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Abstract 

Molecular self-assembly is the basis of structure in Nature. While of far less complexity 

than a natural system, the same physical rules apply to simple synthetic designed 

systems that spontaneously form self-assembled structures and patterns. The self-

assembly of block copolymers (BCPs) is an interesting example, as it can be harnessed 

to form both 2D (in thin films) and 3D (in bulk) porous and chemically controlled 

morphologies at scale. The self-assembly of BCPs on surfaces is of interest for a range 

of applications, but due to the enormous economic driver that is the computer industry, 

this direction has been pushed most strongly. Self-assembly of BCPs has been 

described in the International Technology Roadmap for Semiconductors (the ITRS, and 

now the IDRS) for almost two decades for lithography on semiconductors and for 

patterning the magnetic material of hard drives. As a result, there has been much 

academic interest, both fundamental and applied, to meet the challenges as outlined in 

the ITRS/IDRS due to the promise of this scalable and low-cost nanopatterning 

approach. More recently, the remarkable work harnessing BCP self-assembly has been 

directed to other applications, one being optical metamaterials; this thesis will add to 

this growing body of science. One aspect holding BCP self-assembly back is the 

defectivity in the patterned material or surface; some applications are more defect 

tolerant than others, but hard drive and other computer-industry applications have very 

low tolerance for defects. It is, therefore, important to have systematic control over the 

self-assembly process as well as quality of the final patterns generated by BCP self-

assembly for these applications and others not yet imagined. This thesis examines the 

defectivity of the hexagonal nanoscale patterns derived from BCP self-assembly and 

looks at extending them to produce nanoscale patterns of native and non-native 

morphologies that have plasmonic properties.  

This thesis is divided into two parts. The first part deals with optimization of 

solvent vapor annealing of BCP self-assembly, the critical step in which the actual 

nanoscale phase segregation takes place; in this case, it uses a controlled solvent vapor 

flow annealing apparatus, design of experiment and machine learning approaches. In 

this work, it was discovered that slight variations in the initial film thickness on the 
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order of even a couple of nanometers and the final swelling degree have a huge 

influence on the defectivity and the quality of the resulting patterns. Next, machine 

learning approaches are applied to compile qualitative and quantitative defect analysis 

into a single figure of merit that is mapped across an experimental parameter space. 

This approach enables faster convergence of results to arrive at the optimum annealing 

conditions for the annealing of thin films of BCPs of PS-b-PDMS that generate 

nanoscale hexagonal patterns of silica dots with a minimum number of defects. 

In the second part of the thesis, mixed metal/oxide double layer patterning was 

studied using sequential self-assembly of BCPs. The second part of the thesis starts 

with optimization of reactive ion etching (RIE) for producing single layer metal 

nanopatterns from metal ion-loaded thin films of PS-b-P2VP BCPs to generate single 

layers of hexagonal metal nanopatterns that can withstand a second consecutive 

reactive ion etching step. The goal of this work is to enable density doubled and/or 

Moiré pattern formation via self-assembly of a second layer of BCP on the initial 

pattern prepared by self-assembly of either the same or different BCP, as will be 

described in Chapter 4. Therefore, the initial pattern produced via BCP self-assembly 

and RIE etching would need to withstand a second treatment step of BCP self-assembly 

and RIE.  While single layer nanopatterns of Au and Pt nanoparticles can be produced 

without much trouble, these resulting patterns could not be applied for density 

multiplication of metalïmetal nanopatterns since the metal dots become too small and 

disordered. To demonstrate that metal nanoparticles derived from BCPs could be used, 

at least, to produce a mixed metal oxide/metal patterns, arrays of SiOx dots were first 

produced from PS-b-PDMS BCPs and then layered a BCP of PS-b-P2VP that was 

subsequently loaded with gold or platinum ions. Upon RIE etching, the BCP is removed 

and the SiOx/Au or Pt nanoparticle arrays were produced.  

Based upon the outcomes of the optimization of the etching work, mixed Au-

Pt commensurate and incommensurate hexagonal lattice patterns were produced on 

both silicon and quartz substrates.  Finally, the optical properties of these mixed metal 

Pt-Au bilayer patterns were studied. They demonstrated interesting plasmonic 

properties of the bilayer patterns, including consistent observation of extended plasmon 

bands that suggest coupling of the localized surface plasmon resonances (LSPRs) of 
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the gold nanoparticles through proximal platinum nanoparticles when arrayed in 

periodic patterns.  
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Preface 

This thesis is arranged into five chapters. Chapter 1 gives a brief overview about the 

lithographic techniques and role of directed self-assembly using block copolymers in 

patterning, along with the concepts of polymer chemistry and self-assembly. Chapter 2 

discusses how to use machine learning approaches to analyze and quantify defects 

observed in block copolymer self-assembled patterns and optimize the solvent vapor 

annealing parameters in an effective and efficient way. Optimization of reactive ion 

etching for deposition of a single layer of metal nanopattern using several methods was 

explained in Chapter 3 in order to fabricate metalïmetal bilayers. Chapter 4 contains 

the generation of mixed metal/oxide double layer patterns and investigates their optical 

properties. 

The work presented in Chapter 2 is published as Gayashani Ginige, Youngdong 

Song, Brian C. Olsen, Erik J. Luber, Cafer T. Yavuz, Jillian M. Buriak, ñSolvent Vapor 

Annealing, Defect Analysis, and Optimization of Self-Assembly of Block Copolymers 

Using Machine Learning Approachesò ACS Appl. Mater. Interfaces 2021, 13 (24), 

28639ï28649. I designed the experiments and conducted them together with Dr. 

Youngdong Song, who was a visiting graduate student in our group from the Yavuz 

group at KAIST in Korea, and now at KAUST in Saudi Arabia. I wrote the initial text 

draft and analyzed the data with Dr. Erik J. Luber and Brian C. Olsen. The solvent 

vapor flow annealing system was designed by Dr. Erik J. Luber and Brian C. Olsen. 

The control software, machine learning algorithms, and all the images were processed 

by Brian C. Olsen. All the authors contributed to the discussion and text editing. 

All the experiments in Chapter 3 were designed and conducted by me under the 

guidance of Dr. Erik J. Luber, Brian C. Olsen, and Prof. Jillian M. Buriak. All the image 

processing and data analysis were carried out by me. I wrote the discussion part and 

Prof. Jillian M. Buriak contributed to the writing of the text. 

Chapter 4 is being restructured as a manuscript that will be co-authored with 

Brian C. Olsen, Dr. Erik J. Luber, Prof. Mark T. McDermott, and Prof. Jillian M. 

Buriak. I performed all the experiments, created each figure, and analyzed most of the 

data. Dr. Erik J. Luber, Prof. Mark T. McDermott, and Prof. Jillian M. Buriak 
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contributed to the analysis of UV-vis spectroscopy data. I wrote most of the text, and 

Prof. Jillian M. Buriak contributed to writing and editing the text. 

Chapter 5 is the thesis summary and outlook for several future research 

directions in the field. 
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high magnification schematic representation of the Pt-Au bilayer. Orange and gray dots 

represent Au and Pt nanodots, respectively. All scale bars are 100 nm. .................. 161 
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CHAPTER  1 
 

Introduction  
 

1.1 Mooreôs Law and Its Limitations 

Intelôs co-founder Gordon Moore noted, back in 1965, that the number of transistors 

on a chip was doubling about every two years. Now termed Moore's Law (Figure 1.1), 

this observation still holds, even as feature sizes decrease to the sub-20 nm regime.1 

Mooreôs Law has thus been the guiding principle for the semiconductor industry for 

over fifty years. 

 

 
 

Figure 1.1. Mooreôs Law: The number of transistors on a chip doubles about every two years. Reprinted 

with permission from De Gruster, from reference 2. 

 

In order to produce these ever-decreasing size transistors, lithography has had 

to make remarkable advances to enable production of >109 sub-20-nm features on each 

single chip.3,4 The word ñlithographyò comes from Greek, where lithos means stones 

and graphia means to write, so ówriting on stonesô.5,6 Lithography can be divided up 

https://www.zotero.org/google-docs/?Kfkbn7
https://www.zotero.org/google-docs/?oCJ4GD
https://www.zotero.org/google-docs/?nkVqpc
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into two main categories, serial and parallel patterning. Serial patterning is akin to 

writing, in which the patterning literally is written or drawn on the surface, one feature 

at a time, much like drawing with a pencil. Examples of serial lithographic techniques 

at the nanoscale include electron beam lithography7ï9 (e-beam), focused ion beam 

lithography,10,11 and any scanning probe lithography technique.12ï15 Figure 1.2(a) 

shows a schematic representation of a serial lithographic technique by direct laser 

writing.16ï18 Parallel lithography, however, is like a printing press, in which multiple 

features are patterned simultaneously. The semiconductor industry is built upon the 

incredibly efficient and massively parallel method of photolithography, which uses 

light and masking/shadowing to enable highly complex nanoscale patterning on silicon 

surfaces, as shown in Figure 1.2(b).   

 

 
 

Figure 1.2. Schematic representation of the lithographic techniques. (a) Serial patterning using direct 

laser writing (DLW). (b) Parallel patterning using UV, extreme UV, and X-ray lithographies. Reprinted 

from reference 19.  

 

Shrinking the size of transistors has enabled a dramatically increased density of 

devices in each generation of integrated circuits. The semiconductor industry has 

suggested that after the 14 nm node is reached, there is minimal to no reduction in cost 

before the next node is introduced.20 Smaller transistors can enable a higher density of 

transistors per wafer, but the wafer costs at newer nodes could outweigh the benefits.21 

https://www.zotero.org/google-docs/?8Cxshb
https://www.zotero.org/google-docs/?3abuiG
https://www.zotero.org/google-docs/?ALpF12
https://www.zotero.org/google-docs/?1CI99v
https://www.zotero.org/google-docs/?tR14wM
https://www.zotero.org/google-docs/?4WPHmD


 3 

Cost is not the only issue with respect to continuation of Mooreôs Law, as 

miniaturization of transistor size increases the complexity of the design of the 

integrated circuit and introduces various manufacturing challenges.1,22 Thus, the main 

challenge using photolithography is a Venn diagram, where the sweet spot lies at the 

intersection of cost and the minimum achievable resolution. Hence, the requirement for 

low cost lithographic techniques to obtain minimum resolution is essential for the 

further development of the semiconductor industry in the way it has proceeded until 

today.  

Advances in photolithography have played a very central role in driving 

Moore's Law over the decades, and continuous improvements in optics and ótricksô 

such as immersion lithography and multiple patterning meant few deviations from the 

linear behavior shown in Figure 1.3. The general principle of photolithography is to 

expose a photoresist, which is a very thin film of a light sensitive polymer deposited 

on a substrate, typically silicon, to UV light, as shown in Figure 1.3. Depending on the 

type of photoresist (positive or negative) used, UV radiation facilitates the 

decomposition or crosslinking of the polymer film, rendering exposed regions either 

more soluble or less soluble to a selected solvent in the developer step of transferring 

the pattern to the substrate.  

 

 
 

Figure 1.3. Schematic representation of a photolithographic process with an (upper) positive and (lower) 

negative photoresist, where the irradiated polymer molecules decompose to become either more soluble 

in a specific developer solution than the unexposed regions (positive photoresist) or less soluble due to 

crosslinking of the photoresist (negative photoresist) to render the exposed regions insoluble in the 

developer.  

https://www.zotero.org/google-docs/?aRSMOy
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The nanometer scale resolution of the photolithography underpins the relentless 

decrease in size of the features on chips. The resolution of photolithography is 

expressed by the Rayleigh Equation: 

                                                              

 

CD=
kl

NA
                                                Eq. 1.1 

where CD is the critical dimension of a features, k is the Rayleigh coefficient of 

resolution, NA is the aperture of the lens, and l is the wavelength of light used. The 

critical dimension of a feature printed by photolithography can be decreased by 

reducing the wavelength l of the light source according to Equation 1.1. For the past 

two decades, feature sizes have decreased to the range of 22 nm23 due to resolution 

enhancement techniques and immersion methods that push past the intrinsic resolution 

limit of photolithography as defined by Equation 1.1. 

