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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 



direct the self-assembly and to control the lateral ordering of BCPs. Early studies were 

performed on PS-b-PMMA BCPs on alternating stripes of gold (hydrophobic) and silicon 

dioxides (SiO2) (hydrophilic) produced by grazing incidence thermal evaporation of gold 

on a faceted Si wafer surface33. Chemical epitaxy also utilizes e-beam lithography to 

pattern the substrate surface with nanoscale features and provides substrates with 

chemical contrast. Nealey and coworkers demonstrated the versatility and power of 

chemically patterned surfaces to the DSA of BCPs in a series of elegant studies (Figure 

1.3b) 24,34,35. Non-symmetrical structures using lithographically defined chemical 

patterns, like 90 degree bent line, were shown to direct the self-assembly of PS-b-

PMMA34. Also, lithographically defined chemical surface patterns with frequencies over 

twice as much as the BCP period were used to direct the lateral ordering of BCPs by the 

so-called density multiplication35. 

1.4. Thermal annealing and solvent vapor annealing 

As mentioned in previous section, BCPs in thin film geometry are demanded for a 

variety of applications.  Spin coating is generally used employed to coat the BCP thin 

film on silicon substrate with high uniformity across large areas. This rather simple 

coating process, however, creates a problem: the fast solvent evaporation traps the BCP 

chain into nonequilibrium, disorganized and poorly ordered states. Further treatments of 

as spun film are used to enhance the ordering of the BCP microdomains, either by 

thermal or solvent vapor annealing, which introduces the mobility to the polymer chain to 

facilitate microphase separation and annihilation of defects49.  



Thermal annealing is widely used to remove defects in as spun BCP thin film. In a 

typical thermal annealing process, BCP thin films are simply heated above its glass 

transition temperature of the respective blocks of the copolymer and hold at elevated 

temperature for a certain time, then cooled down to room temperature.  For example, PS-

b-PMMA BCPs are typically annealed at temperatures between 160 and 250 degree 

depending on its molecular weight.  Zone annealing, a more advanced form of thermal 

annealing, is also reported as a fast way to anneal out the defect in the BCP thin films37. 

In this method, the samples are annealed by passing them over heating and cooling zone 

to creat a sharp temperature gradient. However, this methodology typically heats the BCP 

high above its ODT, which is inaccessible for many BCPs with high χN, mainly due to 

the thermal degradation of BCP at high temperature.  Recently, researchers also used a 

method named cold zone annealing to anneal BCP thin films, where the samples are not 

required to be heat above its ODT38. This methodology, again, works well only for BCP 

systems where self-assembly process is not limited by slow chain kinetic, limiting it only 

applicable to BCP with low χ and small molecular weight.  

SVA is the other very useful technique to anneal the BCPs thin films, when ODT 

of BCPs is difficult or even impossible to observe experimentally due to thermal stability 

limits, which are very common for BCPs with high χ or large molecular weight. Although 

SVA of BCP thin films does not have a long history, it quickly becomes popular after the 

seminal work done by Russell group, where cylindrical forming polystyrene-block-

polyethylene oxide (PS-b-PEO) BCP self-assembled into highly ordered hexagonally 

packed PEO microdomains in a PS matrix after solvent vapor annealed in THF vapor22.    



SVA provides several advantages compared to thermal annealing. First, as 

mentioned before, solvent vapor annealing provides means to anneal BCPs that are 

sensitive to thermal degradation.  Second, the SVA is generally a more effective method 

to anneal out defects compared to thermal annealing of BCPs with same molecular 

weight39. Third, solvent vapor mediates the polymer/air surface energy and acts as neutral 

layer to both blocks40. Perpendicularly oriented cylindrical or lamellar microdomains 

were reported using only solvent vapor annealing without a neutral brush layer on the 

silicon substrate. Forth, by using selective solvent to anneal BCP film, asymmetric 

swelling of BCPs changes relative volume ratio between BCP blocks, thus changes the 

morphology of the BCP film. 

Figure 1.4 Two different set-ups of the solvent vapor-annealing chamber (a) closed jar 
annealing. (b) Carrying gas assisted solvent delivery annealing. 

SVA can be generally categorized into two main varieties depending on the way 

solvent vapor is introduced into the annealing chamber (shown in Figure 1.4), despite that 

various research groups used their own SVA set-up. In the first approach, the solvent is

kept in a solvent reservoir, and is placed inside an airtight chamber along with the BCP 



film (Figure 1.4a). Here, the amount of solvent in the reservoir, the surface area of the 

solvent, the volume of the chamber, temperature, humidity and annealing time determine 

the vapor pressure inside the chamber, which dictates the morphology of BCP thin film at 

its swollen state. Basically, any close systems, in which the certain solvent vapor pressure 

could build up, can be used as annealing chamber, making them widely adopted by many 

research groups. However, those rather simple set-ups are not ideal for controlling the 

vapor pressure in the chamber and difficult for controlled solvent removal after annealing 

is finished.  The SVA setup uses an inert carrier gas to deliver solvent vapor into the 

annealing chamber (Figure 1.4b). Instead of directly placing the solvent reservoir inside 

the chamber, a compress inert gas bubbles through the solvent reservoir, and carries the 

solvent vapors into the annealing chamber.  By changing the relative mixing ratio of 

solvent vapor rich inert gas with pure inert gas provides a convenient way to control the 

partial vapor pressure of solvent vapor inside the annealing chamber. In addition, shutting 

down solvent vapor rich inert gas, and purging the chamber with pure inert gas with 

controlled flow rate gives a simple way to remove solvent in the swollen film after the 

SVA is done. The disadvantage of this technique is that the highest vapor pressure inside 

the annealing chamber is rather limited, because the inert carrying gas dilutes the solvent 

vapor.  

Despite the wide use of solvent vapor annealing, a comprehensive understanding 

of the solvent vapor annealing process has not established.  One of the reasons for lack of 

understanding the SVA process is that, morphology of the BCP films are typically 

characterized after solvents being removed from swollen film. Detailed studies on the 

effects of each of these parameters on the morphology of BCP thin films are scarce, yet 



they are essential for a controlled annealing and to obtain the desired morphology. There 

are many other factors affecting the morphology of a BCP film in the swollen state and 

after removal of solvent vapor, for example, selectivity of the solvent, amount of swelling 

given to BCP film, solvent removal rates, film thickness, humidity, and temperature. 

