe’s offset to the cylindrical
confinement. Three different guiding stripe strengths are shown.

The top row of bottom-up images is of a confinement, where the stripe has preference
Ag = 0.1, while the bottom row is of a stronger guiding feature, Ag = 0.5. There is
a qualitative difference between the structure of the morphology that can be seen from
this view point. Intuitively, the more preferential stripe causes a larger wetting area of
the assembled cylinder, which can be seen clearly in the far-left image, when the stripe is
centered with respect to the contact hole. This causes a higher amount of perturbation
to the overall structure, creating an almost T-like shape. Figure 4.8 shows the fraction

of the stripe that is wet by the minority-rich domain. The higher perturbation caused by
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the higher preference drives increased coverage of the feature by the minority-rich domain,
regardless of the position of the guiding feature relative to the contact hole. This implies
that designing contact holes with a highly preferential stripe-like feature will help increase
placement accuracy and drive the formation of morphologies that serve as functional VIAs
regardless of industrial process variability.

Furthermore, we acknowledge that increasing the wetting behavior within a simulation
is different than what can be done in experimental systems. While there are kinetic and
thermodynamic benefits to using highly preferential sidewalls for the majority block, there
is no guarantee that an experimental confinement can be designed to be selective enough
to realize the elimination of metastable states along the most probable path for cylinder
formation. In addition, the design of confinements in which there is a guiding stripe feature
at the bottom is accompanied by a plethora of challenges. However, by attempting to
incorporate these designs into experimental confinements can improve defectivity as well as

placement accuracy.

4.4 Conclusions

The systematic study of the single-hole shrink process where the sidewalls are wet by the
majority block of a cylinder forming block copolymer have allowed for the identification of the
metastable states that may arise depending on confinement design. Subsequent application
of the string method has enable a detailed analysis of the transition pathways between
defective states and the desirable through-film cylindrical morphology; specifically, the study
of a single design chemistry where three different morphologies were stabilized in independent
Monte Carlo simulations: a double-bar, a disconnected cylinder, and a complete cylinder.
The complete cylinder was identified to be the morphology with the lowest free-energy of
the three; however, the transition pathway between the desired morphology and the defects
was found to exhibit significant energetic barriers of approximately 30kgT. This finding

provides insights into the challenges associated with reaching industrial defect standards,
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as the diffusion events necessary to transition from a defect to a cylinder are unlikely to
occur if the system ends up in a defective state. Altering the sidewall chemistry has been
shown to have a much more significant impact on these pathways than the chemistry of
the bottom surface. As the sidewall becomes more preferential for the majority block, the
number of metastable states that exist in the pathway is reduced until, for a sufficiently
strong preference, the MFEP proceeds downhill, going straight to the desired cylindrical
morphology. We note that the string method used to find this pathway is only able to identify
a single, most probable transition path, and does not speak to the relative probability of
proceeding down this path. However, the demonstrated ability to fundamentally change the
most probable path using confinement design is promising, as it implies that if the sidewalls
of these confinements can be created to be highly preferential for the majority block, the

resulting hole-shrink process will be better suited to meet industrial defect standards.
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CHAPTER 5
CONCLUSION AND FUTURE WORK

The works presented here were an attempt to understand the effects that nanoscale pattern
design has on the directed self-assembly of block copolymers for industrial application. First,
we investigated the assumption about substrates that block copolymers are deposited upon
in thin-films that was made by previous works. Prior to the work presented in Chapter 2, the
TICG had been used with substrate models that approximated the surface-polymer inter-
action as that of a hard surface that is impenetrable by the coarse-grained beads. However,
in experimental systems, the substrate is often partly composed of polymer brush material
which will penetrate into the deposited polymer melt, and vise-versa. Therefore by creating
a model which uses an explicit polymer brush as the guiding surface, we were able to show
that the approximation made by previous works is able to qualitatively reproduce the same
behavior. The difference between the two models is shown to be in the under-estimation of
the lateral range of interaction (width) of the preferential guiding feature. The soft substrate
shows that the ability for a brush to penetrate into the neighboring areas, causes a smearing
effect that creates an effectively wider guiding feature. While the methodology presented
here is useful, a more advanced fitness function can be developed to allow for better re-
covery of the morphologies assembled over guiding stripes with widths of W/Lg < 0.8 and
W/Lg > 0.8 using the same parameter set for the GPM.