Modifying the light source from G-line mercury arc lamps (436 nm) to I-line 

(365 nm) to KrF (248 nm) to commercial argon fluoride laser (193 nm) sources have 

helped to increase the resolution successfully.24 At the same time, improvements in the 

depth of focus (NA) have been enabled by placing a transparent fluid between the lens 

and the photoresist, in what is termed immersion lithography.25 The state of the art of 

the semiconductor industry and predictions 10 years forward are summarized in what 

used to be termed the International Technology Roadmap for semiconductors (ITRS), 

now the International Roadmap for Devices and Systems (IRDS).26,27 ITRS 2015 

proposed new directions as an extension of Mooreôs Law, such as More Moore and 

More than Moore.28 While More Moore focuses on the improvement of device 

structure, materials, and fabrication techniques, More than Moore concentrates on 

application-based strategies, such as sensors and actuators,29 radio frequency,30 and 

high voltage drivers.31 These applications add value to computing and memory devices 

that are made from the technology that falls under the traditional Moore's Law 

umbrella. The continuous advancement of nanofabrication techniques is important for 

improving the performance of future computational devices and others, including those 

based on optoelectronics,32,33 photonics,34 sensors,35 biomedicine,36 and biology.37 

Hence, enormous efforts have been made to achieve this goal.  

https://www.zotero.org/google-docs/?mFL4ye
https://www.zotero.org/google-docs/?RCpPfJ
https://www.zotero.org/google-docs/?jMjdOe
https://www.zotero.org/google-docs/?zRSGdB
https://www.zotero.org/google-docs/?68jWyP
https://www.zotero.org/google-docs/?jh7V7f
https://www.zotero.org/google-docs/?Hy8vss
https://www.zotero.org/google-docs/?Qwb665
https://www.zotero.org/google-docs/?Soo1iS
https://www.zotero.org/google-docs/?KtMaK8
https://www.zotero.org/google-docs/?06FxGM
https://www.zotero.org/google-docs/?ZowT7u
https://www.zotero.org/google-docs/?mCaDp9
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The various IRDS predict that logic metal levels will drive improvements in the 

resolution of lines and spaces. The 2020 roadmap in Figure 1.4 predicts the projected 

time frames for implementation of different product nodes, along with the possible 

patterning options.38 It is important to keep in mind that logic nodes are just numerical 

values for each node and do not represent the feature size or minimum half pitch of 

those nodes. According to the 2020 prediction, 12 nm half pitch resolution will improve 

by 2022, which corresponds to the logic 3 nm node achieved using EUV and double 

patterning. There is also a delay in resolution improvement for the logic 2 nm node 

until 2028, and it will take the same time to decrease the half pitch to 8 nm by EUV 

double patterning. The next section of this chapter will discuss these next generation 

lithography (NGL) techniques and their role in the relentless decrease of device 

size.38,39 

 

 
 

Figure 1.4. International Roadmap for Devices and Systems (IRDS) predictions for semiconductor 

product nodes and expected production timeline with respect to next generation lithography techniques. 

The image is from reference 40. Reprinted with permission from IOP Publishing. 

 

https://www.zotero.org/google-docs/?N2bTza
https://www.zotero.org/google-docs/?jTf2F8
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1.2 Next Generation Nanolithography (NGL) 

In this thesis, we focus upon lithography on the nanoscale and thus will use the term 

ñnanolithographyò to emphasize this length scale. Traditional photolithography has 

been the primary technique for nanolithography applications but is now reaching what 

appear to be limits that are both physical and economic. Various research laboratories 

and industries around the globe have devoted considerable efforts to next generation 

lithography (NGL) techniques to continue to decrease feature sizes and increase device 

density on the chip surface. These techniques include extreme UV (EUV), electron 

beam (e-beam) lithography, nanoimprint lithography (NIL), and directed self-assembly 

(DSA), and they have the potential to complement or, in some specific applications, 

replace the current photolithographic techniques. 

 

1.2.1 Extreme UV (EUV) 

As optical photolithography using 193 nm light reaches its physical limits, the obvious 

next step has been to decrease the wavelength of the light source. X-rays, termed in this 

application extreme UV with a very short wavelength of 13.5 nm, are produced using 

a tin plasma source.6,41 Companies, including Intel and Motorola, began to contemplate 

EUV lithography as an NGL technique in the late 1980s and by the early 1990s,42,43 

and it has taken two decades to overcome the very considerable engineering challenges 

to attain the 7 nm node/generation and beyond.44 Figure 1.5 shows a schematic 

representation of one of the 53 EUV systems in operation around the world and a 

comparison of cell patterns in 7 nm logic pattern by ArF immersion lithography and 

EUV, clearly showing that EUV has better pattern fidelity.45,46 

 

https://www.zotero.org/google-docs/?3fFArR
https://www.zotero.org/google-docs/?HPwS7P
https://www.zotero.org/google-docs/?FhBTCG
https://www.zotero.org/google-docs/?qQIYhY
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Figure 1.5. (a) Schematic illustration of the EUV system. The image is from reference 47 with 

permission from SPIE-The International Society for Optical Engineering. (b) Standard cell pattern of 

metal layer in 7 nm logic produced by ArF immersion multipatterning and single exposure EUV. 

Reprinted from reference 45 with permission from SPIE. 

 

The industrial implementation and mass production of EUV had to overcome 

issues with the power source, masks, and resist materials.48,49 The power source 

requires a stable high power exposure since it is converting plasma into light of 13.5 nm 

and due to the low transmissivity of materials to X-rays. Today, EUV has the capability 

to enable production at the 7 nm node,50 but the power of the plasma source cannot 

generate power to allow an EUV scanner to move faster or make it economically 

feasible.51,52 The available EUV power sources emit a great deal of heat when 

producing 13.5 nm photons, which makes it difficult to select optics with sufficient 

thermal stability. The detritus from the exposed regions can contaminate the mirrors 

and eventually decrease the power and lifetime of the power source.51 However, 

https://www.zotero.org/google-docs/?U31thK
https://www.zotero.org/google-docs/?XX6AhX
https://www.zotero.org/google-docs/?otvEXq
https://www.zotero.org/google-docs/?0BggVx
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ASLM, a leading EUV instrumentation manufacturing company, states that their next 

generation EUV machine will be available by 2023.53 This machine has several 

advancements compared to the currently available EUV instrumentations, such as 

increased productivity and improvement in overlay. The selling point of the instrument 

is its cost, which makes it highlighted since few companies can afford the currently 

available machines. Among them, the worldôs leading foundry, Taiwan based TSMC, 

as well as Samsung in South Korea and Intel, own the majority of these instruments.53 

 

1.2.2 Electron Beam Lithography 

Electron beam (e-beam) lithography is a versatile, maskless, and serial lithography 

technique widely used in research labs to generate two-dimensional nanometer scale 

patterning since the 1970s.54 The major constraint of photolithography arises from the 

wavelength limitation of the photons. Electrons and ions, which have smaller 

wavelengths due to their mass, can be harnessed to generate smaller feature sizes. The 

wavelength of these particles is given by the de Broglie Equation:  

                                                             

 

l=
h

2mE
                                              Eq. 1.2 

where h is Planckôs constant, m is the mass of the particle, and E is the energy of the 

beam. 

E-beam lithography uses a focused electron beam to draw patterns on a surface 

in a dot by dot fashion, generally with a sub-10 nm resolution.55 When used with a film 

of resist on a substrate, the resist is modified chemically by the electron beam, changing 

its solubility profile. One can use a positive or negative resist and, upon rinsing with 

solvent, the patterned resist can be transferred to the substrate via etching in a similar 

fashion to other lithographic techniques.  

E-beam lithography has its own unique advantages, like high resolution (sub-

10 nm), high sensitivity, high density, and high reliability (See Figure 1.6). The main 

issues associated with e-beam lithography for mass production and industrial 

processing is its serial nature, which results in low throughput as well as higher 

complexity (needs to be done in high vacuum) and expense compared to other 

lithographic techniques. However, multiple e-beam direct write lithography, in which 

https://www.zotero.org/google-docs/?iwnIsW
https://www.zotero.org/google-docs/?ArXuRp
https://www.zotero.org/google-docs/?CvnOkP
https://www.zotero.org/google-docs/?lWHBIz
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more than 10,000 e-beams write in parallel, has been shown as a possible route of 

increasing the system throughput.57,58  

 

 
 

Figure 1.6. E-beam exposed resist for high resolution patterning (a) 9 nm CD isolated pattern. (b) 10 nm 

line to space ratio = 5 (L/5S). (c) 11 nm L/4S. (d) 12 nm dense L/S patterns. (a-d) Adapted from reference 

55. Copyright © 2020 American Chemical Society. (e) Schematic representation of electron beam 

lithography setup: side view. The figure has been reprinted from reference 56 with permission from 

Springer Netherlands. 

 

1.2.3 Nanoimprint Lithography 

Nanoimprint lithography (NIL) is a parallel lithographic technique that is 

complementary to photolithography;38 it is considered to be an NGL technique with 

high throughput and high resolution (sub-20 nm) and comparatively low cost. NIL is a 

well-studied and developed nanofabrication technology that utilizes a hard mold or 

stamp to imprint 2D or 3D nanopatterns into a soft polymer. The nanoimprint 

technology can be classified into four categories, depending on the fundamental 

mechanism used for the pattern transfer: thermal NIL, UV NIL, laser-assisted NIL, and 

electrochemical nanoimprinting. The basic steps of the different NIL processes are 

shown in Figure 1.7. 

 

https://www.zotero.org/google-docs/?VcEsUa
https://www.zotero.org/google-docs/?RLWe0Z
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Figure 1.7. The basic process steps of all categories of nanoimprint lithography. Figure reproduced from 

reference 48 with permission from IEEE. 

 

The resist materials, type of the mold, and the power sources are changed, 

depending on the type of NIL. For example, in thermal NIL, a thermoplastic polymer 

is used as a resist, and a prefabricated mold is pressed together with the resist-coated 

substrate under pressure. Subsequent heating of the polymer resist above its glass 

transition temperature softens the polymeric film. The resist is patterned by a cooling 

process of the substrate, followed by removal of the mold. Then, the resist pattern is 

transferred to the substrate by an etching process. UV NIL uses a UV-curable liquid 

resist to coat the substrate surface in a low-pressure environment. Next, the resist 

material is exposed to UV radiation to solidify, and the pattern is extracted by pressing 

an optically transparent mold into the resist coated substrate. A final etching process of 

the residual resist transfers the pattern into the substrate surface. 

NIL is an extremely simple and fast process with high resolution patterning 

capabilities that offers a low cost alternative lithographic technique.59,60 This 

processing approach can be a high throughput technique since it can fabricate 

nanopatterns on a larger scale in as short a time as 15 wafers per hour.61,62 NIL has 

created a wide range of opportunities for future lithography owing to its flexibility and 

https://www.zotero.org/google-docs/?OMpZbY
https://www.zotero.org/google-docs/?WIrXR3
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ability to combine with other lithographic techniques.38,63 However, there are a few 

disadvantages and drawbacks of NIL that include low overlay structure accuracy, the 

thermal expansion effect, and the flexibility of patterning.48 For example, even when 

the designed pattern is changed slightly, the mold must be remanufactured; moreover, 

the fabrication of the mold relies on the other lithographic techniques, leading to 

additional required steps and processes. 

 

1.2.4 Directed Self-assembly (DSA) 

The term directed self-assembly, or DSA, emerged as a very promising next generation 

patterning techniques in the mid 1990ôs to achieve sub-10 nm resolution patterning via 

self-assembly.64 The approach is based upon polymers that contain sufficient chemical 

information to undergo nanoscale phase segregation and form a nanopattern on a 

surface, which can be used as a template for further processing. In DSA, the use of 

either a chemically or topologically patterned substrate to direct block copolymer self-

assembly in thin films is called chemoepitaxy and graphoepitaxy, respectively. DSA 

allows control of the orientation of domains as well as precise pattern registration on 

the substrate and minimizing defects in the resulting pattern. Figure 1.8(b) depicts a 

schematic of chemoepitaxy and graphoepitaxy applied to BCP self-assembly. 