Thus the first part of this thesis focuses on the understanding of the SVA of BCPs using 

real time measurements. A detailed study of the SVA of BCP will be discussed in chapter 

2. 

1.5.  Lithographic applications by BCP self-assembly 

The low-cost, high throughput, large area BCP lithography has great potential to 

extend Moore’s law longer for the semiconductor and data storage industries. 

Conventional photolithography based on 193nm UV lithography is used to fabricate large 

area semiconductor chips with features down to 22 nm. The further shrinkage of the 

feature size using photolithography is restricted by both the wavelength of the light 

source and resists41. While, E-beam lithography provides improved resolution, down to 

sub 10 nm, but is limited by low through-put and high fabrication costs. Nano-imprint 

lithography is viable for mass production of devices, but again requires the fabrication of 

an expensive master template, which relies on e-beam lithography. BCP lithography has 

been under extensive research both in academia and industry after the first demonstration 

of BCP lithography by Park et al, shown in Figure 1.5 42. After years of research and 

developments, now BCP lithography has been recognized by the International 

Technology Roadmap for Semiconductor (ITRS) as a possible candidate lithography 

technique to go beyond the 14nm node41. 



Figure 1.5 (a) Schematic of the pattern-transfer process from PS-b-PB to a silicon nitride 
substrate. (b,d)  Self-assembly BCP microdomain, (c,e) patterned silicon nitride 
nanostructures after pattern transfer. Adapted from reference 42. 

To take full advantage of the nanostructures offered by the DSA of BCPs, highly 

selective pattern transfer techniques with high fidelity are required. Typically, a two-steps

etching process is needed to transfer the self-assembled BCP pattern to other functional 

materials. In the first step, one block of the BCP is selectively removed to make an etch 

mask; and then the etch mask is further pattern transferred to other functional materials in 

the second step.  

Selectively removal block A from diblock copolymer A-B template is not a 

simple task. Most BCPs are made of organic materials, where it lacks etching contrast 

between different blocks. Simple oxygen RIE removes both organic polymer blocks at a 

similar rate, leaving a flat film that unsuitable for further pattern transfer.  Thus, different 



methods, depending on the chemical structure of BCP, have been to selectively remove 

minor block but not the other. For PS-b-PMMA BCP, a UV light selectively degrades the 

PMMA block and crosslinks the PS block at the same time43.  UV-ozone selective 

degrades PB block, thus can be used to treat polystyrene-block-polybutadiene (PS-b-PB) 

BCP to form PS etch mask42. For polystyrene-block-poly(lactide) (PS-b-PLA) BCP, a 

weak acid or base is used to selective degrade PLA block using a hydrolysis reaction, 

thus selectively removes PLA block leaving PS domain as etch mask44. But as for other 

organic BCP systems, PS-b-PEO and PS-b-P2VP/PS-b-P4VP BCPs, a reconstruction 

process is needed to enhance the etch contrast between two organic blocks which will be 

discussed in detail in chapter 3 and 4. 

 For inorganic containing BCP, the mask fabrication from BCPs is much easier. 

The inorganic containing block is resisting to oxygen reactive ion etching (RIE). A 

simple oxygen RIE treatment removes organic block, and converts the inorganic block 

into the inorganic oxides. For example, PS-b-PDMS, PS-b-PFS and polystyrene-block-

poly(methyl methacrylate hedral oligomeric silsesquioxane) (PS-b-PMAPOSS) were 

reported to form their respective inorganic oxides replicates the inorganic containing 

block, which can act as etch mask for the following etching step45-48.   A summary of 

chemical structures of commonly used BCPs were given in Table 1, as well as their 

Flory-Huggins parameters Table 249. 

After the etch mask being fabricated from self-assembled BCP patterns, a second 

step pattern transfer is carried out to transfer the mask to other functional materials. 

Different pattern transfer techniques, including dry etching, wet etching and ion beam 

etching, all have been used for pattern transfer of BCP etch mask to other materials.  



Among those three etching techniques, dry etch is typically used as a directional etch 

process since the etchant gas is ionized by a high radio frequency field and ions are 

accelerated towards the sample surface by an electrical field. The highly energetic ions 

can chemically react with the etch mask and substrate, and can also transfer their kinetic 

energy to physically remove material via a sputtering mechanism. The mask itself 

determines the lateral resolution of the transferred pattern. However, the achievable depth 

of etching profile is limited by the thickness of the mask material, the selectivity of the 

etching recipe, and the etch quality. An undercut below the mask material is one of the 

main challenges limiting to achieve high aspect ratio etching profiles. Also a limited 

mask thickness and poor selectivity make a pattern transfer difficult. Oxygen gas RIE is 

commonly employed to oxidize and remove organic polymer materials. For silicon (Si) 

and metals, fluorine based etch chemistry is required for pattern transfer, for example, 

SF6, C2F8, CHF3, etc., together with Ar gas. The etch rate varies depending on the 

different recipes. Typically, a higher radio frequency power (RF) increases the ion 

density and thus increases the etch rate. Ion milling is basically similar to the RIE 

etching, but it is a purely directional physical sputtering process. Argon (Ar) ions are 

typically used for the ion milling process. Dry etching is the preferred method for pattern 

transfer, as it is generally more controllable and generates less waste. Furthermore, dry 

etching avoids capillary induced pattern collapse of small polymer features and general 

shifting of features that can occur with wet processing50.   

 

 
 
 
 



 
 
 
 
 
 

Table 1.1 Chemical structure of various block copolymers49 
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Table 1.2 Flory-Huggins parameter for different block copolymers49 
 
 

Polymer name 
Flory-Huggins 

parameter 

χ at 25 

degree 

χ at 180 

degree 

χ after normalized by 

reference volume of 

118 Å51 

PS-b-PMMA52 4.46 T-1+0.028 ~0.043 ~0.038 3.5 T-1+0.022 

PS-b-PEO53 29.8 T-1-0.023 ~0.077 ~0.043 29.8 T-1-0.023 

PS-b-PI54 33 T-1-0.0228 ~0.088 ~0.050 59.1 T-1-0.071 

PS-b-P2VP55 63 T-1-0.033 ~0.178 ~0.106 N/A 

PS-b-PLA44 98.1 T-1-0.112 ~0.217 ~0.105 57.4 T-1-0.061 

PS-b-PDMS53 68 T-1+0.037 ~0.265 ~0.187 90.7 T-1-0.095 
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CHAPTER 2  