In Chapter 3, we move on to investigating the role that chemical and geometrical designs
of substrates have on the self-assembly process for lamella forming patterns. A thermody-
namic explanation is provided to explain the existence of the two process windows that exist
for 3X density multiplication patterns. There is a higher difference in the free energy be-
tween the desired assembly orientation and other competitive orientations at approximately
W/Ly = 0.5 and W/Lg = 1.5. The free-energy difference can be controlled through modifi-
cation of the chemistry of the guide stripe or backfill. Thin stripe patterns are shown to have

a increased selection for the desired assembly orientation when the preference for the guided
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block is increased, while the chemistry of the wider stripes must be more tightly controlled,
as a stripe that is too prefential will result in a wetting of the stripe by the guided material
and the formation of nonbulk morphologies. All the simulation results were corroborated
with experimental evidence to provide an explanation for the observed trends and pattern
design guidelines.

The assembly of lines-and-spaces has been well studied, and the work presented in chapter
three adds to the body of work that exists in literature already. However, there exists
no simulation model which attempts to model the substrate precisely. As there is still
improvement that needs to be made to process flows to make DSA technology ready for
industrial fabrication, the substrate in the molecular models may need to implement a more
rigorous definition of the polymer-substrate pattern interface. The impact of topographical
features, as well as the variation in material that exists across the pattern needs to be
understood. The LiNe flow utilizes cross-linked polystyrene for the guiding stripe and brush
molecules for the backfill, this leads to one region of the periodic pattern (the XPS) being
impenetrable, while there is interpenetration with the polymer brush, which is in agreement
with results shown in Chapter 2. Performing a rigorous analysis of a comprehensive substrate,
may be necessary in understanding three dimensional shape of the morphologies assembled
as well as insight into the existence of defects, which have been shown to be energetically
unfavorable.

Finally in Chapter 4, we focused on cylinder forming polymers. Using the string method,
we were able to define the minimum free energy path between defective morphologies within
cylindrical confinements that are used for assembling vertical interconnect accesses. The
results imply that when designing these confinements, the sidewall chemistry of the confine-
ment is the most important in minimizing the likelihood of an assembly getting trapped in
a defective state. Strongly preferential sidewalls reduce the kinetic barriers in the transition
pathway from defective states to the desired cylindrical morphology. We also present a the-

oretical confinement design to provide placement accuracy when assembling the cylindrical
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features, as this can be important in industrial application.

These works focused on analyzing assembled morphologies versus other metastable states
in the presence of chemical patterns. However, this analysis cannot comprehensively deter-
mine the efficacy of a chemical pattern for eliminating the possibility of stabilized defective
structures, and ensuring that the stabilized morphology is useful for the desired industrial
application. Without elucidating the kinetics of defect formation, then a complete under-
standing of the relationship between desirable and undesirable morphologies is impossible.
As the TICG model is used in Monte Carlo simulations, the kinetics of assembly processes
are difficult to obtain. The string method can help provide insight into the pathways be-
tween two states, as demonstrated in Chapter 4. Instead of using the string method to
analyze the pathway between two states, there has been work in the de Pablo group to at-
tempt to define one of the end states of the string as disorder. By pinning one of the states
as a disordered block copolymer, there is the possibility of gleaning information about the
minimum free-energy path that exists to take a system to the desired state. This could be
the next step necessary in identifying pattern designs that can help experimentalists realize

assemblies that meet the stringent rules set by industrial needs.
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