In chemoepitaxy, a neutral substrate surface is modified chemically to generate 

preferential wetting sites for one of the blocks.65 The substrate surface can be modified 

by a variety of brushes, including self-assembled monolayers (SAMs),65 end-grafting 

homopolymers,66 or random copolymers,67 and crosslinked polymer mats.68 This 

interfacial layer at the substrate surface can promote pattern alignment and orientation. 

The chemical guides can anchor cylindrical BCP domains perpendicular to the 

substrate (hexagonal)69 and lamellar forming BCPs parallel to the substrate (linear),70 

as shown in Figure 1.8(a). 

  

https://www.zotero.org/google-docs/?Z9msNt
https://www.zotero.org/google-docs/?DkOc8P
https://www.zotero.org/google-docs/?S4mvQT
https://www.zotero.org/google-docs/?NVWZFt
https://www.zotero.org/google-docs/?OXYB7p
https://www.zotero.org/google-docs/?jgOb9l
https://www.zotero.org/google-docs/?vBKcQ9
https://www.zotero.org/google-docs/?Ce2YbI
https://www.zotero.org/google-docs/?P5moKD
https://www.zotero.org/google-docs/?IIbwg3
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Figure 1.8. (a) SEM micrographs for patterns produced using DSA of BCPs that form cylindrical and 

lamellar structures using chemoepitaxy and graphoepitaxy. The images are adapted from references 

69,71-73. Copyright © 2008 Wiley, 2016 SPIE, 2009 American Chemical Society and 2015 American 

Chemical Society. Schematic diagram of (b) chemoepitaxy and (c) graphoepitaxy. Figure has been 

reproduced from reference 74 with permission from Elsevier BV. 

 

For graphoepitaxy, 3D features are fabricated on the substrate surface to guide 

the self-assembly process using standard lithographic processes of the semiconductor 

industry. These topographical features, like trenches and dots, can be used to guide the 

self-assembly process by confining the arrays of microdomains to areas that are a finite 

number of native domain spacing of the BCPs. The interactions of the blocks of the 

BCPs with the walls and base of the trenches are also important. The isolation of small 

clusters of cylinders and lamellae by topographical guides can break the natural 

periodicity of the BCP.75 Similarly, the chemical affinity and lateral dimensions of the 

guide pattern are also critical to adjust the number of domains in the cluster.  

Ross and co-workers used a surface patterned with periodic hydrogen 

silsesquioxane (HSQ) nanoposts as a guiding pattern to self-assemble a sphere, forming 

PS-b-PDMS where nanoposts preferentially interact with the spherical microdomains, 

as shown in Figure 1.9(c).76 The preferential interaction is created by functionalizing 

the surfaces of the substrate and the nanoposts with either a PDMS brush layer, which 

corresponds to the schematic in Figure 1.9(a) or a PS brush, as in Figure 1.9(d). 

Similarly, by having commensurate spacing between the square lattice HSQ nanoposts 

template and the native pitch of the cylinder forming PS-b-PDMS, the orientation of 

https://www.zotero.org/google-docs/?P2DS0a
https://www.zotero.org/google-docs/?7PmnCq
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the BCP cylinders can be restricted to two orthogonal in plane directions, as shown in 

Figure 1.9(f).77 

 

 

 

Figure 1.9. (a) Schematic representation of top and side view of the PS-b-PDMS arranged in the region 

surrounding a single HSQ nanopost chemically modified surface by a monolayer of short-chain PDMS 

brush. (b) SEM image of spherical microdomains without a guiding template. (c-d) SEM images of 

ordered spheres directed self-assembly within the sparse 2D lattice of HSQ nanopost (brighter dots). The 

substrate and nanopost surface functionalized with (c) PDMS brush and (d) PS brush. Images are from 

reference 76 with permission of the American Association for the Advancement of Science. (e) 

Schematic and SEM image of square arrays of nanopost template. (f) Commensurability of the spacing 

between nanoposts and native pitch of the BCP generated two equally probable orientations (parallel to 

the x- and y- axes). Bends and terminations appear when the orientation of the BCP changes. Scale bars, 

100 nm for (e-f). Adopted from reference 77 with permission from the Nature Publishing Group. 

 

https://www.zotero.org/google-docs/?LuH8HW
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The 2020 IRDS has listed DSA as one of the lithography techniques being 

considered by industry for the fabrication of 3ï5 nm technology node devices with 

enhanced pattern resolution, when combined with other lithography techniques, such 

as EUV78,79 and 193 nm immersion (193i).40,40,80ï82 DSA offers a variety of 

configurations for high density integration, with low cost manufacturing to fabricate 

nanoscale devices, such as fin field effect transistors83ï85 and bit patterned storage 

media.86,87 Difficulty in controlling the defects during the self-assembly process is one 

of the patterning limitations of this patterning technique.88ï90 The defect densities must 

be <0.01 defects/cm2 for DSA to be a viable option for next-generation lithography.3,91ï

93 Achieving this defect density in devices fabricated from DSA has been a struggle, 

but the semiconductor industry, with the help of academic labs, has achieved an 

acceptable level of defectivity when using EUV or e-beam to define guiding features 

lithographically to help direct the self-assembly process and induce long-range 

order.40,88,94 The next section will discuss the basic chemistry of polymers and BCPs as 

well as the thermodynamics of phase segregation of BCP self-assembly. 

 

1.3 Block Copolymer Self-assembly 

Continuous shrinking of feature sizes within the semiconductor industry is driven by 

the demand for computers with higher speed at lower energy consumption. The 

semiconductor industry has circled around photolithography. Several alternate 

technologies, including EUV lithography, nanoimprint lithography, interference 

lithography, and DSA of block copolymer (BCP), have gained attention as solutions 

for the challenges facing the semiconductor industry.3 In contrast, DSA using BCPs is 

a combination of top-down and bottom-up techniques with high versatility, including 

tunable shapes and sizes to sub-20 nm nanoscopic elements in a cost-effective 

way.40,74,95ï97 The main focus of this thesis is about block copolymer self-assembly and 

process optimization related to the self-assembling process, such as solvent annealing, 

reactive ion etching, and fabrication of multicomponent patterns using block 

copolymer self-assembly. 

 

https://www.zotero.org/google-docs/?9oNHbR
https://www.zotero.org/google-docs/?EIwKPJ
https://www.zotero.org/google-docs/?OPNGiP
https://www.zotero.org/google-docs/?dQdMXV
https://www.zotero.org/google-docs/?ektvEC
https://www.zotero.org/google-docs/?OpG3vB
https://www.zotero.org/google-docs/?OpG3vB
https://www.zotero.org/google-docs/?eYifzA
https://www.zotero.org/google-docs/?LilnoY
https://www.zotero.org/google-docs/?EZmHzK
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1.3.1 Polymer Chemistry 

Polymers are a class of natural or synthetic macromolecular materials or substances 

composed of repeating chemical units.98 These repeating units are called monomers, 

and the process of covalently linking these monomers into a chain or network is termed 

polymerization. These polymers have their own unique physical, chemical, and 

mechanical properties, which make these categories of macromolecules essential and 

ubiquitous to everyday life. There are large numbers of polymers in nature: from 

natural biopolymers, such as DNA, carbohydrates, and proteins; plant based polymers, 

such as natural rubber, silk, and cellulose; synthetic polymers, such as polystyrene, 

polyethylene (synthetic plastic), and polyvinyl chloride (PVC). Synthetic 

polymerization can be divided into two methods, step-growth polymerization99,100 and 

chain-growth polymerization, as shown in Figure 1.10.101,102 In step-growth 

polymerization, an uncontrolled polymerization involves bifunctional or 

multifunctional monomers that are combined together to form first dimers, then trimers, 

oligomers and, eventually, long chain polymers. Chain-growth polymerization, on the 

other hand, is based upon polymerization, in which unsaturated monomers are added 

to the chain, one at a time. Based on the monomer type used for the polymerization, 

there are two types of polymers, homopolymers and copolymers.103,104 Homopolymers 

are made of similar monomer units, and copolymers consist of two or more chemically 

different monomers linking together. For example, polystyrene is made of styrene 

monomer, which is a homopolymer, whereas styrene/butadiene rubber (SBR) is a 

copolymer. 

 

https://www.zotero.org/google-docs/?wRG5Xq
https://www.zotero.org/google-docs/?aW0NwL
https://www.zotero.org/google-docs/?rWDurp
https://www.zotero.org/google-docs/?F2cWlH
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Figure 1.10. The schematic diagrams of synthetic polymerization processes, step-growth polymerization 

and chain-growth polymerization (non-living and living). The letters A, B, C, D, E represent different 

monomers. The symbols rA and rB represent the reactivity of the monomers A and B respectively. 

Diagram is from reference 105 with permission from the Royal Society of Chemistry. 

 

There are a number of important parameters related to polymers that are used 

when describing a polymer, including the molar mass distribution (molecular weight 

distribution), dispersity (Ð) glass transition temperature (Tg), and melt transition 

temperature (Tm). The molar mass is defined as a distribution rather than a specific 

number since polymerization of monomers forms different chain lengths of polymers, 

unlike typical small molecule synthesis. The size (for linear polymers of different chain 

lengths) is different, even for the same type of polymer molecules, therefore, the 

average molar mass will depend on the method of averaging. Weight average molar 

mass (Mw) and number average molar mass (MN) are the two different average values 

used to define the molar mass of a polymer, depending on the statistical method used 

to determine the molar mass. These average molar masses can be calculated as follows. 

Number average molecular weight (MN): 

                                                              

 

MN =

Ni M i

i=1

N

ä

Ni

i=1

N

ä
                                        Eq. 1.3 
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Weight average molecular weight (Mw): 

                                                         

 

Mw =

Ni M i
2

i=1

N

ä

Ni M i

i=1

N

ä
                                            Eq. 1.4 

In this equation, i is the number of polymer molecules and Ni is the number of 

polymer molecules with molecular mass Mi. The number average molar mass (MN), is 

the average molecular mass of the individual polymer molecules, and this value is 

important for the colligative properties of the polymer, such as boiling point elevation, 

freezing point depression, vapor pressure depression, and osmotic pressure change. The 

weight average molar mass (Mw) underpins the mechanical properties of a given 

polymer since larger polymer molecules have a larger contribution than small polymer 

molecules. Both molecular weights can be determined using gel permeation 

chromatography or size exclusion chromatography. The ratio between weight average 

molecular mass (Mw) and number average molecular mass (MN) is known as the 

dispersity (Ð) of a polymer given by: 

 Ð = 
Mw

MN
          Eq. 1.5 

 

For synthetic polymers, MN < Mw, keeping Ð higher than 1. Ð measures the 

distribution of a polymer sample where Ð is closer to 1, and the more closely MN and 

Mw match one another, the more symmetric the distribution curve. A higher Ð can be 

obtained for both step growth polymerization and chain growth polymerization, 

whereas living polymerization, a type of chain growth polymerization, yields polymers 

with Ð closer to 1 and a uniform molecular weight distribution.106 

The glass transition temperature (Tg) is a very important parameter when it 

comes to processing polymers for a specific end-use. Below Tg the elasticity of a 

polymer is low, and polymer molecules have poor relative mobility in a glassy or 

crystalline state. As the temperature increases to Tg, the polymer chains are able to 

move around the matrix, thus behaving like a rubbery material.107 The polymers change 

drastically from hard and brittle to soft and pliable at Tg. Tg can be measured using 

several techniques, and the value depends on the strain rate and cooling or heating rate. 