IN SITU X-RAY SCATTERING INVESTIGATION OF BCP 

SELF-ASSEMBLY DURING THE PROCESS OF SOLVENT 

VAPOR ANNEALING 

2.1. Introduction 

The self-assembly (SA) and directed self-assembly (DSA) of block copolymer 

(BCP) thin films have attracted significant interest as routes to generate nanostructured 

materials.  The ability to selectively remove one component or to do phase selective 

chemistries in the nanoscopic microdomains of the BCP have enabled applications 

ranging from templates for pattern transfer1-4, used in the microelectronics industry to 

generate low dielectric constant materials,  to scaffolds for the fabrication of nanoscopic 

inorganic elements5,6, used for the generation of surface plasma or magnetic elements7, to 

simple porous films, used for the realization of membranes with well-defined pore sizes, 

used as separations media for virus particles8,9.  By controlling the lateral ordering of the 

microdomains, i.e. directing the self-assembly of the microdomains, by tailoring 

interfacial interactions or the topography of the substrate, highly ordered arrays of the 

microdomains can be achieved that are addressable10-14. With microdomains that can be 

as small as ~3 nm, areal densities of the elements can exceed 10 Tera dots/in2, which for 

bit patterned media applications in the storage industry, has generated significant 

interest14. Achieving microdomain morphologies with the desired orientation and lateral 

ordering over large areas mandates controlling the interactions of each block of the BCP 



with the substrate and air interfaces, the surface topography and chemistry, and sufficient 

mobility to the polymer to laterally order in a rapid manner.   

Achieving lateral order in thin films of BCPs typically requires thermal annealing 

or solvent vapor annealing (SVA).  In a thermal annealing experiment, the BCP film is 

heated to temperatures above the glass transition temperatures (Tg) of both blocks, 

imparting mobility to the BCP to enable SA or DSA.  If the BCPs have a rigid backbone, 

as in the case of brush block copolymers, diffusion is rapid and lateral ordering can be 

achieved rapidly, even with very high molecular weights15. For BCPs with flexible 

backbones, diffusion processes are slow, even at elevated temperatures, due to chain 

entanglements, and achieving long-range lateral ordering can be time consuming16.  To 

circumvent this, solvent annealing processes have been used where, by placing the BCP 

film in a solvent vapor atmosphere, the solvent swells the BCP film, reducing the Tg of 

the BCP and markedly enhancing the mobility. Consequently, long-range lateral ordering 

of the BCP can be achieved at room temperature within minutes. Both low molecular 

weight solvents and super critical CO2 have been used to achieve this17.   

SVA is more complex than thermal annealing. The swelling of the BCP can cause 

changes in the morphology, due to differences in the solubility of the solvent in different 

blocks, leading to changes in the volume fractions of the components, as well as the 

interactions between the blocks. While mobility is enhanced, the period of the swollen 

BCP morphology has changed. The solvent also mediates interactions of the blocks with 

the substrate, the surface energies of the swollen blocks, and the segmental interactions 

between the blocks. If the solvent is neutral, i.e. equally soluble in both blocks, the 

solvent molecules screen non-favorable interactions between the segments of the two 



blocks causing changes in the configuration of the chains anchored to the interface 

between the microdomains18.  If, on the other hand, the solvent is highly selective to one 

block, then the non-favorable interactions can be increased19,20. Depending on the vapor 

pressure of the solvent, the concentration of the solvent in the BCP film will vary and, if 

the concentration is sufficiently high, the BCP can be driven into the disordered state.  If 

the BCP is disordered, then, as solvent is removed, the BCP orders at the air surface 

initially. Lateral ordering at the surface occurs, due to the high mobility of the ordered 

surface layer. As solvent is continuously removed, an ordering front propagates into the 

film that is templated by the microdomains formed initially at the surface21. 

Consequently, lateral ordering and orientation of the microdomains result. If the swollen 

BCP remains microphase separated, then enthalpic interactions between the segments of 

the blocks and entropic penalties associated with the packing of the chains at the substrate 

and air interfaces will dictate the period of BCP and the lateral ordering. The 

concentration of the solvent in the BCP on the other hand determines the chain mobility. 

High concentration of the solvent guarantees the increased mobility, which leads to a 

faster response of the BCP chains and allows for larger gain sizes. 

Gradually removing a solvent from a BCP dilute solution to enhance the ordering 

of BCP microdomains is well established in the bulk. Hashimoto and coworkers, and 

Thomas and coworkers, for example, used exceptionally slow solvent evaporation to 

generate highly ordered BCP microdomains for small angle X-ray scattering and electron 

microscopy studies22-25.  In thin films, the use of a solvent to control the ordering and 

orientation of BCP microdomains was first reported by Kim and Libera where, for 

triblock copolymers of poly(styrene)-block-poly(butadiene)-block-poly(styrene), the 



morphology strongly depended on the solution casting conditions26.  Different solvent 

evaporation rates resulted in different orientations of the cylindrical microdomains, either 

in-plane or out-of-plane. Lin et al. found that for polystyrene-block-polyethylene oxide 

(PS-b-PEO) the orientation of the BCP microdomains normal to the film surface in thick 

films could be achieved by controlled solvent evaporation27. Kim et al., using in situ 

grazing incidence x-ray scattering, showed that PS-b-PEO self-assembled into highly 

ordered hexagonally packed PEO microdomains in a PS matrix after the BCP thin film 

was annealed in benzene or in water/benzene vapors21. With benzene, the film is driven 

into the disordered state and a highly ordered and oriented array of BCP microdomains 

was achieved.  With water/benzene, two immiscible solvents, a single layer of micelles 

formed that laterally ordered and, upon solvent removal, produced cylindrical domains 

oriented normal to the film surface. SVA has since been widely used to generate ordered 

morphologies in BCP thin films. Ross and coworkers, Kramer and coworkers, and others 

have investigated solvent annealing process of PS-b-PDMS and PS-b-P2VP/PS-b-

PEO11,28-36. Albert et al. investigated the effect of solvent removal rate on the 

morphology of triblock copolymer thin films by ex situ scanning force microscopy (SFM) 

37. As with Kim and Libera, different orientations of the microdomains were found, 

depending on the solvent removal rates. In situ SFM was also used to image the 

morphology change during the SVA38. In situ x-ray scattering was used by Papadakis and 

coworkers to monitor the SVA induced ordering of lamellae-forming polystyrene-block-

poly(methyl methacrylate) (PS-b-PMMA) using toluene or cyclohexane 39-42. Ober and 

coworkers observed a transition from a cylindrical to spherical microdomain morphology 

in a selective solvent by using in situ x-ray scattering 43. Russell and coworkers have used 



in situ GISAXS to investigate the ordering of BCPs during SVA for a range of different 

BCPs 44-47.  The SVA in thin BCP has recently been extensively reviewed by Sinturel et 

al48. 

