
University of Massachusetts Amherst University of Massachusetts Amherst 

ScholarWorks@UMass Amherst ScholarWorks@UMass Amherst 

Doctoral Dissertations Dissertations and Theses 

April 2014 

Self-Assembly of Block Copolymers by Solvent Vapor Annealing, Self-Assembly of Block Copolymers by Solvent Vapor Annealing, 

Mechanism and Lithographic Applications Mechanism and Lithographic Applications 

Xiaodan Gu 
University of Massachusetts Amherst 

Follow this and additional works at: https://scholarworks.umass.edu/dissertations_2 

 Part of the Other Engineering Science and Materials Commons, and the Polymer and Organic 

Materials Commons 

Recommended Citation Recommended Citation 
Gu, Xiaodan, "Self-Assembly of Block Copolymers by Solvent Vapor Annealing, Mechanism and 
Lithographic Applications" (2014). Doctoral Dissertations. 7. 
https://doi.org/10.7275/r957-fb71 https://scholarworks.umass.edu/dissertations_2/7 

This Open Access Dissertation is brought to you for free and open access by the Dissertations and Theses at 
ScholarWorks@UMass Amherst. It has been accepted for inclusion in Doctoral Dissertations by an authorized 
administrator of ScholarWorks@UMass Amherst. For more information, please contact 
scholarworks@library.umass.edu. 

https://scholarworks.umass.edu/
https://scholarworks.umass.edu/dissertations_2
https://scholarworks.umass.edu/etds
https://scholarworks.umass.edu/dissertations_2?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/284?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/289?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/289?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
https://doi.org/10.7275/r957-fb71
https://scholarworks.umass.edu/dissertations_2/7?utm_source=scholarworks.umass.edu%2Fdissertations_2%2F7&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@library.umass.edu


 
 
 

 
 

SELF-ASSEMBLY OF BLOCK COPOLYMERS BY 

SOLVENT VAPOR ANNEALING, MECHANISM AND 

LITHOGRAPHIC APPLICATIONS 
 
 
 
 
 
 
 
 
 

A Dissertation Presented 
 

by 
 

XIAODAN GU 
 
 
 
 
 
 
 
 
 

Submitted to the Graduate School of the 
University of Massachusetts Amherst in partial fulfillment 

of the requirements for the degree of 
 

DOCTOR OF PHILOSOPHY 
 
 

February 2014 

Polymer Science and Engineering 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

© Copyright by Xiaodan Gu 2014 
 

All Rights Reserved 
 
 
 



 
 

 
SELF-ASSEMBLY OF BLOCK COPOLYMERS BY 

SOLVENT VAPOR ANNEALING, MECHANISM AND 

LITHOGRAPHIC APPLICATIONS 
 
 
 
 
 

 
 
 
 

A Dissertation Presented 
 

by 
 

XIAODAN GU 
 

 
 
 
Approved as to style and content by: 
 
 

 
 __________________________________________ 
Thomas P. Russell, Chair 
 

 __________________________________________ 
Kenneth R. Carter, Member 

 
 __________________________________________ 
Mark Tuominen, Member 
 
 
 

 ________________________________________  
                David A. Hoagland, Department Head 
                                                                         Polymer Science and Engineering  



 
 
 
 

DEDICATION 

 

 
To my parents, Jianfei Gu and Caifeng Zhong. 



ACKNOWLEDGMENTS 

 The work in this thesis was not possible without the efforts from my 

collaborators and coworkers.   

First, my thesis advisor Prof. Thomas P. Russell deserves the credits for directing 

my research project, funding my work, and providing me collaboration resources through 

out my Ph.D. degree. Tom, as a pioneer in block copolymer self-assembly, showed me 

the beauty of the molecular self-assembly. Numerous times, Tom stimulates my 

interested in the polymer physics, provides me invaluable guidance, and nudges me in the 

right direction.  