 

https://www.zotero.org/google-docs/?WjL1PF
https://www.zotero.org/google-docs/?TKzqfN
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1.3.2 Block Copolymers 

Block copolymers (BCPs) are made by covalently bonding two or more chemically 

distinct homopolymer chains. This type of copolymer has its own unique properties, 

which differ from random copolymers and homopolymers. The first synthetic BCP, in 

1952, was poly(styrene-block-methyl methacrylate) (PS-b-PMMA),108 which is a linear 

diblock copolymer (A-b-B). Since then, various BCPs have been produced owing to 

development of living-anionic polymerization,109 living-cationic polymerization,110 

and livingïradical polymerization.111 BCPs have been applied as thermoplastic 

elastomers,112ï114 pressure sensitive hot-melt adhesives,115,116 and drug delivery 

systems,117 as well as nanopatterning applications,118,119 and for development of porous 

membranes.120ï122  

Block copolymer architecture can be varied, depending on the number of blocks 

or homopolymers (diblock copolymer, triblock copolymer etc..) present and the way 

these blocks connect to each other, as shown in Figure 1.11. There can be hundreds of 

different BCPs commercially available, such as a simpler linear BCPs and star block 

copolymers.123 A star block copolymer is formed by connecting a few linear BCPs to a 

common branch point, to cyclic BCPs. BCPs with precisely controlled molecular 

weights and defined architectures can be prepared owing to the advancement of 

polymer synthetic strategies and techniques.124 In the following sections, discussions 

will focus mainly on simple linear diblock copolymers, and the term BCP will refer 

uniquely to linear diblock copolymers of the formula A-b-B. 

 

 
 

Figure 1.11. Common examples of block copolymer architectures. 

 

https://www.zotero.org/google-docs/?IxdGkZ
https://www.zotero.org/google-docs/?smptOm
https://www.zotero.org/google-docs/?dCTcw5
https://www.zotero.org/google-docs/?T2NLkJ
https://www.zotero.org/google-docs/?lkW6N8
https://www.zotero.org/google-docs/?8QmXko
https://www.zotero.org/google-docs/?zH6fMw
https://www.zotero.org/google-docs/?JYi7yq
https://www.zotero.org/google-docs/?zKmQpd
https://www.zotero.org/google-docs/?VMM0Yz
https://www.zotero.org/google-docs/?VCLGGL
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1.3.2 Phase Behavior of BCPs - The Basis of Self-assembly  

When the magnitude of the enthalpic contribution (generally positive and decreasing 

with temperature) to the free energy of mixing of the two species is greater than the 

magnitude of the entropic contribution (always negative and ideally independent of 

temperature), phase separation between two components occurs, thus minimizing 

unfavorable interactions between dissimilar species. For a mixture of two or more 

polymers, the entropy is reduced because of the covalent bonds between the monomers, 

which prevent the distribution of monomer units, leading to phase separation. However, 

in BCP, the covalent bonds between blocks prevent the macroscopic phase separation. 

BCPs can undergo a microphase separation that leads to nano-scale ordered 

morphologies due to thermodynamic incompatibility between blocks. Even though 

microphase separation was identified in the 1960s by the observation of elastomeric 

properties of an ABA system,113 the dimensions of these nanoscopic domains could not 

be identified by optical microscopy until the application of transmission electron 

microscopy (TEM) and small-angle X-ray scattering (SAXS) in the late 1960s.126 A 

number of theories have been developed in order to explain the phase behavior of 

diblock copolymers in the bulk phase. The pioneering work on microdomain structure 

of ordered BCPs was developed by D.J. Meier, based on the competition between 

interfacial tension and chain stretching.127 Later on, Helfand and co-workers used self-

consistent field theory (SCFT) to study microphase separation.128ï131 Figure 1.12 shows 

the phase diagram of a diblock copolymer developed using SCFT.125 

 

https://www.zotero.org/google-docs/?VCGrAY
https://www.zotero.org/google-docs/?TbpnUL
https://www.zotero.org/google-docs/?hC3IOi
https://www.zotero.org/google-docs/?VyrYYq
https://www.zotero.org/google-docs/?iUKymy
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Figure 1.12. Diblock copolymer bulk phase behavior. (a) Schematic illustration of diblock copolymer 

equilibrium morphologies as a function of volume fraction of block A. (b) Theoretical phase diagram of 

diblock copolymer predicted by SCFT. (c) Experimental phase diagram of PS-b-PI. The phase diagram 

is from reference125 adapted with permission from the American Institute of Physics. 

 

 The microphase separation of the BCP in the bulk depends on the following 

three experimentally controlled parameters: 

1. The total degree of polymerization, 

                                                          

 

N=NA+NB                                              Eq. 1.6 

The degree of polymerization is the number of monomer units that make up a polymer 

chain, where NA is the number of monomers (repeating units) in block A and NB is the 

number of monomers (repeating units) in block B. 

2. The volume fraction of the A and B blocks, 

                                                         

 

fA+fB=1                                                  Eq. 1.7 

                                                           

 

fA =
NA

N
                                                   Eq. 1.8 

The volume fraction of a component can be controlled experimentally by changing the 

stoichiometry of the two blocks: 

3. The FloryïHuggins interaction parameter, cȟ132,133 
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The sign and the magnitude of the energy of mixing is approximated by the Floryï

Huggins interaction parameter, where z is the number of nearest neighbors per 

repeating unit in the polymer, kB is the Boltzmann constant, T is the temperature, and 

‐AA, ‐BB, and ‐AB are the interaction energies per repeating units of A-A, B-B and A-B 

respectively.  

The orderïdisorder transition (ODT) is a thermodynamic phase transition 

driven by an unfavorable mixing enthalpy coupled with a small mixing entropy. The 

segregation product, cN, determines the degree of microphase separation of diblocks. 

The incompatibility of the constituent blocks decreases with increasing temperature or 

decreasing cN. The y-axis of the theoretical phase diagram for a diblock copolymer is 

shown in Figure 1.12(b), and represents the cN as a function of the volume fraction of 

block A (fA). When cN does not exceed 10, the entropic factor dominates, and the 

diblock copolymer is in a spatially homogeneous disordered state. There are two 

limiting regimes in the phase diagram: the weak segregation limit (WSL) and the strong 

segregation limit (SSL). In the WSL, where cN = 10, the interface becomes diffuse, 

and sharp phase boundaries between two phases are not visible since the segregation 

power is not strong enough. Increasing the cN further raises the ODT. When cN > 100 

at the SSL, nearly pure domains can be observed with a narrow interface between them. 

The balance between minimization of interfacial free energy and the maximization of 

conformational entropy of the polymer chain under incompressible conditions 

determines the equilibrium domain spacing in the SSL and is given by: 

                                             Eq. 1.10 

where a is the statistical segment length of diblock copolymer. This equilibrium domain 

spacing at WSL is given by:134 

                                                           

 

d=N1/2c0
                                                 Eq. 1.11 

Above ODT for a fixed cN with increasing volume fraction of one block, the 

order-to-order transition (OOT) starts from closely packed spheres (CPS), which 

separates the disordered state and S phase, passing through body-centered cubic 

https://www.zotero.org/google-docs/?hujsaJ
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spheres (S), hexagonally packed cylinders (C), and discontinuous gyroids (G), to 

lamellae (L), as shown in Figure 1.12(a). When the composition is inverted, a 

morphological inversion takes place (LŸGôŸCôŸSôŸCPSôŸdisordered), making 

the phase diagram have a mirror symmetry at fA = 0.5. Figure 1.12(c) shows the 

experimental phase diagram developed for poly(styrene-block-isoprene) (PS-b-PI) by 

Khandpur and co-workers.135 As shown in Figure 1.12(b) and (c), there is a qualitative 

similarity between the phase diagram calculated by SCFT and the experimental results. 

However, in the SCFT calculations, thermal concentration fluctuations were not 

included; thus, the ODT occurs at higher cN values than predicted, and the CPS phase 

was not observed experimentally. Hence, the experimental phase diagram is 

asymmetric in terms of volume fraction f.  

Unlike in the bulk, the equilibrium morphologies of microphase separated block 

copolymers in thin films are influenced strongly by the film thickness, film air 

interface, substrate surface chemistry, and topography. The confinement and surface 

interactions in thin films are additional parameters for controlling the phase behavior 

of the BCPs and lead to a different and more complicated phase diagram compared to 

those of their bulk counterparts. There are numerous experimental and theoretical 

studies that have been carried out attempting to predict the phase diagram of BCPs in 

a thin film. The phase diagram of a diblock BCP confined between two identical 

preferential flat surfaces was investigated by Li and co-workers using SCFT, as shown 

in Figure 1.13.136  

 

https://www.zotero.org/google-docs/?6rMxuz
https://www.zotero.org/google-docs/?mCBnFK
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Figure 1.13. Theoretical phase diagram of AB diblock copolymer in a thin film, where cN is fixed at 20 

as a function of volume fraction of A and film thickness w in the units of radius of gyration (Rg), and the 

resulting morphologies formed. Reprinted from reference 136 with permission from the American 

Chemical Society. 

 

While keeping the interaction parameter (cN = 20) and the surface preference 

fixed, 20 different morphologies, including centrosymmetric and noncentrosymmetric 

morphologies, were observed by only changing the volume fraction and the film 

thickness. These morphologies can be categorized as sphere, cylinder, perforated 

lamellae (corresponding to the gyroid phase in bulk), and lamellae when the volume 

fraction varies from 0.2 to 0.8 and include even the bulk lamellae or bulk cylinder phase 

regions upon tuning the film thickness. 

The affinity of each block to the different surfaces (air/substrate) can be 

different, leading to preferential wetting or neutral wetting of the blocks with the 

substrate and air interfaces. These wetting conditions can change the orientation of the 

domains on the substrate surface, as shown in Figure 1.14. In the symmetric wetting 

conditions, one of the blocks shows more affinity to both substrate and air interfaces, 

causing the lamellae to orient in-plane (horizontally) in the film. Likewise, when two 

blocks show opposite affinities to the substrate and air, asymmetric wetting conditions 

can be observed, leading to the same in-plane orientation to the substrate. 

Commensurability of the film thickness with the native domain spacing of the BCP is 

important in preferential wetting conditions. When both the blocks show similar 
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affinity to both air and substrate interfaces, the orientation of the lamellae domains is 

out-of-plane and there is no effect from the commensurability; thus, there is no limit to 

the film thickness. 

 
 

Figure 1.14. Schematic illustration of different surface affinities of lamellae forming AB diblock 

copolymers. 

 

1.3.3 High c BCPs 

Feature sizes have reached the 20 nm and smaller length scale. In order to achieve these 

smaller feature sizes via self-assembly, one area of research is focused upon the 

development of high c BCP materials, block copolymers with highly incompatible 

segments. The characteristic feature of these BCPs is that their polymer chains are 

relatively short (and thus their molecular weights are lower), and the two blocks are 

chemically very different, leading to the high c parameter, consequently, a smaller 

pitch and higher density of features. This high c value can compensate for a low N 

value so that cN still can be above 10.5 while annealing.  

PS-b-PMMA is the most widely used BCP for patterning until these high c 

BCPs were introduced due the availability, well-known properties, easy synthesis, and 

straightforward self-assembly by thermal annealing of PS-b-PMMA. The smallest 

achievable feature size from PS-b-PMMA is limited to about 18 nm141 owing to a 

relatively low c value. Furthermore, the absence of a definite interface between the 

features from PS-b-PMMA due to weak segregation of PS and PMMA domains can 

increase the line edge roughness, which can alter the morphology of nanopatterns after 

pattern transfer.141 In fact, the pattern transfer process becomes more difficult since 

PMMA domains have to be removed by etching or chain scission in order to arrive at 

a lithographic mask. However, PS-b-PMMA still has been important in academic 

https://www.zotero.org/google-docs/?F1SwX8
https://www.zotero.org/google-docs/?H1Xf74
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research, such as fin field-electric transistors (FinFET) and random-access memory 

circuit patterns.83,84,142  

Fully organic BCP in the absence of any metal or silicon also can achieve sub-

10 nm features. Poly(styrene-b-vinylpyridine) (PS-b-PVP) is also a highly 

incompatible BCP owing to its hydrophobic PS block and hydrophilic PVP block, due 

to the strong polarization of the pyridine ring. PS and PVP monomers are structurally 

similar, except for the nitrogen in the aromatic ring structure of PVP. The properties of 

the two isomers, P2VP (ortho position) and P4VP (para position), where the position 

of the nitrogen in the pyridine changes, are significantly different from each other, 

including the c values where P2VP is at least half of the c of P4VP at 25 °C. This thesis 

will focus mainly on the use of PS-b-PDMS and PS-b-P2VP self-assembly process. 