Yet, there are still questions that remain unanswered that may limit this very 

promising route to orient and order BCPs.  When a neutral solvent is introduced to a 

BCP, the period of the BCP will decrease and the lateral dimension, e.g. length of 

cylinder, will increase. The BCP, though, is laterally confined to the area of the substrate, 

resulting in an incommensurability with the decreasing period of the BCP during 

swelling. The reduced period results from a relaxation of the BCP chains at the interface 

between the microdomains, giving rise to an increase in the area occupied by the chains 

at the interface. This effect has been observed in previous studies on bulk phases22. The 

confinement in thin films, however, results in an incommensurability as soon as the 

period changes that will not be observed in bulk. When the BCP film is swollen, the total 

volume of the film increases and, due to the lateral confinement, the film thickness 

increases, since the occupied surface area on the substrate remains fixed. The swelling 

ratio (SR) is the thickness of the swollen film divided by the original thickness. For 

microdomains oriented normal to the surface, this thickness change can be 

accommodated by the translational diffusion of the BCP chains along the interface 

between the microdomains. However, when the microdomains are oriented parallel to the 

substrate, there is an incommensurability between the swollen film thickness and the 

period of the swollen BCP microdomains. Consequently, there must be a re-distribution 

of BCP chains in the film, the generation of more microdomains, and the appearance of a 

surface topography. Upon solvent removal, the mobility of the BCP chains in a 



microphase separated environment and the reformation of microdomains are critical in 

defining the final morphology of the dried film. 

This chapter contains a systematic study of the self-assembly of cylinder-forming 

PS-b-P2VP BCPs during the process of SVA in THF (a near neutral solvent) vapor. In 

situ GISAXS experiments were performed during the swelling of the BCP films and as 

the solvent was removed in a controlled manner.  The characteristics of the BCP film 

during swelling and de-swelling processes were determined, providing insights into the 

SVA and de-swelling processes and the impact on the lateral ordering of the BCP 

microdomains. BCP with different molecular weights were also investigated to 

understand how the molecular weight influences the solvent annealing process. Finally, a 

comparison of thermal annealing and solvent vapor annealing is discussed here.   

2.2. Experimental  

2.2.1. Materials and sample preparation 

In this study, PS-b-P2VP BCPs were purchased from Polymer Source Inc. and 

used without further purification. The BCP samples are listed in table 2.1. 

Tetrahydrofuran (THF), toluene and ethanol were purchased from Sigma-Aldrich and 

used without further purification.  BCPs were dissolved in a mixture of THF and toluene 

to form a uniform solution and then stirred overnight before use. Thin films of BCPs 

were prepared by spin coating the respective BCP solutions on to oxygen plasma cleaned 

silicon wafer substrates. Typical spin coating speeds were 2000/3000/4000 revolutions 

per minute (rpm) for 45 seconds at a ramp rate of 1500 rpm per second. Varying the 



concentration of the block copolymer solution and the spin coating speeds controls the 

film thicknesses of coated samples. The 5 cm by 5cm as-spun films were cut into 1.5cm 

by 1.5cm pieces and were then used for further experiments to ensure consistent film 

thickness and morphology across different samples. 

Table 2.1: List of BCPs with different molecular weights used in this study 

 

Name Molecular 
weight* 

Volume 
fraction of P2VP PDI 

PS-b-P2VP 22k 14.8-b-6.5 28.8% 1.05 

PS-b-P2VP 27k 18.0-b-9.0 31.5% 1.08 

PS-b-P2VP 34k 23.6-b-10.4 28.9% 1.04 

PS-b-P2VP 43k 30.0-b-12.5 27.7% 1.06 

PS-b-P2VP 58k 40.0-b-18.0 29.3% 1.07 

PS-b-P2VP 115k 79.0-b-36.5 29.8% 1.05 

PS-b-P2VP 275k 185.0-b-
90.0 30.9% 1.10 

* Molecular weights of BCPs are provided by Polymer Source Inc. 



2.2.2. Custom built solvent vapor annealing chamber 

 

Schematic 2.1 In situ X-ray scattering experiment set-up. 

The BCP films were placed in a custom-designed solvent vapor-annealing 

chamber to carry out real-time in situ GISAXS at 23±0.5oC as solvent vapor was added 

or removed (shown in Schematic 2.1). Kapton windows (~100 um thick) on the front and 

rear of the chamber allowed the x-rays to enter and exit the chamber, respectively. A 

quartz window on top of the sample chamber allowed the film thickness to be measured 

in real-time using an optical interferometer (Filmetrics F20). THF vapor was introduced 

into the chamber (as shown) using N2 as the carrier gas.  Two gas streams, a pure N2 gas 

and a THF-rich N2, were mixed before flowing into the annealing chamber, so that the 

vapor pressure could be controlled. The fraction of solvent vapor in the experimental cell, 

i.e. the partial pressure and vapor pressure of THF, could be varied by adjusting the 

relative flow rates of the pure and THF-rich N2
49. This design also enabled the removal of 

solvent vapor inside the chamber by closing the THF-saturated vapor inlet and purging 

the chamber with pure N2. The rate of solvent removal from the chamber was controlled 



by varying the flow-rate of pure N2 into the chamber.  Flow rates varied from 5 standard 

cubical center meter per minute (sccm) to 50 sccm for slow to rapid removal of the 

solvent, respectively.   

2.2.3. Grazing incidence small angle X-ray scattering 

Grazing incidence small angle X-ray scattering (GISAXS) measurements were 

performed at Beamline 7.3.3 at the Advanced Light Source, Lawrence Berkeley National 

Laboratory, at a constant X-ray energy of 10 keV. The exposure time to collect each 

scattering profile was 20 s. After two exposures, the sample was moved to a fresh area to 

minimize errors due to beam damage of the sample. The sample-to-detector distance and, 

hence, scattering vector was calibrated using a silver behenate standard.  The incidence 

angle between x-rays and the sample surface was changed between 0.14o and 0.16o 

depending on the different samples. Scattering profiles were recorded on a Pilatus 1M 2-

D area detector.   