 I also want to thank Prof. Mark Tuominen and Prof. Kenneth R. Carter to serve 

on my thesis committee and provide me valuable suggestions on the research proposal 

and thesis writing.  

I also want to acknowledge my collaborators, especially Dr. Deirdre Olynick in 

the Molecular Foundry at Lawrence Berkeley National Lab (LBNL) and Paul Dorsey at 

Western Digital Inc. Deirdre’s expertise in the plasma etching greatly facilitates the 

projects related to block copolymer lithography.  Dr. Paul Dorsey, my supervisor at the 

Western Digital, gives me unique experiences to work at corporative environments and 

carry out cutting edge research projects.  

I also want to thank all of the members in the Russell group for their assistance 

not only in lab but also in life during my stay in Amherst. I enjoyed working together 

with them for the past five years. I own a lot to the helps I received from the BCP self-

assembly research team members, including Dr. Soojin Park, Dr. Donghyun Lee, Dr. 

Sungwoo Hong, Dr. Bokyung Kim, Dr. Yunxia Hu, Dr. Wei Chen, Dr. Ji Xu, Dr. Wei 



Zhao, Dr. Weiyin Gu, Dr. Ilja Gunkel, Zhiwei Sun, Gajin Jeong. Especially, I want to 

thank Sungwoo and Ilja, both who I have been closely interacted with. Sungwoo, a very 

hard working person, is a role model for me to start my research career. Working with 

Ilja is an amazing thing in my Ph.D.  Lots of research ideas were spackled from our lunch 

discussion at ALS.  He made my stay in ALS not boring.  I also own a lot for the 

assistances I received from Laurie Banes, who helped me with purchases of chemicals. 

I would also like to thank Advanced Light Source at LBNL for providing the 

doctoral fellowship to me, and allow me to perform experiments using state-of-art 

synchrotron facility. Especially, thanks Dr. Alexander Hexemer to host me as a student 

researcher at the Advanced Light Source at LBNL in beamline 7.3.3 for the past years. 

His knowledge in X-ray science is very beneficial for the projects. He also showed me 

how to balance work and family and I enjoyed the BBQ parties in his house. 

This project would have gone nowhere real fast without the assistance from the 

7.3.3 and 11.0.1.2 staffs at the Advanced Light Source and Nano-fabrication facility in 

the Molecular Foundry in the LBNL.  Thanks to Eric Schabile, who received my phone 

calls at midnight to ask for help on instrumental problems.  I appreciate the help from 

beamline associates Steven Alvarez, Eumhee Lin, Polite Staward, Dr. Elaine Chan. I 

appreciate Dr. Cheng Wang’s sincere help on the soft X-ray measurements and 

suggestions on project and career plan. I also would like to thanks knowledgeable and 

helpful staffs at the Molecular Foundry. The supports I received from Dr. Stefano 

Cabrini, Bruce Harteneck, Erin Wood, Dr. Scott Dhuey, Dr. Adam Schwartzberg, Dr. 

Zuwei Liu are very important for the block copolymer lithgraphy project. 

I am proud and honored to stay at the world-renowned department of Polymer 



Science and Engineering at University of Massachusetts at Amherst. I must express my 

thankfulness to the entire faculties, who curate the next generation polymer scientist, 

staffs, who keeps the department running smoothly, and 2008 PSE classmates, whom 

made my life in Amherst very entertaining.  

At last, I am grateful to my family and friends for their supports throughout my 

study. Finally, thanks to Yuanyuan, your encouragement to me on my career and life. I 

am extremely lucky to meet you and have you in my life. 