Silicone polymer-containing BCPs have intrinsically large c values.143 Floryï

Huggins interaction parameters of some selected BCPs are given in Table 1.1. 

Polystyrene-b-polydimethylsiloxane (PS-b-PDMS) is one of the well-known, 

commercially available, and extensively used high c BCPs, with a high degree of 

chemical incompatibility between the two blocks that is facilitated by the incorporation 

of both hydrocarbon and inorganic blocks.144 This PDMS-containing block copolymer 

has the added advantage of higher contrast for pattern transfer to the substrate upon 

oxygen plasma etching.  

 
Table 1.1. Flory-Huggins Interaction Parameters for Different Block Copolymers 

 

Polymer  c (25 °C) Flory-Huggins c (T) Reference 

PS-b-PMMA 0.043 +0.028+3.9/T 137 

PS-b-PDMS 0.265 +0.037+68/T 138 

PS-b-P2VP 0.178 -0.33+63/T 139 

PS-b-P4VP ~0.300 _ 140 

 

https://www.zotero.org/google-docs/?UC5hPR
https://www.zotero.org/google-docs/?zUFBU8
https://www.zotero.org/google-docs/?MzJZnc
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1.4 Annealing 

As-deposited thin films of a desired block copolymer are in a kinetically trapped non-

equilibrium, disorganized state, as they are transferred from a solvent onto a substrate, 

coupled with fast solvent evaporation. Annealing is required to provide mobility to the 

entangled and trapped polymer chains to enable structural reorganization into an 

equilibrium pattern. Annealing not only enables plasticization so that the system may 

undergo self-assembly and nanoscale phase segregation, it also is also important for 

defect elimination.145,146 Thermal annealing,147ï151 including microwave annealing152ï

154 (with/without solvent), solvent vapor annealing,155-158 and combinations of the two, 

called solvothermal annealing,159,160 are the most widely used techniques to enable 

plasticization and nanoscale phase segregation towards an equilibrium structure. The 

main purpose of annealing is to facilitate chain mobility in order to speed up the 

structural organization into a reasonable time length. The other annealing techniques, 

such as laser annealing,161-164 shear annealing,165-166 and zone annealing, use basic 

principles of either or both of the thermal and solvent annealing techniques. The 

following sections will discuss the annealing techniques used in self-assembly of thin 

films of BCPs extensively. 

 

1.4.1 Thermal Annealing 

The basic mechanism of thermal annealing is to increase the polymer chain mobility 

significantly by simply heating the system above its glass transition temperature (Tg) 

and below the orderïdisorder transition temperature (TODT) for an extended period of 

time to enhance the polymer self-assembly.65,66,167,168 It is important to heat a thin film 

of BCP uniformly in a controlled manner below its decomposition temperature in a 

vacuum or an inert gas atmosphere to avoid oxidation and decomposition and achieve 

the equilibrium morphology.150,156 Thus, the conventional thermal annealing process 

can be carried out in a vacuum oven, a hot plate in an inert atmosphere glove box, or a 

tube furnace with either vacuum or an inert gas flow in the temperature range of 

120 to 250 °C on the order of hours to days.65,66,169,170 Furthermore, thermal annealing 

has the advantage of being compatible with the current semiconductor industry 

processes, such as spin casting, baking, and etching processes. The diffusivity (D(T)) 

https://www.zotero.org/google-docs/?I7hPOz
https://www.zotero.org/google-docs/?6bVS3b
https://www.zotero.org/google-docs/?cbQm1x
https://www.zotero.org/google-docs/?cbQm1x
https://www.zotero.org/google-docs/?143udf
https://www.zotero.org/google-docs/?XgFwVg
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of a polymer above its Tg is inversely proportional to the time (t) and is given by the 

Arrhenius Equation where DEa is the activation energy of the polymer, A is the 

Arrhenius constant, and R is the gas constant. At higher annealing temperatures, 

equilibrium morphologies can be achieved faster: 

                                                      Eq. 1.12                                

From a practical perspective, an important resource for both commercial and 

research throughput is the time required for annealing. Microwave annealing is well-

known for its rapid, non-classical heating, not only in domestic settings but also 

academic ones.152-154,159,171 In 2010, Buriak and co-workers proposed that microwave 

annealing can be used to anneal a BCP thin film on Si wafers with or without a 

solvent.152 The final morphology of the annealed BCP has fewer defects and reduces 

the annealing time considerably, to seconds/minutes. Similarly, Buriak and co-workers 

have investigated the mechanism of microwave annealing and determined that it is the 

silicon substrate responsible for the rapid heating and not the solvent or BCP,153 as 

shown in Figure 1.15(a). The Morris group microwave annealed PS-b-PDMS and PS-

b-PMMA without any use of solvent, and the annealing process was compatible with 

graphoepitaxy in the case of PS-b-PDMS to achieve long-range translational alignment 

along the topographic pattern.171 Recently Kim and co-workers used a fast (~3 min) 

solvo-microwave annealing process to get highly ordered crystalline nanostructures 

from conjugated polymer based BCP.172 The incompatibility between the ordered 

nanostructured and the conjugated polymer results in a comparatively longer annealing 

time (24 h) via conventional thermal annealing.  

In contrast to uniformly heating BCP thin films as in conventional thermal 

annealing, zone annealing173-176 uses a directional ordering (hot or cold zone annealing) 

or orientation dependent growth kinetics due to a thermal gradient, as shown in Figure 

1.15(b). This zone annealing was applied first by Hashimoto and co-workers to a 

lamellae forming BCP polystyrene-b-polyisoprene (PS-b-PI), where heating and 

cooling across TODT was carried out.173,174 Larger lamellae microdomains were 

produced parallel to the gradient direction, and their work into the mechanism revealed 

initial surface-induced ordering, which would propagate from ordered to disordered 

https://www.zotero.org/google-docs/?XKlkfR
https://www.zotero.org/google-docs/?14UxmQ
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regions on passage through the zone. Cold zone annealing was introduced by Karim 

and co-workers for high c/high molecular weight BCPs, where TODT cannot be 

achieved without degrading the polymer.175 In cold zone annealing, BCP is locally 

heated above its Tg and below TODT. Zone annealing can be performed with already 

available common equipment to control the temperature, and it is compatible with roll-

to-roll printing allowing large area processing. 

 

 
 

Figure 1.15. Thermal annealing methods of block copolymer thin films. (a) Scheme of the effect of a 

microwave absorber on self-assembly of PS-b-P2VP via microwave annealing. Image is from reference 

153 and is reprinted with permission from the American Chemical Society. (b) Schematic representation 

of cold zone annealing with sharp thermal gradient of PS-b-PMMA as cast disordered thin film (left) 

and vertically ordered lamellae (right). The figure is from reference 176 and is reprinted with permission 

from the American Chemical Society. 

 

Even though it is compatible with the existing integrated circuit manufacturing 

processes, it is sometimes problematic for high c or high molecular weight block 
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copolymers, as higher annealing temperatures and longer times are required to increase 

chain mobility, which can result in thermal decomposition of the polymer177-179 and a 

higher thermal budget.156,178,180 Other approaches, including solvent vapor annealing, 

enables annealing either at room temperature or in conjunction with heating to arrive 

more rapidly at a range of morphologies in annealing times of a few minutes or 

less.155,178,180  

 

1.4.2 Solvent Annealing 

Solvent annealing was introduced to anneal BCP thin films by Thomas and co-workers 

in 1998.181 They observed a significant improvement in the order of the cylindrical and 

lamellar morphologies of annealed polystyrene-b-polybutadiene-b-polystyrene (PS-b-

PB-b-PS) triBCP solvent compared to the thermal annealed patterns. The general 

concept of solvent annealing involves exposing a thin film of BCP to a solvent, and 

polymer chain mobility is induced without degrading the polymer. The Hildebrand 

solubility parameter (d) is a good way to measure the interaction between two species, 

such as polymer and a solvent; this is defined as the square root of the cohesive energy 

where, ȹHv is enthalpy change through vaporization, R is gas constant, T is temperature 

and Vm is molar volume. 

ŭ = 
ȹHv- RT

Vm
        Eq. 1.13 

 

If the Hilderbrand solubility parameter of the solvent is closer to either one or 

both blocks in the BCP, it often is termed a ógood solventô, and it is expected that the 

solvent molecules will act as plasticizers when absorbed. The ógood solventô thus 

swells the BCP film and leads to an increase in film thickness, depending upon how 

much solvent has been absorbed. 

Solvent annealing is more complicated than thermal annealing due to the 

increased number of variables (See Figure 1.16). First, the solvent swells the BCP film, 

effectively reducing the Tg and significantly increasing the chain mobility. Second, the 

solvent absorbed within the film can shield either one or both blocks of the BCP, 

leading to a decrease of the interaction parameter (ceff = c(1ïf), where f is the volume 

fraction of the solvent in the swollen film) and varying (increase, decrease or no 
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change) the effective volume fraction of the blocks in the swollen film. Third, the 

solvent incorporation in the film can alter the surface free energies of polymerï

substrate and polymerïair to change the preferential wetting of the blocks with the free 

surfaces. Fourth, solvent interactions with the substrate can minimize the undesirable 

interaction between polymerïsubstrate, leading to film dewetting. Finally, due to 

changes in the interaction parameter c, the previously established film thickness 

commensurability conditions are altered, resulting in a new pitch (Lo ¤ (ceff)
1/6), which 

is different from the native pitch. 

 

 
 

Figure 1.15. (a) Controlled solvent vapor annealing using nitrogen inlet and outlet. (b-d) SEM 

micrographs of silica nanostructures formed by PS-b-PDMS with different solvent annealing conditions 

with corresponding toluene:hexane (T:H) and swelling ratios (SR). Adopted from reference 182 with 

permission from IOP Publishing. (e) Schematic representation of processing steps for DSA of cylinder 

forming PS-b-PDMS on topographically patterned substrate annealed using mixed solvent vapors and 

SEM micrographs of resulting patterns. Image is from reference 183 and is reprinted with permission 

from Wiley-VCH. 

 

Generally, a solvent annealing process occurs in three,184 two,185 or one186,187 

stage(s). First, a thin film of BCP absorbs the solvent, and the film swells in an 

atmosphere of solvent at temperatures typically well below the bulk Tg of both blocks. 

Secondly, the solvent concentration in the film reaches equilibrium. Finally, the thin 

film is dried by removing the solvent by a rapid and nonequilibrium process. There 

should be great control over each step in order to achieve the highest degree of 

structural order in a microphase-separated film. The lack of a standard annealing 

apparatus or set up is a major drawback for solvent vapor annealing to control the SVA 

process, which may affect the final microstructure and the defect density crucially. 
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Hence, poor reproducibility and difficulties in comparison of results become 

challenging. Various solvent vapor annealing apparati157,188 have been developed for 

this purpose and this will be further discussed in Chapter 2. 

 

1.4.3 New Trends in Annealing 

In the early days of DSA using BCPs, there was much work in examining both the 

mechanism and design of systems to enhance lateral ordering with lower defects and 

faster annealing processes. The attention in the DSA research gained several new 

annealing techniques, such as laser,162-164 shear,165 electric field,189-192 and magnetic 

field193ï195  annealing as alternative annealing techniques.  