The data reduction of scattering profiles was performed using “Nika”, an Igor 

(Wave Metrics Inc.) based software package developed by a beamline scientist at the 

Advanced Photon Source, Argonne National Laboratory 

(http://usaxs.xray.aps.anl.gov/staff/ilavsky/nika.html) 50. The 2-D scattering data was 

reduced to a 1-D scattering profile by slicing the 2-D scattering pattern in the in-plane 

direction, where the scattering intensity is plotted vs. the scattering vector. The in-plane 

scattering pattern was then fitted by using a Gaussian function according to equation 

(2.1), as shown in Figure 2.1. 



                                                    (2.1)

The fitted Gaussian peak gives the peak position, corresponding to the periodicity 

of the BCP microdomain, and the FWHM, corresponding to the grain size of assemble 

BCP microdomain.  The 2-D scattering profiles in the out of plane direction were 

simulated in the frame of the Distorted-Wave Born Approximation (DWBA) using 

HipGISAXS which was developed by Alexander Hexemer at the Advanced Light 

Source at Lawrence Berkeley National Laboratory51. 

Figure 2.1 Typical scattering profile (open spheres) in qy direction along with the 
corresponding fit (solid red line) to equation (2.1) 
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2.2.4. Film thickness measurements by optical interferometry 

The real time measurement of the BCP film thickness was carried out using 

Filmetrics interferometer model F20 (Filmetrics Inc.). The interferometer use light wave 

interference effect to characterize the film thickness and reflective index of the BCP thin 

film. The interferometer was built onto the chamber to fix the optical axis. Each film 

thickness measurement takes less than a second.  The film thickness data was collected at 

an interval of 10 seconds and automatically stored in the software. 

2.2.5. Surface morphology measurement 

The surface morphology of the BCP thin films was characterized by a Veeco 

Nanoscope 3a scanning force microscope (SFM) in tapping mode and a Zeiss Ultra 60 

field emission scanning electron microscope (SEM). 

The SFM was used to image the top surface morphology of the BCP sample in the 

tapping mode.   The samples were reconstructed in ethanol and etched in oxygen plasma, 

to enhance the contrast for SEM measurements. Solvent annealed samples were 

reconstructed in ethanol for 10min, then etched in oxygen plasma for 10 s (Oxford 

Instruments plasma lab 100, 10 mTorr, 20 sccm O2, 75 W) to enhance the electron 

density contrast between PS and P2VP domains 4. The sample surfaces were coated by 3 

nm layer of gold to reduce the charging effect by SEM. The SEM images were further 

processed by Matlab (Mathworks Inc.) to code the orientation of the microdomains with 

different colors to aid in viewing the grains of the microdomains. 

The top surface of BCP thin films was characterized by a Zeiss interference 

optical microscope. 



2.2.6. Molecular weight characterization by GPC 

The molecular weight of copolymer was determined by use of an Agilent 1200 

Series HPLC equipped with a refractive index detector. A PLgel 10-μm miniMIX-B 250 

×4.6 mm column (Varian, Inc.) was employed with dimethylformamide (DMF) eluent 

(0.3 mL/min) and calibrated by using polystyrene standard samples (Agilent 

Technologies) in DMF with molecular weights ranging from 500 to 6 870 000 g/mol. 

2.3. Results and discussion 

2.3.1. SVA of BCP thin films: the swelling process 

 



Figure 2.2 GISAXS scattering patterns of a swollen BCP film at different times. The 
indicated volume ratio corresponds to the swelling ratio as determined from the increase 
of film thickness during annealing. 

 

A PS-b-P2VP 34k BCP thin film with an initial film thickness of 85nm was 

annealed in the THF vapor using the custom built annealing chamber. A series of 

GISAXS profiles obtained as a function of time during swelling is shown in Figure 2.2. 

The scattering profile of the as-spun PS-b-P2VP thin film (t0) shows a well-defined, but 

diffuse reflection, at a Bragg spacing of 23.2 nm.  This distance is much less than the 

equilibrium period of this BCP in the bulk of 28.0 nm.  The full width at half maximum 

(FWHM) of ~6.5 x 10-2 nm-1, which, using the Scherrer analysis, corresponds to a 

characteristic persistence of the interference of 87 nm, indicates that the order is only 

short range52.  The slight bowing of the reflections indicates that there are interferences 

out of the sample plane and that the morphology is not well developed.  During the first 8 

minutes of exposure to THF vapor the film thickness has increased by 20%, indicating a 

swelling of the film with THF, but the scattering profiles did not change significantly. 

However, a close examination of the profile shows that the extension of the scattering 

normal to the surface has decreased. During this time period, the glass transition 

temperature (Tg) of the swollen BCP decreased below room temperature, imparting 

mobility to the BCP.  The Tg of the 20% swollen BCP, estimated from the Fox-Flory 

equation (equation 2.2), is calculated to be ~18oC, which is below room temperature 

(Figure 2.3) 53. The Tg of the BCP in the swollen state can be predicted by the Flory-Fox 

equation: 

           (2.2) 



where  is the concentration of polymer in the swollen film,  is the density of the PS 

~ 1.0 g/cm3,   is the density of the THF ~ 0.889 g/cm3 and Tg,THF =130K,

Tg,PS=373K. 

Figure 2.3 Predicted values for the glass transition temperature of PS-b-P2VP block 
copolymers swelled by different amounts of THF according to the Flory-Fox equation 
2.2.

After 8 min (t1), the reflection shifts to smaller qy, larger spacing in-plane, with 

the bowing of the reflection in qz being still evident. With increasing annealing time (t2), 

the reflection broadens further, with a ring of scattering developing, indicating a further 

re-organization and disordering of the BCP.  However, as the swelling of the BCP film 

continues (t3), the GISAXS reflection continues to shift to smaller qy, corresponding to a 

larger in-plane spacing, intensifies, and sharpens considerably (FWHM decreasing 

significantly) with an interference maximum being seen at qy = 0.241 nm-1, 

corresponding to a distance of 26.0 nm. With further swelling (t4), the reflection 

maintains its overall shape, but shifts slightly to larger qy, while the FWHM decreases 



slightly. After swelling for 48 min (a final swelling ratio of 1.53), the solvent was rapidly 

removed by removing the top cover of the chamber to maximize the rate of evaporation 

of the solvent.  The scattering pattern was stretched in the qz direction, due to the reduced 

film thickness. In addition, the domain spacing and the FWHM increased slightly, 

indicating the introduction of some disorder during the solvent removal process.  The 

intensity of the scattering also increased as a consequence of the increased contrast 

between the microdomains due to the solvent removal. It should be noted that reflections 

characteristic of a hexagonal packing of the microdomains parallel to the surface of the 

film were not observed, indicating that the consecutive layers of the cylindrical 

microdomains were not in register. 