 

 

 

 

 

  



ABSTRACT 

SELF-ASSEMBLY OF BLOCK COPOLYMERS BY 

SOLVENT VAPOR ANNEALING, MECHANISM AND 

LITHOGRAPHIC APPLICATIONS 
 

FEBRUARY 2014 
 

XIAODAN GU 
 

 B.S., NANJING UNIVERSITY 
 

M.S., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 

Directed by: Professor THOMAS P. RUSSELL 
 
 
 
    

Block copolymers (BCP) are a unique class of polymers, which can self-assemble 

into ordered microdomains with sizes from 3 nm to about 50 nm making BCPs an 

appealing meso-scale material. In thin films, arrays of BCP microdomains with long-

range lateral order can serve as ideal templates or scaffolds for patterning nano-scale 

functional materials and synthesizing nanostructured materials with size scales that 

exceed the reach of photolithography.  Among many annealing methods, solvent vapor 

annealing (SVA) is a low-cost, highly efficient way to annihilate defects in BCP thin 

films and facilitates the formation of highly ordered microdomains within minutes. 

Directing the self-assembly of BCPs could, in principle, lead to the formation of domains 

with near perfect lateral ordering. The mechanism of SVA of BCPs, however, is still ill-

understood, albeit it has been widely adopted in research laboratories around the world 



for the past decade. 

In the first part of this thesis, the ordering process of BCP thin films during 

annealing in neutral solvents was investigated mainly by in situ synchrotron X-ray 

scattering. Briefly, the solvent molecules impart mobility to the BCP and enable a 

marked improvement in the lateral ordering of the BCP microdomains. Both, BCP 

concentration in the swollen film and the rate of solvent removal play a key role in 

obtaining films with well-ordered microdomains. The amount of swelling in a BCP thin 

film during SVA depends on the chemical nature of the blocks, the quality of the solvent, 

and the molecular weight of the BCP.  A high degree of swelling - still low enough to 

prevent solvent-induced mixing (disordering) of BCP microdomains,- provides a high 

chain mobility, and thus results in the formation of arrays of ordered microdomains with 

large grain sizes after SVA in neutral solvents. 

The rate of solvent removal is another critical parameter for obtaining long-range 

lateral order in BCP thin films after SVA in neutral solvents. While in the swollen state 

ordered structures form with exceptional order, removal of the solvent results in a 

deterioration of order due to the confinement imposed to a BCP in a thin film by the rigid 

silicon substrate. It was found, however, that an instantaneous solvent removal can 

minimize disordering to preserve the order formed in the swollen state. 

Self-assembled BCP microdomains also serve as ideal template to pattern other 

materials with exceptional lateral resolution. In this thesis, two examples of BCP 

lithography was also demonstrated. A reconstruction process was used to enhance the 

etch contrast between two organic blocks. In one example, a BCP pattern was transferred 

to a silicon substrate to form high aspect ratio, 5:1, sub-10nm silicon lines or holes with 



high fidelity. While in a second example, I demonstrated the fabrication of silicon oxide 

dots with an areal density as high as 2 Tera dots per inch2 by BCP templates, which has 

the potential to serve as etch mask for bit pattern media applications. 
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CHAPTER 1  

BACKGROUND 
 

1.1. Overview 

    
Block copolymers (BCP) are a unique class of polymers, which can self-assemble 

into ordered microdomains with its sizes from 3 nm to about 50 nm making BCPs an 

appealing meso-scale material. In thin films, arrays of BCP microdomains with long-

range lateral order can serve as ideal templates or scaffolds for patterning nano-scale 

functional materials and synthesizing nanostructured materials with size scales that 

exceed the reach of photolithography.  Among many annealing methods, solvent vapor 

annealing (SVA) is a low-cost, highly efficient way to annihilate defects in BCP thin 

films and facilitates the formation of highly ordered microdomains within minutes. 

Directing the self-assembly of BCPs could, in principle, lead to the formation of domains 

with near perfect lateral ordering. The mechanism of SVA of BCPs, however, is still ill-

understood, albeit it has been widely adopted in research laboratories around the world 

for the past decade. 