BCPs with high interaction parameters are used to decrease the feature size to 

as small as 10 nm. Thus, orientating and achieving long range order of such BCPs are 

challenging due to considerable dissimilarities of surface energies of the blocks. As 

solutions, synthesis of high c BCPs with similar surface energy blocks196-198 or an 

application of a top coat199-201 to alter the surface energies of the block are being 

considered. Generally, a top coat is composed of a random copolymer of the constituent 

monomers of the BCP. However, it is difficult to spin-cast a random copolymer from 

a solvent on top of the BCP film without dissolving or swelling the underlying BCP 

film. Willson and co-workers reported a top coat soluble in water that can be deposited 

on a BCP film soluble in organic solvents; this is subsequently removed after DSA.200 

The resulting patterns are shown in Figure 1.17(a). Limitations of this process include 

the number of processing steps and the inability to use with water soluble BCPs 

containing huge difference in polarities of the blocks.199 To overcome such difficulties, 

Nealy and co-workers proposed to deposit a topcoat from the vapor phase.199 Initiated 

chemical vapor deposition (iCVD) was used to deposit a topcoat, which can be grafted 

to the as spun disordered BCP film as in the schematic shown in Figure 1.17(b). Since 

the grafted BCP topcoat has similar interfacial energy as the underlying BCP thin film, 

the pattern was transferred successfully to the Si substrate without removing the 

topcoat. 

https://www.zotero.org/google-docs/?bg0o8k
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Figure 1.16. Scanning electron micrographs of (a) Poly(styrene-b-trimethylsilylstyrene-b-styrene) (PS-

b-PTMSS-b-PS) with a water soluble topcoat after thermal annealing. Inset is without the topcoat. (b) 

Poly(trimethylsilylstyrene-b-d,l-lactide) (PTMSS-b-PLA) topcoat after thermal annealing. Inset is 

without topcoat. The images are from reference 200. Copyright American Association for Advancement 

of Science. (c) Process flow of DSA with BCP using chemoepitaxy and topcoat via iCVD. (d-f) SEM 

micrographs of (d) e-beam resist pattern after trim etch (e) DSA pattern after sequential infiltration and 

synthesis and removal of the topcoat with reactive ion etching (RIE). (f) Alumina line/space pattern after 

removal of organic components by RIE. Image is from reference 199 with permission of the Nature 

Publishing Group. 

 

1.5 Applications of BCP Based Nanopatterning 

There are many well-known applications of block copolymers in bulk phase, such as 

drug delivery202-205 to structural materials,206-208 and this section will focus on 

applications of block copolymer in thin films. As described earlier, DSA is a high-
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resolution and cost-effective patterning technique that can produce feature sizes 

<10 nm, particularly when combined with other lithographic techniques. So far, DSA 

of BCPs has been used to fabricate numerous patterns that can be used for fin field 

effect transistors (FinFETs)83,84,209 and memory devices.210,211  

 

1.5.1 FinFET Fabrication 

The first finFET was invented in 2001 to fulfill the requirement of device scaling and 

performance enhancement.209 Arrays of high-density lines and spaces can be formed 

using DSA with BCP that are used in finFET patterns. These arrays of high density 

lines and spaces can be smaller than the resolution limit by the current patterning 

approaches used in photolithography.84,85 Fin fabrication using DSA can utilize both 

chemoepitaxy84 and graphoepitaxy83 to improve the pattern quality by reducing the line 

edge roughness (LER). Corliss and co-workers have shown a complete process of 

chemoepitaxy based DSA for 7 nm fin fabrication, as shown in Figure 1.18(b). A 

comparison between finFET formation by DSA and self-aligned quadruple patterning 

(SAQP) was carried out using a fully integrated óresearch 7 nmô finFET test vehicle in 

a 300 mm research lab. Even though there were minor structural dissimilarities between 

DSA and SAQP finFETs, the performance of the devices was associated statistically 

with the structural differences. Graphoepitaxy was used by Tsai et al. to form 29 nm 

pitch fins using PS-b-PMMA, Figure 1.18(a). A PS-b-PMMA thin film was deposited 

on a silica guiding pattern that had been fabricated using EBL and then thermally 

annealed. DSA has demonstrated its capabilities in dense line/space patterning, and 

DSA can achieve sub-10 nm patterning when combined with other nanopatterning 

techniques, such as EUV and EBL.  

 

https://www.zotero.org/google-docs/?7utFP4
https://www.zotero.org/google-docs/?rKSFFV
https://www.zotero.org/google-docs/?soFPjw
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Figure 1.17. Fin formation by PS-b-PMMA. (a) Process flow diagram of graphoepitaxy based fiFET 

fabrication. Reprinted from reference 82. American Chemical Society. (b) Comparison of pattern quality 

between self-aligned quadruple patterning (SAQP-baseline) and DSA-based finFET fabrication. 

Reprinted from reference 83 Nature Publishing Group. 

 

1.5.2 Bit-patterned Media Fabrication  

Magnetic grains within the magnetic film are used to store data in conventional hard 

disk drives. The reality, however, is that the data storage is limited since dozens of 

magnetic grains are required to store a single bit of data. Hence, bit-patterned media 

(BPM) is proposed as a potential solution for increasing the storage capacity of future 

hard disk drives (300 Tb/in2).212 However, existing nanopatterning techniques, such as 

EBL, are either expensive or time consuming for fabrication of BPM.213 In contrast, 

DSA of BCPs is an excellent technique for patterning sub-10 nm resolution in the 

manufacturing of high-density storage units; therefore, it has been the subject of 

research by industry leaders, such as Seagate,86,214 Hitachi,215,216 and IBM210,211,217 in 

the early efforts of DSA for BPM patterning using cylinder or sphere forming BCPs to 

directly pattern the magnetic thin film.218  

https://www.zotero.org/google-docs/?RI9hCz
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Integrated templates with both servo and data zone were fabricated by Kaoôs 

group using two different BCPs, cylinder forming PS-b-PMMA and sphere forming 

PS-b-PDMS, as shown in Figure 1.19(B-E).86 Nanoimprint lithography was used to 

create the preïpattern for DSA. Bitïpatterned media with a theoretical capacity of 

5 Tb/in2 were fabricated. One challenge with densely packed arrays of nanodots for bit-

patterned media pattern fabrication is that the readïwrite head should be smaller than 

the track width to ensure correct reading and writing. Rectangular shaped bit arrays 

elongated along the cross-track direction were proposed as a solution for the problem. 

Nealy and co-workers used a lamellae forming high c triblock copolymer, P2VP-b-PS-

b-P2VP, on an e-beam guiding pattern.219 The complete rectangular bit pattern was 

obtained by overlapping two bit-patterned media templates, one with a circumferential 

pattern and the other with a radial pattern as shown in Figure 1.19(A). 

 

 
 

Figure 1.18. (a) Using double imprinting to create rectangular bits by intersecting circumferential and 

radial line space patterns. Reprinted from reference 219 with permission from IOP publishing. (b-e) 

SEM micrographs of bit media patterns from DSA of PS-b-PDMS on nanoimprint template. Images are 

from reference 86 with permission from the American Chemical Society. 

https://www.zotero.org/google-docs/?qXAC3Y
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1.6 Scope of the Thesis 

Directed self-assembly, DSA, a combination of block copolymer self-assembly with 

top-down lithographic approaches, has been the focus of a great deal of research 

attention as a promising nanolithography that addresses the limitations of other 

lithographic techniques, from physical limits to cost. This chapter sets the background 

for the thesis in order to provide a broad overview of nanopatterning in general and to 

set the stage for block copolymer directed self-assembly-based nanolithography. This 

thesis contains altogether five chapters. 

DSA achieves high resolution patterning via a self-assembly of polymers to 

yield a wide range of morphologies, including spheres, cylinders, lamellar structures, 

and gyroids. The development of high c BCPs further increases the patterning 

resolution of DSA at a reduced level of defectivity. The defectivity of the patterns is a 

critical metric, thus, precisely controlling, and understanding the processing conditions, 

in particular the annealing step, is absolutely necessary. Chapter 2 discusses the 

optimization of the process parameters related to block copolymer self-assembly via 

solvent annealing using machine learning approaches and analyzes the defect densities 

related to the process. 

In most lithography applications, thin films of self-assembled BCP serve as 

sacrificial masks or templates, and the resulting pattern is transferred to the underlying 

substrate for device fabrication. A widely used method for pattern transfer of block 

copolymer self-assembly is reactive ion etching or dry etching. In Chapter 3, the effect 

of reactive ion etching on thin films of PS-b-P2VP metalized with different metal ions 

to improve the etching contrast is discussed. 

Density multiplication of BCP self-assembly via sequential annealing of 

incommensurate BCP films of PS-b-PDMS can form an enormous array of highly 

complex Moiré superstructures. While providing insights into commensurate and 

incommensurate boundary conditions for BCP self-assembly, the application of the 

resulting Moiré superstructures is not clear. In Chapter 4, incommensurate self-

assembly of block copolymers with mixed metal nanopatterns and their tunable optical 

properties are investigated and discussed for possible photonic applications. 
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Finally, Chapter 5 provides a summary of the thesis as well as the conclusions 

and possible future research directions related to BCP self-assembly.



a ñThe content of this chapter is adapted from the following publication Ginige, G.; Song, Y.; Olsen, 

B. C.; Luber, E. J.; Yavuz, C. T.; Buriak, J. M. Solvent Vapor Annealing, Defect Analysis, and 

Optimization of Self-Assembly of Block Copolymers Using Machine Learning Approaches. ACS 

Appl. Mater. Interfaces 2021, 13 (24), 28639ï28649. https://doi.org/10.1021/acsami.1c05056.ò 
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CHAPTER 2 

 
Machine Learning Approaches for Solvent Vapor 

Annealing Process Control a 
 

2.1 Introduction 

In this chapter, a solvent vapor annealing (SVA) flow-controlled system combined with 

Design of Experiments (DOE) and machine learning (ML) approaches are used to 

characterize and quantify the defects, at various length scales, within the resulting 

patterns from block copolymer self-assembly.158 The SVA flow-controlled system 

enables precise optimization of the conditions of self-assembly of the high Floryï

Huggins interaction parameter (c) hexagonal dot array-forming block copolymer 

(BCP), PS-b-PDMS.155 The defectivity of the resulting nanopatterns remains too high 

for many applications in microelectronics and is exacerbated by small variations of 

processing parameters, such as film thickness and fluctuations of solvent vapor 

pressure and temperature, among others.91,220ï224 These parameters also significantly 

contribute to the quality of the resulting pattern with respect to grain coarsening as well 

as the formation of different macroscale phases (single and double layers and wetting 

layers).155,225ï229 Then, the results of qualitative and quantitative defect analyses are 

compiled into a single figure of merit (FOM) and are mapped across the experimental 

parameter space using ML approaches, which enable identification of the narrow 

region of optimum conditions for solvent vapor annealing (SVA) for a given BCP. 

The ideal defect free line pattern generated from a cylinder or lamellar forming 

BCP should consist of straight lines extending across the entire substrate surface 

without any disruption, with the assumption that topological defects are not present. 

The defects seen in a two-dimensional line pattern can be simplified to junctions, 

terminational points, and dots, shown in Figure 2.1.224  

https://www.zotero.org/google-docs/?hZjK9S
https://www.zotero.org/google-docs/?hZjK9S
https://www.zotero.org/google-docs/?hZjK9S
https://www.zotero.org/google-docs/?hZjK9S
https://www.zotero.org/google-docs/?8qMmHj
https://www.zotero.org/google-docs/?tBEL0y
https://www.zotero.org/google-docs/?IWiR7y
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Figure 2.1. Topological defects found in line patterns generated from BCP PS-b-P2VP self-assembly. 

The positive phase is the P2VP block and the negative phase is the PS block. The image is from reference 

224 with permission from the Public Library of Science. 

 

2.2 Apparatus for Solvent Vapor Annealing 

As discussed in Chapter 1, the majority of high c BCP-based nanopatterning relies on 

solvent vapor annealing due to its fast processing times compared to thermal annealing 

and to not contributing to the thermal budget.155,229,230 The SVA process is used widely 

and is capable of forming long-range order nanoscale morphologies, even though a 

broad understanding of the practice is not established completely. Much of the research 

on directed self-assembly (DSA) has been carried out in static, non-standardized 

annealing systems that lack inïsitu monitoring of film thickness and dewetting, as 

shown in Figure 2.2.155,231 The lack of a standard annealing apparatus or setup is a 

major drawback for solvent vapor annealing to control the SVA process, which plays 

a critical role in the self-assembly of the final microstructure, which includes defect 

formation and annihilation. Hence, comparison of results from one group to another is 

challenging due to lack of standardization. 