 

Figure 2.4 In situ GISAXS measurement of an as spun PS-b-P2VP film during solvent 
vapor Annealing in THF.  Domain spacing (filled triangle), FWHM (filled circle), film 
thickness (solid line) vs. annealing time. 



The scattering along qy was further analyzed by fitting the intensity profiles along 

qy, i.e. in the in-plane direction, to a Gaussian function so that the peak position and 

FWHM could be quantitatively determined. The Bragg spacing determined from the peak 

position, the FWHM and the film thickness are plotted together in Figure 2.4.  From these 

data, an apparent induction period is observed up to t1=8min, followed by a sharp 

increase in the spacing with little change to the FWHM up to t2=13min, then a further 

increase of the spacing with a sharpening of the reflection (t3=22nm), and then a slight 

decrease in the Bragg spacing, along with a further narrowing of the reflection 

(t4=46min). 

 

Figure 2.5 Ln of domain spacing of BCP in figure 2.4 as a function of ln of volume 
fraction polymer in the swollen film as calculated from the film thickness data shown in 
Figure 2.4. 



In Figure 2.5 these data are plotted in a ln-ln manner.  The different regimes 

encountered during the swelling process, as described above, are noted. These different 

regimes reflect the initial mobilization of the BCP chains due to the introduction of the 

solvent, the increase in the period as the BCP microdomains transition from the 

kinetically-trapped, spin-coated morphology, and the final decrease in the period at 

longer times, due to a relaxation of the BCP chains at the interfaces of the microdomains 

arising from the mediation of segmental interactions by the solvent. Plotted in this 

manner, it is very evident that the decrease in the period with increasing solvent 

concentration (from t3 to t4) follows a power law behavior with an exponent of 0.64 

(~2/3).  This exponent is much larger than that reported previously by Hashimoto and 

coworkers22 and Lodge and coworkers54, where the period of the lamellar microdomain 

morphology varied with the volume fraction of BCP as 1/3.   

The observed changes in the period can be described using mean-field theory 

arguments in the intermediate segregation regime, coupled with a concentration 

dependent interaction parameter (beyond the dilution approximation) 55,56. The total 

number of BCP repeat units N is ~ 330. The temperature dependence of the Flory-

Huggins segmental interaction parameter of PS-b-P2VP in the bulk (dry) was reported as 

57: 

                                      (2.3) 

At T=23oC,  ~ 0.18, and N ~ 59 in the dry state corresponding to a BCP in the 

strong segregation regime. When the BCP is swollen by a neutral solvent, using the 

dilution approximation, the effective  is given by  



          (2.4) 

If the dilution approximation holds, β=1,  varies linearly with 

 the BCP volume fraction. Lodge and coworkers found that the dilution 

approximation failed 54,56 and β values varying from 1.3 to 1.6 could describe their 

results. Now, for the swollen BCP, N ~ 30, which corresponds to a BCP in the 

intermediate segregation regime, the repeat period is given by 55 

                                   (2.5) 

And with , then, by substitution, 

                                     (2.6) 

If β varies from 1.3 to 1.6 and α = 0.40, which is predicted in case of intermediate 

segregation 55, then 

                                                   (2.7) 

It agrees well with our observations.  



 
Figure 2.6 Comparison between experimental data, (a), (e), and simulated 2D GISAXS 
patterns of the first order reflection (b-d),(f-h). (a)-(d) correspond to the swollen state and 
(e)-(h) to the films after solvent removal. 

 



2D GISAXS patterns were further analyzed by simulation in the framework of the 

Distorted-Wave Born Approximation (DWBA) using HipGISAXS to obtain information 

on the structure in the out-of-plane direction 51. For the simulations a distribution for the 

domain spacing around 25 nm, a distribution for the grain size around 150 nm, and a 

cylinder diameter of 8 nm were used as input parameters. A different film thickness was 

used for the swollen film (125 nm) and the dried film (85 nm). To match the simulated 

GISAXS patterns with the experimental data we varied the number of layers in the out of 

plane direction. The simulations and experimental results are shown in Figure 2.6. For the 

swollen state we found good agreement between the simulated scattering profiles (Figure 

2.6 c) and experimental data (Figure 2.6 a) for a film consisting of five layers of 

cylindrical microdomains oriented parallel to the substrate, while simulated patterns for 

films of four or six layer clearly deviated from the experimental data. Comparison of the 

experimental data for the swollen and the dried film (Figure 2.6 a,e) shows that solvent 

removal changed the microdomain structure in the out-of-plane direction as indicated by 

the change of relative peak positions in the qz direction. To account for these changes the 

distribution of the distances between different layers was varied in the simulations for the 

dried films. The simulated patterns corresponding to five layer and six layers (Figure 2.6 

f,g) both agree with the experimental data (Figure 2.6 e) according to the relative peak 

positions. It should be noted that that the layers are uncorrelated, since the reflections 

characteristic of a hexagonal packing of cylindrical microdomains are not observed. The 

differences in the relative peak intensities can be due to an elliptical distortion of the 

cylindrical microdomains in the out-of-plane direction that was not accounted for in the 

simulations. 



As discussed in this section, swelling of a BCP thin film in a neutral solvent not 

only reduces Tg of the BCP thin film, but also reduces the effective Flory-Huggins 

parameter, which is resulting in a faster kinetics of the self-assembly process57. 

2.3.2.  SVA of BCP thin films: the process of solvent removal  

 

Figure 2.7 Results of in situ GISAXS experiments during SVA of BCP samples at three 
different solvent removal rates. Domain spacing, FWHM, film thickness (solid lines) vs. 
annealing time. The filled symbols correspond to the swelling, whereas the open symbols 
correspond to the solvent removal. 