I therefore tried to address this fundamental question of what is the mechanism of 

SVA, and also demonstrate lithography applications using BCP self-assembly. In the 

work presented here, I will introduce background information including: BCP, polymer 

thin film, solvent vapor annealing and lithography patterning techniques in the first 

chapter of this thesis. The second chapter focuses on investigation of the SVA process of 

BCP thin film using the real time in situ grazing incidence small angle X-ray scattering 

(GISAXS) and microscopy techniques. Several key parameters affecting the final 



morphology of the annealed BCP sample will be identified and discussed. In the third 

chapter, I will use BCP lithography to pattern high resolution, high aspect ratio silicon 

nanostructures over large area. In chapter 4, the block copolymer lithography will be also 

implicated for bit pattern media application in the hard drive storage industry. The final 

chapter will point to some future directions regarding the research projects presented 

here, 

1.2.  Introduction to block copolymers 

BCPs are a unique class of soft-materials well-known for their ability to self-

assemble into well-ordered nanometer scale microdomains1,2. The BCPs consist of two 

chemically distinct polymers that are covalently linked at one end. Non-favorable 

segmental interactions, coupled with the inherent entropic loss due to the long-chain 

nature of the BCP, cause a separation of the blocks into domains where the size of the 

domains is dictated by the molecular weight of the BCP chain and the shape of the 

domain, be it spherical, cylindrical, gyroid or lamellar, is dictated, primarily, by the 

volume fraction of the components. Since the polymer chains are covalently bonded 

together at one end, the size scale of the domains must be commensurate with the size of 

the polymer chain, typically on the tens of nanometer length scale or less.   

The theory of BCP self-assembly is well-developed and successfully predicts the 

phase diagram of the equilibrium morphology of BCP bulk melts, as shown in Figure 1.1, 

where χ is the Flory-Huggins segmental interaction parameter, N is the total number of 

repeating units, i.e. the degree of polymerization, and f is the volume fraction of one 

block.  Here, χ is proportional to the unfavorable interactions between different blocks3.  



Earlier theories for BCP phase behaviors were developed for BCP at the strong 

segregation limit (SSL), where χN>100. Meier, Helfand, Wasserman and coworkers 

developed the self-consistent field theory (SCFT) to describe the BCP chain 

conformation and chain stretching4-6. This theory was later expanded to weak segregation 

limit (WSL), where χ N<10, by Leibler and coworkers7. Masten and coworkers further 

developed the mean field theory (MFT) by unifying the theory in both SSL and WSL, as 

well as adding an intermediate regime (10< χ N <100) 8,9. Nowadays, BCP theory 

successfully predicts phase diagrams, and domain spacing of BCP, in good agreement 

with experimental results. In the SSL, MFT of BCP suggests that domain spacing, L0 

scale with χ and N by equation 1.13: 

L0 ~ χ1/6N2/3
                                                                                                     (1.1) 

And in the WSL, L0 scale with χ and N by equation 1.23. 

L0 ~ N1/2
                                                                       (1.2) 

According to MFT, diblock copolymer phase behavior in the melt can be 

described by χN and f as shown in Figure 1.1. In cases where the unfavorable interactions 

between the dissimilar chains segments are relatively weak, for example χN < 10.5, the 

dissimilar chain remains phase mixed, imposing lower limits to periodicity (L0) of 

microdomain self-assembled by BCP. With increase of χN, the disorder-order transition 

(DOT) occurs at χN(ODT)=10.5 for a symmetric BCP.   

 

 



 

Figure 1.1 Phase diagram of a diblock copolymer, calculated using self-consistent mean 
field theory. Regions of stability of disordered (dis), lamellar (lam), gyroid (gyr), 
hexagonal (hex) and body-centered cubic (BCC) phases are indicated. Adapted from 
reference 10. 