 

https://www.zotero.org/google-docs/?l7FYq4
https://www.zotero.org/google-docs/?7N2z2I
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Figure 2.2. Examples of general solvent vapor annealing apparatus. (a) ñJarò annealing using a Petri 

box. Schematic is from reference 232 with permission of Elsevier. (b) Static solvent vapor apparatus, 

and (c) static solvent vapor apparatus with gas flow. Adapted from reference 155 with permission from 

the American Chemical Society. 

 

The most basic setup used for solvent annealing is a sealed chamber with a 

solvent reservoir and the sample of a thin film of BCP on a substrate. The entire system 

is kept at room temperature and there are no additional controls over temperature. This 

is known as static or ñjarò annealing, which can be used to produce self-assembled thin 

films of BCPs in an effective way. The early examples of static annealing used either 

a beaker or crystallization dish with flat glass cover or a desiccator with a sample 

exposed to a vial of solvent, as in Figure 2.2(a).232 The next general family of static 

annealing apparatus used a custom-designed chamber with a transparent window. Inï 

situ ellipsometry or reflectometry was used through the glass window to monitor the 

film thickness during the annealing process, as shown in Figure 2.2(b).155 The swelling 

rate and final degree of swelling depend on the volume of the annealing chamber, 

surface area of the solvent reservoir, and possible leakage of solvent vapor from the 

annealing chamber. The major drawbacks of this type of annealing apparatus include 

difficulty in controling over the swelling rate during annealing and precise 

reproducibility, as the solvent vapor pressure depends on the humidity and the 

temperature of the room. 

The next general family of annealing apparatus also consists of a static 

annealing chamber attached to an inert gas flow to control the solvent vapor pressure 

inside the chamber, as shown in Figure 2.2(c).178 Hence, there is a great control over 

both the swelling and, in particular, the deswelling processes. The degree of swelling 

is defined as the film thickness ratio between the swollen and initial samples and is an 

important parameter with respect to the final morphology attained by the annealing. 

For general static annealing after reaching the desired swelling degree, deswelling is 

https://www.zotero.org/google-docs/?bo0v0i


  41 

carried out by simply opening the chamber lid and releasing the solvent vapor to trap 

the self-assembled structure kinetically. However, in this case, deswelling is controlled 

by purging inert gases at different flow rates in the second-general annealing apparatus. 

A sophisticated family of solvent vapor annealing apparatus includes a flow 

control, a purge line, and inïsitu film thickness monitoring. The swelling degree can 

be controlled greatly by managing the solvent flow, and highly reproducible results can 

be obtained.155,231,233ï236 Ellipsometry and reflectometry provide useful information 

when collected inïsitu during the solvent annealing process, in addition to data 

regarding the swelling degree as a measure of swollen film thickness. The assumption 

of uniform film thickness over large areas (hundreds of micrometers) is important when 

using these techniques that measure thickness, as they analyze over large areas; thus, 

they represent an average over that area. However, dewetting and terrace formation 

during the annealing process of the film can occur, leading to regions of different 

microstructures with different thicknesses, as shown in Figure 2.3.227 This formation of 

terrace phases and dewetting disturbs the long range order of the resulting pattern and 

increases the defect density, discussed further in this chapter.155,227,237,238 Hence, an 

average or effective thickness over a large area is estimated by ellipsometry, 

reflectometry, or other non-mapping techniques, as these dewetted areas and terraces 

are averaged over the entire thickness of the film.  

 

 
 

Figure 2.3. Profile and plan view of terraced phases of a thin film of PS-b-PB-b-PS with 14k-73k-15k 

molecular weight. (a-c) AFM phase images of BCP thin films with different morphologies in areas of 

varying initial film thickness (by varying polymer concentration) after annealing. White lines are contour 

lines. All the images are 2 × 2 mm2. Adapted from reference 227 with permission of the American 

Physical Institute. 

 

https://www.zotero.org/google-docs/?vhdtOJ
https://www.zotero.org/google-docs/?wdBZ7z
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To enable a better degree of reproducibility, use of a feedback control linking 

the swelling degree to the solvent vapor flow has been developed. For instance, Buriak 

and co-workers developed a solvent vapor flow annealing apparatus with precise 

control over the swelling degree using a feedback control between in situ film thickness 

monitoring via laser reflectometry and solvent vapor flow, with external optical 

microscopy monitoring, as shown in Figure 2.4.155 This combination of inïsitu optical 

microscopy and laser reflectometry enables investigation of solvent vapor annealing of 

block copolymer thin films at both the millimeter scale (lateral) and nanometer-scale 

thickness. A similar apparatus has been developed by other groups, including the 

groups of Ross,231 Ober,233,235 Mokarian-Tabari,236 and several others.188,234,239 

 

 
 

Figure 2.4. (a) The pre-annealed BCP film spin-coated onto silicon, locking in the initial film thickness. 

(b) Solvent vapor annealing (SVA) to a predetermined swelling degree (SD) using a feedback-controlled 

annealing system. Adapted from reference 158 with permission of the American Chemical Society. 

 

Lithography multiplication via DSA reduces the defect density, as chemical and 

morphological features on the surface help to guide the BCP into the lowest energy 

equilibrium patterns.220,240,241 For example, Nealy and co-workers investigated the 

complete defectivity information under various annealing conditions for a kinetic study 

of chemoepitaxy DSA in a 300 mm wafer fab, as shown in Figure 2.5.242 Kim et al. 

used a photo-patterned surface to align BCP with low defectivity levels, where the 

https://www.zotero.org/google-docs/?rwIbGv
https://www.zotero.org/google-docs/?7t9oRU
https://www.zotero.org/google-docs/?BZ3cJD
https://www.zotero.org/google-docs/?YFn6vR
https://www.zotero.org/google-docs/?lmhKoo
https://www.zotero.org/google-docs/?RUOsnL
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materials and techniques used can be adapted to a complex custom pattern for 

microelectronic devices.241 Significant progress has been made in recent years, where 

the defectivity of DSA is now considered within tolerance when combined with using 

extreme UV (EUV) or e-beam lithography.243 However, there is still a pressing need to 

reduce the defectivity of unguided BCP films, as this would allow for the fabrication 

of larger spacings between guiding patterns and greatly reduce the cost and demands 

of the lithographic step. Moreover, defects still remain a challenge, however, 

particularly with smaller molecular weight BCPs with a high FloryïHuggins 

interaction parameter (c) that produce the sub-20 nm periodicities199,241,244 and 

features.245 

 

 
 

Figure 2.5. Schematic representation of the chemoepitaxy DSA process used to study the kinetics of the 

defect annihilation. The schematic is from reference 242 with permission from the American Chemical 

Society. 

 

To achieve the desired nanopattern via self-assembly, not only are the annealing 

parameters critical, but the initial thickness of the applied BCP monolayer must be 

precise, typically within one or two nanometers.246-251 The ideal thickness for a given 

BCP is unique and depends upon the composition of the BCP and factors such as 

surface functionalization and energy, the use of a topcoat, and other 

factors.199,220,240,241,248,252 Both experimental and computational results strongly link the 

initial film thickness with the resulting self-assembled structure and persistent 

defects.221,227,253 Small fluctuations of thickness within a monolayer film can lead to 

different self-assembled structures, as unfavorably thin domain thicknesses frustrate 

packing due to the buildup of strain.91,227 Periodicity of structures formed from self-

assembled BCP nanopatterns may be dependent upon film thickness and other 

processing parameters, as has been recently shown with bottlebrush BCPs.247,254 

 

https://www.zotero.org/google-docs/?O87a4G
https://www.zotero.org/google-docs/?i8noGE
https://www.zotero.org/google-docs/?15jXJq
https://www.zotero.org/google-docs/?YmPMIS
https://www.zotero.org/google-docs/?TyzIRq
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2.3 Design of Experiment and Machine Learning 

Hexagonal dot-based nanopatterns are of interest for memory materials and devices, as 

these devices are more tolerant of hexagonal patterned defects than linear patterns for 

CMOS (e.g., vias), and thus the route towards commercialization appears more 

direct.243 ñFurther improvement of process-friendly techniquesò243 is, however, still 

required, particularly over large areas. With the optimization of self-assembly of any 

new BCP, particularly high BCPs that may be challenging due to long-lived metastable 

defects or any change in processing conditions, annealing parameters will need to be 

re-evaluated. Empirical optimization of annealing of BCP films is time-consuming and, 

if not rationally devised, will sample variable space incompletely.255,256 Hence, 

machine learning algorithms are a powerful tool for problem solving where large 

parameter spaces are involved.257 Machine learning also has been applied in block 

copolymer self-assembly in order to determine the equilibrium phase behavior by 

simulations258 or to optimize the chemical templates for DSA.259,260 Ross and co-

workers applied machine learning tools to investigate the interplay of solvent annealing 

parameters, such as initial thickness, swelling, time, solvent ratio, and to predict the 

effect on final morphology and defectivity.261 

The typical way to confirm the roles of different factors that lead to the observed 

results is to change one variable at a time in academic laboratories. This method is 

called one factor/variable at a time (OFAT/OVAT). It is a slow process and has 

difficulty in finding the optima as the number of variable testing is increased in an 

experiment.262 The experimentalist can sample a large multidimensional parameter 

space in a rational method using DOE and then combine it with ML to map the 

parameter space approximately.256 Figure 2.6 depicts a comparison of the optimization 

process using DOE vs. OFAT for a two parameter system and the blue gradient maps 

out the output parameter of interest as a function of two input parameters. There is a 

possibility of not finding the optimum value of the output parameter for the correlated 

system, as shown in Figure 2.6(c,d).  

 

https://www.zotero.org/google-docs/?pf6Fs2
https://www.zotero.org/google-docs/?k3aam1
https://www.zotero.org/google-docs/?5SX1aw
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Figure 2.6. Comparison between DOE vs. OFAT approaches for finding optimum parameters for two 

input parameter systems. (a,b) OFAT sampling of an uncorrelated system and (c,d) OFAT sampling of 

a correlated system. (e) DOE approach with orthogonal sampling of a correlated system. 

(f) Approximation of the true output parameter map produced by ML fitting methods applied to the six 

data points acquired by DOE in (e). Green and orange dots represent two set of variables in the system. 

Adapted from reference 256 with permission from the American Chemical Society. 

 

In an attempt to optimize these SVA parameters more efficiently with fewer 

laboratory resources (including time, one of the most precious resources), there a full 

factorial experimental design is used, complemented by machine learning (ML) 

approaches, to identify the optimized SVA parameters. However, the factors involved 

in solvent annealing are non-orthogonal and correlated, with one alteration affecting 

other parameters of the film during self-assembly, and the effects playing out over 

different length scales. Given the difficulties of optimizing correlated systems with 

numerous input parameters, we show how ML techniques may be applied to map out 

and minimize the defect densities of solvent-annealed hexagonal dot-forming BCP 

nanopatterns. While this work focuses exclusively upon solvent vapor annealing of 
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BCP films, the approach to optimization described here could be applied to other 

annealing methods. 

In this chapter film morphology defects are analyzed and associated 

distributions observed in different thicknesses of PS-b-PDMS thin films that are 

solvent-annealed to a range of swelling degrees, plasma etched, and converted to silica 

nanopatterns. This analysis of defects runs through a wide range of magnifications, 

starting from defects in the lattice itself to grains of different macro-scale phases in the 

film (wetting, single, and double layers). 

 

2.4 Experimental Methods 

2.4.1 Materials 

Poly(styrene-b-dimethylsiloxane) (43k-b-8.5k) diblock copolymer (PS-b-PDMS) with 

a dispersity of 1.04 was purchased from Polymer Source Inc. and used as-is. Toluene 

(>99%) and tetrahydrofuran (THF, >99%) were obtained from Fisher Scientific. 

Silicon wafers [<100>, 4 in. diameter, thickness 525 ± 25 mm, p-type (boron doped), 

resistivity <0.005 W cm] were purchased from WRS Materials. Sulfuric acid (96%) 

and hydrogen peroxide (30%) were purchased from Avantor Performance Materials. 