 

Furthermore, we studied the influence of the rate of solvent removal on the 

ordering of BCP microdomains. Three different BCP samples were annealed in THF for 

45 min to a swelling ratio of ~1.53. The solvent was then removed from the chamber at 



different rates. First, a very rapid removal of the solvent was achieved by opening the 

chamber top cover; the solvent vapor was removed within less than 1 sec. Two additional 

solvent removal rates were realized by flowing pure N2 into the chamber at rates of 11.0 

and 49.2 sccm, corresponding approximately to reductions in the swollen film thickness 

of 1 nm/min and 5 nm/min, respectively.  The characteristics of the BCP microdomains 

for these three rates of solvent removal are shown in Figure 2.7. The data are coincident 

during the swelling, indicative of the reproducibility of the swelling process.  When the 

solvent is very rapidly removed, the Tg of the film increases above room temperature 

almost instantly, kinetically trapping the morphology, where the lateral ordering of BCP 

thin film is the best.  However, as shown, the period increases slightly and the FWHM 

increases, indicating that the BCP has undergone some re-organization and there is some 

disordering of the BCP microdomains. By controlling the rate of solvent removal with a 

nitrogen flow of 49.2 sccm, the domain spacing increases with increasing BCP 

concentration to a value of 27.2 nm when the film thickness was 105 nm or at a swelling 

ratio of 1.25, whereupon no further increase in the period was observed.  The increase in 

the period results from an increase in the effective χ, which causes the BCP chains to 

stretch at the interface. At a swelling ratio of 1.25, the Tg of the swollen BCP films is 

~5oC (assuming a uniform distribution of solvent in the film). However, since the 

concentration of solvent is lowest at the surface of the film, the Tg at the film surface will 

be well above room temperature, retarding changes to the morphology.  Throughout the 

solvent removal process, the period and FWHM increase indicating a reorganization of 

the BCP microdomains as the solvent is removed. The competition between the rate of 

re-organization of the BCP microdomains and the increase in the Tg is reflected in the 



larger period (27.2 nm) observed before re-organization ceases. At the lower nitrogen 

flow rate of 11.0 sccm, an even further relaxation of the BCP microdomains is observed.  

Again, at a swelling ratio of 1.25, changes in the period cease and a final, somewhat 

larger period (28.0 nm) were observed.  The FWHM is not significantly different from 

that seen with the more rapid solvent removal rate, though both are larger than that found 

in the rapid solvent removal case, indicating more disordering were introduced to the 

BCP film at the slower solvent removal process. 

 

Figure 2.8 Domain spacing of PS-b-P2VP as a function of the volume fraction of the 
BCP in the swollen film for different solvent removal rates. The filled symbols 
correspond to the swelling, whereas the open symbols correspond to the solvent removal. 

 

It was noted that the swelling of BCP film could be described by mean field 

arguments, coupled with modified dilution approximation in equation (2.4) by Lodge, for 



a BCP in the weak segregation limit.  As shown in Figure 2.8, these arguments also hold 

for the de-swelling process at the initial stages of solvent removal. In the log-log plot, as 

the solvent is removed, ln(D) varies linearly with ln(ϕBCP) down to a swelling ratio that 

depends on the solvent removal rate. The more rapid the solvent removal, the cooler will 

be the surface of the film, and the sooner will long-range motions cease, freezing in the 

morphology. For the two different solvent removal rates used, a power-law exponent of 

0.64 is found, which is well within the range set in equation (2.7).  Both the vitrification 

of the film and the shifting of the BCP from the weak to the strong segregation limit will 

cause deviations from this behavior.  

Figure 2.9 SFM Phase images of BCP thin films after SVA. (a) rapid solvent removal 
corresponding to t5 in Figure 2.8, (b) nitrogen flow rate of 49.2 sccm (5 nm/min) 
corresponding to t5’ in Figure 2.8 and (c) nitrogen flow rate of 11.0 sccm (1 nm/min) 
corresponding to t5‘’ in Figure 2.8.    

The surface morphologies of the dried BCP samples, where the solvent removal 

rate was varied, were investigated by atomic force microscopy. The results of these 

studies are shown in Figure 2.9. In all cases, a fingerprint type of pattern was observed in 

the phase image, indicating that the cylindrical microdomains of P2VP are oriented 

parallel to the surface of the film. The corresponding height images showed some slight 

changes in the surface roughness.  The spin coated film had an rms roughness of ~0.23 



nm, while the films with decreasing rates of solvent removal (rapid, 5 nm/min and 1 

nm/min) had roughness of 0.34, 0.58 and 0.68 nm, respectively.  These results can be 

understood in terms of the time the BCPs are provided to re-organize during the solvent 

removal process. With the rapid solvent removal the best ordering was achieved where 

the samples were swollen and the rapid removal of the solvent froze-in this morphology.  

As the solvent is removed, non-favorable segmental interactions increase, the period of 

the microdomains increases, the extent to which the BCP chains are stretched at the 

interface increase, and the BCP must undergo a re-organization over the entire surface of 

the film to accommodate the incommensurability between the surface area and changing 

period of the BCP. 

As swelling occurs, the thickness of the film increases linearly with the amount of 

solvent taken up in the film, placing an additional constraint on the systems due to the 

commensurability between the period of the swollen BCP microdomains and the swollen 

film thickness. Consequently, in addition to the changes in the period of the 

microdomains, topographic features must also appear during swelling, when the 

stretching of the BCP chains costs more energy than generating the additional surface 

area due to the topography.  Islands are observed on the surface of the swollen film for 

high swelling ratios (>1.5). Interference optical microscopy measurements (see Figure 

2.10) show the discrete surface topography with heights of ~√3/2 L0 /SR, where SR is the 

swelling ratio. For example, for a film with a thickness of 42nm (~1.5L0), the step height 

of the islands, on a film that was rapidly dried after swelling to an SR of 1.5, were 14.5 

nm (see Figure 2.11). This value agreed well with the value of the step height according 

to √3/2 L0 /1.5=14.7 nm. 



Figure 2.10 OM of 45nm thin film PS-b-P2VP annealed in THF with SR 1.5 for 1h.  

Figure 2.11 SFM Step height measurement of the islands formed by solvent vapor 
annealing.  

2.3.3. SVA of BCP thin films: the influence of the processing history  

The morphology of as-spun BCP thin film samples depends on the solvent used to 

prepare the polymer solution and coating methods58. A low boiling point solvent 

evaporates much faster during the coating process, thus the polymer chain has less time 

to relax, resulting in a kinetically trapped morphology. Park et al. reported that thin films 



of poly(styrene-block-4-vinylpyridine) (PS-b-P4VP) dissolved in mixtures of toluene and 

tetrahydrofuran (THF) with different mixture ratio resulted in different micellar structures 

after coating on a silicon substrate58.  Kim et al. found that the morphology of BCP thin 

films, having cylindrical microdomains oriented parallel or normal to the substrate, 

depends on the evaporation speed of solvent during the coating process of SBS thin 

films59. The influence of the processing history of a block copolymer thin film on its final 

morphology after SVA remains unclear.  Here, we used in situ grazing incidence small-

angle X-ray scattering (GISAXS) to investigate the ordering process of PS-b-P2VP 34k 

thin films with different processing histories during SVA. We studied BCPs both with 

initially disordered microdomains (as-spun film) and initially ordered microdomains 

(film after annealing in THF vapor).   