 

The kinetics of BCP chains is also strongly correlated to χN.  Diffusion 

coefficient of block chains in the microphase-separated domain is much slower, up to 4-

order magnitudes, than that of homopolymer with similar molecular weight11.  The linear 

diblock copolymers with large χN typically take enormous time to self-assemble, which 

gives the upper limits for the domain spacing self-assembled by BCPs. However, by 

manipulating the structure of diblock copolymer, for example, use of long side chain 



brush copolymer instead of linear BCP, the entanglement of BCP chain could be 

effectively reduced, enabling faster self-assembly of BCP to form micrometer size scale 

structure12,13. 

Different morphologies self-assembled by BCPs are also defined by the relative 

volume fraction of blocks, f, as shown in Figure 1.1. Symmetric diblock copolymers form 

lamellar microdomains, and asymmetric diblock copolymers form cylindrical 

microdomains or spherical microdomains with decrease the volume fraction of the minor 

block. 

The phase behavior of BCPs is also strongly affected by the temperature14. For 

most BCPs, χ is inversely proportional to temperature (equation 1.3) 

                                                           (1.3) 

Where A and B are both constants, and B usually has positive values. As the temperature 

increase, χ decreases, and at a sufficient low χN value, the BCP no longer maintains 

phase separation and undergoes an order-to-disorder transition (ODT). On the other hand, 

upon cooling of the heated and phase mixed BCP sample, the BCP undergoes a disorder-

to-order transition (DOT) to form microphase-separated microdomain, due to the 

increased χ.  

1.3. Block copolymer thin film 

For many lithographic applications of BCP sample, thin film geometry are 

mandatory. The phase behaviors of BCP thin film, however, are more complicated 

compared to BCP bulk due to the interfacial energy and confinement effects imposed at 

both polymer/substrate and polymer/air interface. In the thin film geometry, control of 



both orientation and lateral ordering of of BCP microdomains is especially important, 

thus it will be discussed here. 

In the BCP thin film geometry, the orientation of BCP microdomains is critical 

for BCP lithography applications15,16. For the dry etching process, the depth of patterns 

transferred from a mask is limited by the mask thickness and the selectivity of the 

specific etching recipe. Perpendicular oriented cylinder or lamellae microdomains have a 

high aspect ratio and are thus favored for pattern transfer applications. Unfortunately, a 

perpendicular orientation of BCP microdomains is not favored by nature due to the 

different surface energies of the two blocks of the copolymer at both the air/polymer and 

the substrate/polymer interfaces.  The morphology of BCP thin films depends on the 

strength of interfacial interaction at interfaces17.  Strong preferential interactions of one 

block with the air/substrate or a lower surface energy of one component cause a 

segregation of that block to either the surface of the film or the substrate interface. The 

connectivity of the blocks forces a parallel orientation of the microdomains to the 

substrate.   When the substrate surface becomes neutral, i.e., the interfacial interactions 

are balanced (equally favorable or unfavorable), there is no preferential segregation of the 

components to the interfaces. Any slight incommensurability causes the microdomains to 

orient normal to the surface.  

The interfacial energies of a BCP can be precisely controlled by anchoring a 

random copolymer to the surface, where the volume fraction, ƒ, of monomers in the 

brush can be varied in the synthesis. As ƒ is varied from 0 to 1, the system goes from a 

condition of preferential wetting of the substrate by A block to a preferential wetting by 

B block, in case of A-B diblock copolymer. However, for one value of ƒ the interactions 



of A and B with the substrate are balanced. At this point, the microdomains of the BCP 

orient normal to the surface. This simple concept of balancing interfacial interactions, 

whether this is done with an anchored random copolymer, a cross-linked random 

copolymer material, or even, as shown recently, a partial coverage of a BCP on the 

substrate or by passivating a surface, so as to control the orientation of the BCP 

microdomains has had a profound impact on the use of BCP as templates for pattern 

transfer or as scaffolds for the fabrication of nanostructured materials17,18 19. 