 

2.4.2 Silicon Wafer Dicing and Cleaning 

Silicon wafers were diced into 1 cm × 1 cm squares by a DSA 321 dicing saw and 

cleaned in freshly prepared piranha solution [3:1 v/v sulfuric acid (96%)/hydrogen 

peroxide (30%). CAUTION : Piranha solution violently reacts with organic matter] for 

15 min, washed with deionized water, and dried in a nitrogen stream. 

 

2.4.3 BCP Thin-film Self-assembly 

A bulk BCP solution with a concentration of 2 wt% in toluene was used to prepare 

solutions with concentrations ranging from 0.6 to 1.4 wt%. BCP thin films with 

thicknesses between 20 to 33 nm were prepared by spin casting 25 ɛL of the desired 

polymer solution, as shown in Figure 2.7, on piranha solution-cleaned Si chips at 8500 

rpm for 40 s with a WS WS-400BZ-6NPP/120 LITE spin-coater (Laurell Technologies 

Corporation). The initial film thickness was measured by ellipsometry and is the 
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average of ellipsometric measurements taken at five different points on the chip. The 

variation of thickness with the concentration of the BCP solution is shown in Figure 

2.7. 

 

 
 

Figure 2.7. Relationship between initial film thickness and concentration (% m/v) of PS-b-PDMS (43k-

b-8.5k) solution in toluene. Film thickness determined by ellipsometry. The plot is reproduced from 

reference 158 with permission of the American Chemical Society.  

 

2.4.4 Controlled Solvent Vapor Flow Annealing System 

A complete procedure for the annealing of a thin film of BCP on an oxide-capped Si 

chip using the controlled solvent vapor flow annealing system has been described 

previously.155 The initial film thickness (in nm) and target swelling degree 

(SD = swollen film thickness/initial film thickness) were entered into the program 

controlling the solvent annealing system. The dwell time was 300 s, and the ramp speed 

was 0.3 SD/min, for all samples. It was ensured that the bubbler had enough solvent 

(THF) before commencing the annealing program, and 20 SCCM (standard cubic 

centimeter per minute) of Ar was bubbled into the solvent bubbler, along with another 

pure Ar mixer to adjust the value automatically. The program automatically stopped 

the solvent vapor flow at the end of the annealing, and the BCP film was deswelled by 

purging the annealing chamber with pure Ar. Briefly, the swelling degree is measured 

in situ and controlled via a feedback loop. As the volume of the annealing chamber is 

small, less than 1.5 cm3, at a carrier gas flow rate of 20 sccm, full replacement of the 
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volume of the annealing chamber is complete within 4.5 s. This allows the films to be 

quenched to a swelling degree of less than 1.5 in under 2 s. 

 

2.4.5 PS-b-PDMS Thin Film Reactive Ion Etching (RIE) Process 

All PS-b-PDMS thin films were etched with a Plasmalab ɛEtch RIE using a two-step 

etch: The first step removed the surface wetting layer of PDMS on the BCP film by 

using a CF4 plasma (100 sccm), 100 mTorr, 50 W for 8 s. In the second step, using an 

O2 thicknesses between 20 to 33 nm, they were prepared by spin casting 25 ɛL of the 

desired polymer solution piranha solution-cleaned Si chips at 8500 rpm for 40 s with a 

WS WS-400BZ-6NPP/120 LITE spin-coater (Laurell Technologies Corporation). The 

initial film thickness was measured by ellipsometry and is the average of ellipsometric 

measurements taken at five different points on the chip. 

 

2.4.6 Film Characterization 

High magnification SEM micrographs were taken using a Hitachi S4800 scanning 

electron microscope (15 kV, 20 µA). Low resolution micrographs were taken using a 

Zeiss Sigma field emission scanning electron microscope (15 kV, 20 µA). The SEM 

micrographs for all the samples are shown in Figure 2.8. 
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Figure 2.8. (a) High magnification SEM micrographs of BCP dots at various swelling degrees and initial 

film thicknesses, as indicated. Dot positions taken from these micrographs were used to calculate the 

statistical values used in the value dot maps corresponding to figures in the main text and ensemble 

statistics in the paper. Scale bars are 1 µm. (b) Details of (a) showing individual dots. Scale bars are 250 

nm. The images are from reference 158 with permission of the American Chemical Society. 

 

2.4.7 Data Processing 

SEM micrographs were processed to extract dot positions and areas of single layer 

phase using Gwyddion image analysis software.263 The background of the micrographs 

was removed using median scan line alignment, followed by polynomial background 

removal and revolve arc for the single layer and dot micrographs, respectively. Then a 

Gaussian filter was used to reduce high frequency noise. The layer and dots were 

marked by a brightness threshold found using Otzuôs method.264 Next, the ratio of a 

single layer area was averaged over eight SEM micrographs for each set of conditions 

studied to get the final area percent of the single layer phase. The dot positions were 

used to compute the various metrics of the BCP dot arrays. The raw SEM micrographs 

for all SVA conditions that were used to determine dot positions are shown in Figure 

https://www.zotero.org/google-docs/?6MpF0L
https://www.zotero.org/google-docs/?pDv7Tt
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2.6. The size and resolution for silica dot arrays are 4.57 µm x 3.05 µm and 3070 x 

2045 pixels, respectively. For the phase images, the size is 127 µm x 89 µm, and the 

resolution is 2560 × 1920 pixels. 

The majority of the metrics used in this work are derived from the dot positions 

of the six nearest neighbors of each dot in relation to itself. The nearest neighbors are 

calculated using the ball tree algorithm in Scikit-learn.265 The dot pitch of each dot is 

calculated from the mean distance of its six nearest neighbors to itself. The cell 

orientation angle of each dot is the circular mean of the angle of each nearest neighbor 

vector modulus with 60°. This gives a cell orientation angle from ï30 to 30° for each 

dot. The registration error (Re) is calculated from the six nearest neighbors, as explained 

in the chapter. The defect distance is defined as the shortest distance from each dot to 

a defect. For the ML fit maps, the ensemble averages are taken as the mean of all non-

defective dots. 

ML fit maps were made to visualize the changes in the relevant metrics across 

all conditions tested. The fitting is performed using a radial basis function (RBF) kernel 

support vector machine (SVM) from Scikit-learn.265 After fitting, the function is 

remapped onto a grid to form an image for visualization. 

 

2.5 BCP Pitch and Cell Orientation 

The focus of this work is the quantification, prediction, and minimization of the defect 

density at all length scales of dot forming BCP films. However, other important metrics 

of the BCP dot array, such as pitch, can be determined easily, and the effects of the 

solvent vapor annealing (SVA) parameter space on pitch are analyzed. BCPs with ultra-

small pitch (also known as period, domain spacing or d-spacing) have received the most 

attention in fulfilling Mooreôs law to decrease feature size. There are a few approaches 

to decrease the BCP pitch; one includes lowering the polymerization degree N of the 

polymer, however, a smaller N will weaken the segregation strength (cN) as a solution 

for high-c BCP to achieve a high segregation strength. Even though the equilibrium 

domain spacing of a given block copolymer depends on the N and c of the BCP (d å 

aN2/3c1/6) during the solvent vapor annealing, the c parameter can be altered by 

incorporating the solvent vapor into the thin film, given by: 

https://www.zotero.org/google-docs/?oKjbdF
https://www.zotero.org/google-docs/?oKjbdF
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 Eq. 2.1 

where ceff is the effective FloryïHuggins interaction parameter, c is the interaction 

parameter of the dry BCP, and  s is the fraction of solvent molecules existing at the 

interface of the two blocks. This change in ceff can lead to a change in the equilibrium 

domain spacing of the BCP while solvent vapor annealing.  

Shown in Figure 2.9 are the dot maps of the localized BCP dot pitch, where the 

pitch of each dot is determined by taking the mean distance of a dot and its six nearest 

neighbors. From both the low (Figure 2.9a) and high (Figure 2.9b) magnification maps, 

we can see that there is a clear trend of a small decrease in pitch with increasing 

swelling degree. These maps are color-coded, thus the shift in color from yellow-green 

to blue-green is showing a decrease of pitch as the degree of swelling increases.  

 

 
 

Figure 2.9. BCP lattice pitch as a function of SVA conditions. (a) Dot value maps showing dot locations 

for all 28 combinations of initial thickness of the PS-b-PDMS films and swelling degrees, indicated by 

the labelled rows and columns, respectively, and showing color values for BCP lattice pitch in nm. Scale 

bars are 1 µm. (b) Details of (a) showing individual dots. Scale bars are 250 nm. The images are from 

reference 158 with permission of the American Chemical Society. 

 

As the degree of swelling is raised from 1.6 to 2.2, the average values of 

localized pitch range drop from 36.5 to 32.5 nm (displayed graphically in Figure 2.10). 



  52 

Similar trends showing a decrease in pitch with increasing swelling degrees have been 

observed by Gu and co-workers as well as Ross and co-workers, for different initial 

film thicknesses.230,266 

 

 
 

Figure 2.10. Support vector machine fitting using a radial basis function kernel showing the relationship 

between initial film thickness, swelling degree and median BCP lattice pitch. The image is from 

reference 158 with permission of the American Chemical Society.  

 

At first glance, it may seem somewhat counterintuitive that the pitch decreases 

as the swelling degree increases, however, it is important to realize that the film can 

only swell in the vertical direction perpendicular to the substrate, which causes the 

microdomains to be become non-spherical, shrinking in size in the in-plane direction 

and stretching in the out-of-plane direction.266 The decrease in pitch with increased 

swelling degree can be understood best by noting that the domain spacing, in the strong 

segregation limit is given by the equation d ~ c1/6.267,268 Given that the ceff decreases 

linearly with the amount of solvent incorporated into the film,266,269 the domain spacing 

is expected to decrease as the swelling degree increases, as observed. Similarly, solvent 

molecules can incorporate fully into thinner films more easily compared to thicker 

films, leading to a decrease in pitch.238 It is also worth noting that there are several 

blank/white patches in the films of thicknesses of 20.0 and 24.0 nm. These patches are 

wetting/lamellae phase layers that correspond to very thin regions of the BCP 

film.155,227 These phases do not contain any dots/micelles and as such are left blank for 

all subsequent analyses. 

https://www.zotero.org/google-docs/?LS0Vck
https://www.zotero.org/google-docs/?PTf379
https://www.zotero.org/google-docs/?1B28vz
https://www.zotero.org/google-docs/?1dsbLe
https://www.zotero.org/google-docs/?Wka5F4
https://www.zotero.org/google-docs/?XkVSji
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Before quantitatively analyzing the defects in these BCP dot patterns, it is first 

useful to visualize the grain structures observed with different annealing conditions. 

The occurrence of a variety of grain boundaries generally disturbs the long-range order 

of the ordered phase during the self-assembly of BCP and separates ordered domains 

with different orientations and sizes, represented by Figure 2.11. The local cell 

orientation of each dot is mapped in Figure 2.11, which effectively maps out individual 

grains (regions where all the BCP dots have the same relative orientation). 

 

 
 

Figure 2.11. BCP lattice cell orientation as a function of SVA conditions. (a) Dot value maps showing 

dot locations for all 28 combinations of initial thickness of the PS-b-PDMS films and swelling degrees, 

indicated by the labelled rows and columns, respectively, and showing color values for BCP lattice cell 

orientation in degrees. Scale bars are 1 µm. (b) Details of (a) showing individual dots. Scale bars are 250 

nm. The images are from reference 158 with permission of the American Chemical Society. 

 

These results clearly demonstrate the large variability in long-range ordering as 

a function of the initial film thickness and swelling degree. Some films comprise many 

very small, sub-100 nm grains, and others are uniform over micron scales. The average 

grain size depends on various factors, including the swelling degree or the solvent 

vapor exposure of the film270ï273 and the initial film thickness.274 At a film thickness of 

https://www.zotero.org/google-docs/?CYW9IL
https://www.zotero.org/google-docs/?PRHYWB



























































































































































































