Figure 1.2  Balance the surface interaction between PS and PMMA on PS-r-PMMA 
neutral layer. (A) interfacial energies γSf and γMf and (B) Δγ(f)= γMf -γSf for PS (cycle) 
and PMMA (triangles) on PS-r-PMMA brush as a function of f. Adapted from 
reference17. 

To give an example, poly(methyl methacrylate) (PMMA) cylinder or lamellae in 

polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) BCPs prefers a parallel 

orientation to the surface of a silicon wafer due to the preferential interactions of PMMA 

with the Si-OH at the substrate surface. Russell, Hawker and coworkers used a brush 

layer, which has neutral surface energy for both PS and PMMA, to control the orientation 

of PMMA microdomains17. A random PS-r-PMMA copolymer with a hydroxyl end 



group was anchored to the substrate in order to adjust the surface energy of the silicon 

substrate, as shown in Figure 1.2. This method, however, requires the hydroxyl groups to 

be located on the substrate, whereby the application of a hydroxyl terminated neutral 

brush layer is restricted. The Russell group further improved this method by using a 

thermally cross-linkable random copolymer brush18. A random brush copolymer was spin 

coated and thermally cross-linked to produce a neutral surface, making it universally 

applicable to any substrates. Apart from controlling the surface energy at the 

polymer/substrate interface, a modification of the polymer/air interface was demonstrated 

by using top coats for BCP thin films20. Polydimethylsiloxane (PDMS) has a much lower 

surface energy compared to PS thus a wetting PDMS layer segregates to the air/polymer 

interface after thermal annealing of polystyrene-block-polydimethylsiloxane (PS-b-

PDMS) BCPs.  Top coats, which aimed to balance the surface energies for PS and 

PDMS, were spin-coated on the BCP film using the cross solvent. A polymer containing 

maleic anhydride moiety was designed, which, upon heating, switched its polarity to 

create a neutral surface for silicon-containing BCPs, thus allowing the lamellae PS-b-

PDMS microdomains to be oriented normal to substrate.  

Instead of using brush layer to balance the interaction between block A and B, 

external field can be used to overcome the surface energy, thus control the orientation 

direction of BCP microdomains. For example, the Russell group demonstrated field-

induced alignment of microdomains in PS-b-PMMA BCP thin films in the presence of 

electric fields21.  Solvent vapor gradient is also a strong field and can be used to orient the 

microdomain normal to the substrate 22. 



Figure 1.3  Differentways to control the lateral ordering of BCPs using directed self-
assembly. (a) Graphoepitaxy (b) Chemical pattern (c) Self-assembled saw-tooth substrate 
(e) e-beam lithography assisted patterning. Adapted from reference 23-26. 

Lateral ordering of the BCP microdomains is equally important for BCP 

lithography for many applications, where addressability of BCP microdomain is essential. 



For example, bit patterned media application requires near-perfect orientational and 

translational order. Typically, BCP thin films self-assembled on flat substrates have 

micrometer size scale grain boundary and thus lacking long-range lateral order.   The 

merging of “bottom-up” directed self-assembly (DSA) with “top-down” patterning 

techniques can potentially enable precise control of lateral ordering of BCP 

microdomains15. Graphoepitaxy, which uses topographic features on the surfaces to bias 

the lattice orientation of the copolymer microdomains, has been used to bias the 

orientation of hexagonal lattices. For example, Segalman et al. demonstrated the self-

assembly of a single grain of polystyrene-block-poly (2-vinyl pyridine) (PS-b-P2VP) on a 

patterned silicon substrate, shown in Figure 1.3 a23. Various research groups have driven 

the progress of using topographic patterning to physically constrain BCPs tremendously. 

The Russell group extensively studied the self-assembly of both polystyrene-block-

poly(ethylene oxide) (PS-b-PEO) and PS-b-P2VP/PS-b-P4VP BCPs on different 

topography patterns25,27 28,29. Among them, reconstructed faceted sapphire substrates have 

the ability to direct the self-assembly of microdomains to form arrays with long-range 

ordering (Figure 1.3c). This approach, which relies on a crystal surface reconstruction, 

yet another self-assembly progress, does not require large area “top-down” lithography 

and shows promise as a low-cost approach for roll-to-roll type processes.  Ross and 

coworkers investigated polystyrene-block-poly(ferrocenylsilane) (PS-b-PFS) and PS-b-

PDMS BCPs with topography confinement26,30-32. They used e-beam lithography to 

pattern hydrogen silsesquioxane (HSQ) pillars with the desired spacing and shape. Those 

HSQ pillars, coated with a PDMS brush, showed great capability to direct the self-

assembly of PDMS microdomains (Figure 1.3 d). Chemical epitaxy is another way to 









 
 
Figure 4.7 The SEM height image of silicon pillar from block copolymer porous 
template. a) silicon pillar from PS-b-P2VP 77k template, b) silicon pillar from PS-b-
P4VP 24k template, c) silicon pillar from PS-b-P2VP 20K template, d) silicon pillar from 
PS-b-P4VP 15K template.  
 
 



4.3.3. Pattern transfer from silicon oxide pillars to carbon layer 

 
Figure 4.8 SEM cross section of Silicon pillar on media substrate with different amount 
of etching time. a) and d) after 20 seconds oxygen plasma etching. b) and e) after 40 
seconds oxygen plasma etching. c) and f) after 70 seconds oxygen plasma etching.  a) b) 
and c) samples are tilted for 75 degree.  d), e), and f) samples are tilted for 90 degree. 
Inserted images schematic drawing of those pillar patterns. 
 

Table 4.2: Height information of silicon oxide pillars for different etch times. 

 
RIE exposure time 

(seconds) 
0 20 40 70 100 

Height of pillar 

(nm) 
14 16 18 22 n/a 

 

Silicon oxide pillars are an ideal etch mask in applications involving pattern 

transfer. Figure 4.8 shows SEM images of samples where silicon oxide pillar masks are 

used to transfer patterns into an underlying diamond-like carbon (DLC) layer. The same 

procedure described in Schematic 4.1 is used to generate silicon oxide pillar on DLC 



layer. Pattern transfer under different oxygen/ argon RIE exposure times is demonstrated. 

The SEM cross-sectional images show that the height of pillar patterns increases from 14 

nm to 22 nm by increasing the RIE exposure time (refer to Table 4.2). An undercutting is 

observed in the pattern transfer when the etching time is increased to 100 s, due to the 

isotropic nature of RIE. Better directionality could be achieved by inductively coupled 

plasma (ICP) RIE. 

 

 
Figure 4.9 a)SFM height image of gold pillar made from porous block copolymer 
template, b) SFM height image, c) SEM image of Pt pillar made from porous block 
copolymer template 
 

Finally, we used precursors other than PDMS to make metal nanodots, 

demonstrating the generality of the strategy in this work. Typically, metal nanodots 

templated from self-assembled BCPs require one of the blocks to coordinate with the 

metal salts to form a metal complex[14]. Here, a metal salt precursor solution is spin- 

coated onto the porous template, baked and subsequently etched to make metal nano-

dots. Figure 4.9a shows gold nanodots made from back filling chloroauric acid precursor 

dissolved in ethanol. Platinum nanodots were made from spin-coating sodium 

tetrachloroplatinate (II) hydrate in hexane (Figure 4.9b,c). Depending on the application, 

different metal precursors can used. For example, a magnetic metal precursor, like a 



cobalt salt, can be backfilled to make magnetic nanodots. This methodology provides a 

general and flexible approach to a high density of functional metal nanodots. 

4.4. Conclusions 

In summary, we have demonstrated a method to make silicon oxide pillars with 

tunable feature sizes and pitches. By using RIE, the feature size of silicon oxide pillars 

can be tuned without affecting the pitch. Areal densities up to 2 teradots/inch2 of silicon 

oxide pillars were achieved along with the pattern transfer of silicon oxide pillar to DLC. 

This method can be extended to generate a range of different metal nanodots, including 

gold, platinum or chromium. 
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CHAPTER 5  

FUTURE DIRECTIONS 

5.1. Future directions 

Ever since the first application of BCP lithography for patterning of 

nanostructures in 1997, enormous progress has been made in this area. BCP lithography 

has now established itself as a viable strategy for patterning nanostructures. The areal 

density of BCP microdomains has been improved by a factor of 25 to 10 teradots per 

inch2 , and a resolution as small as 3 nm was achieved1. Precise control over orientation 

and lateral ordering of BCP domains was achieved by using both neutral brush layers and 

DSA. Recently, the DSA of BCPs has been recognized as a promising route for future 

patterning technologies in the International Technology Roadmap for Semiconductors 

(ITRS)2. BCP lithography not only finds its application in the silicon conductor industry3, 

but also shows a variety of other potential applications, such as bit-patterned media 

applications4, antireflective coatings5, patterning graphene transistors6, biosensors 7 or 

surface-enhanced Raman spectroscopy (SERS)8. Overall, BCP lithography has now 

proved to be a powerful nanoscale patterning technique along with other patterning 

techniques. There are still, though, many challenges ahead that need to be addressed 

before BCP lithography can be integrated into industrial processes. 

First, in order to advance BCP lithography to the sub-10nm regime, new materials 

with high Flory–Huggins interaction parameter χ and high etch resistance need to be 

designed and synthesized. Reducing the molecular weight of the BCP is a typical means 

to increase the resolution of BCP lithography. However, χN, the incompatibility between 



the blocks, is required to be larger than 10.5 in order to maintain a microphase-separated 

structure according to mean-field theory. This limits low-χ BCPs such as PS-b-PMMA (χ 

∼ 0.043) to form ordered structures with minimal periods of 20 nm. In addition, a large 

unfavourable interaction between two blocks reduces the interfacial thickness between 

the different blocks, thus reducing the line-edge roughness of the BCP. Equally important 

is that the etch resistance of the mask needs to be improved. Reducing the size of the 

mask reduces the thickness of the mask at the same time, since both quantities scale with 

the period of the BCP domains. Therefore, an etching recipe needs to be developed that 

provides a high selectivity between the polymer mask and the material to which the 

pattern is being transferred. A sub-10 nm dry-etching pattern transfer remains a challenge 

owing to a significantly slower diffusion of gas ions that are confined to nanoscopic 

space. 

The defect density in ordered BCP patterns must not exceed 0.01 defects cm−2 at 

the resist level for all device types according to ITRS2, which requires BCPs to phase 

separate and to reduce defects within a reasonable amount of annealing time. 

Understanding the origin of the formation of defects and methods to annihilate defects in 

BCP thin films is important. Real-time scanning force microcopy or electron microdcopy 

will be a better fit to understand defect annihilation compared to X-ray scattering. 

Second, complex integrated circuit (IC) structures, such as bends and joints, still 

remain a challenge for BCP lithography. However, progress has been made using the 

DSA of BCPs on either topography or chemistry contrast. For example, BCPs blended 

with homopolymers were shown to form a sharp bend structure 9; the assembly of 

complex PS-b-PDMS patterns has been directed using HSQ pillars, which were patterned 



by e-beam lithography10. Using BCP lithography to generate even more complex three-

dimensional structures has not yet been extensively explored. Intel recently introduced 

the ‘tri-gate transistor technology’, taking device fabrication into three dimensions. The 

use of BCPs that consist of multiple blocks has the potential to create complex three-

dimensional structures11. 

Although there are still challenges to be overcome before the incorporation of 

BCPs into the semiconductor manufacturing process, tremendous progress has been made 

in the past decades. Continued research holds promise for an exciting future for the DSA 

of BCPs in two- and three-dimensional configurations. 
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