 

Table 2.2 Different process histories for BCP PS-b-P2VP 34k  
 
Sample 

name 
PH-1 PH-2 PH-3 

Processi

ng history 

As-spun PS-b-

P2VP 34k film 

As-spun PS-b-

P2VP 34k film + SVA 

with instantaneous 

solvent removal 

As-spun PS-b-

P2VP 34k film +SVA 

with slow solvent 

removal 

 

Three BCP thin film samples with same film thickness but different processing 

histories were studied here (see table 2.2).  The first sample was an as-spun PS-b-P2VP 

thin film on a silicon substrate (PH-1).  The second sample was a PS-b-P2VP thin film 



spin coated onto a silicon substrate, subsequently annealed in THF for 1h to a swelling 

ratio (SR) of 1.5, and the solvent vapor was then removed instantaneously (PH-2). The 

last sample was a PS-b-P2VP sample spin coated onto silicon, subsequently annealed in 

THF for 1h at again a SR of 1.5, and then the solvent vapor was slowly removed from the 

sample at a solvent removal rate of 2nm/min from a film with a thickness of 95 nm in the 

swollen state (PH-3).   

All samples were characterized by SFM and GISAXS before the in situ scattering 

experiment. As shown in Figure 2.12, the as-spun sample (PH-1) showed randomly 

oriented, microdomains with short-range ordering. During the spin coating process, 

solvent vapor evaporates rapidly, thus the polymer chain is kinetically trapped in its 

disordered state (Figure 2.12). This was further confirmed by GISAXS (Figure 2.13).  As 

expected, the as-spun film showed only one broad Bragg peak with full width at half 

maximum (FWHM) of 6.2×10-2 nm-1, indicating short ranged order of microdomains 

(Figure 2.13). Sample PH-2 showed ordered cylindrical microdomains oriented parallel 

to the substrate with a domain spacing of 26.1 nm (Figure 2.12c). The ordered state of the 

microdomain also is reflected by the relatively narrower FWHM ~ 2.6 X10-2 nm-1 of the 

first order peak in the scattering data (Figure2.13). Sample PH-3 also showed ordered 

cylindrical microdomain oriented parallel to the substrate, but with a larger domain 

spacing of 27.8 nm compared to PH-2 (Figure 2.12e).  Those three samples represent 

three different processing histories of PS-b-P2VP thin films, and were studied during 

SVA in THF by means of in situ GISAXS experiments. 



Figure 2.12 SFM images of samples with different processing history. Sample PH-1, 
before in situ experiment (a) and after in situ experiment (b). Sample PH-2, before in situ 
experiment (c) and after in situ experiment (d).  Sample PH-3, before in situ experiment 
(e) and after in situ experiment (f). 



 

Figure 2.13 Scattering profiles of PS-b-P2VP with different processing history before and 
after SVA in THF.  

 

All three samples were annealed in THF vapor to a swelling ratio of 1.47 for 30 

min then followed by a slow solvent removal at a rate of 2.2 nm/min for 15 min (see 

Figure 2.15 for film thickness data).  During the SVA, the scattering profiles of the 

swollen films were recorded by a two dimensional area detector and further analyzed 

using the fitting routing as described previously.  The intensity profiles, I vs. qy, are 

plotted for different annealing times in Figure 2.14.  

 



 

Figure 2.14 Temporal evolution of the in-plane scattering profiles for sample PH-1 (a), 
PH-2 (b), and PH-3(c). Data at different times were shifted vertically for clarity. 



Figure 2.15  Results of in situ GISAXS experiments during SVA of BCP samples with 
different processing histories. Domain spacing, FWHM, and film thickness plotted vs. 
annealing time.  (a) Sample PH-1, (b) Sample PH-2 (c) Sample PH-3 (d) All three 
samples plotted together. 

The analyzed data, domain spacing, FWHM and film thickness, are plotted in 

Figure 2.15.  Figure 2.15a revealed the ordering process for sample PH-1, an as-spun 

sample.  The period of the microphase separated BCP increased initially during exposure 

to THF vapor (0~13 min), subsequently reached a maximum, and finally decreased. The 

period reached a plateau as soon as the changes in the film thickness ceased (13~30 min). 

By removing the solvent at a rate of ~ 2.2 nm/min, the period of the microphase separated 

morphology was found to increase with increasing block copolymer concentration, then it 

also plateaued at 28.2nm (31~45min).  The ordering of PH-1 improves dramatically at 



13min as indicated by a rapid drop of the FWHM from 7×10-2 nm-1 to 2×10-2 nm-1. The 

drop of domain spacing arises from a screening of unfavorable interactions between the 

different blocks by the neutral solvent. Sample PH-2 retained its ordered cylindrical 

microdomains throughout the annealing process as indicated by a relatively low FWHM 

value (~ below 3×10-2 nm-1). The domain spacing of the swollen polymer film also 

changed for different solvent concentrations in the swollen film for PH-2.  During the 

annealing process, the domain spacing initially increased (0~7 min), and then decreased 

to a value of 25.8 nm.  During the solvent removal process, PH-2 showed the same 

behavior as PH-1. The domain spacing increased continuously when solvent was 

removed from the swollen film until it reached a plateau (~28.2 nm).  Sample PH-3 also 

had initially ordered microdomains as sample PH-2 but it showed a different behavior 

then PH-2 during swelling.  During the initial swelling process (0~8 min), the domain 

spacing increased only slightly from 27.8 nm to 28.2 nm. After that, the domain spacing 

of the block copolymer kept dropping, when the swelling ratio was further increased, 

resulting in a decrease of the domain spacing value from 28.2 nm to 25.8 nm.  During the 

deswelling process, the sample PH-3 showed the same behavior like samples PH-1 and 

PH-2.  So the three samples considered here, showed different behavior between 0 to 15 

min corresponding to a SR value lower than 1.4.  At a SR of 1.4 (15min to 45mins) , all 

three samples showed almost identical behavior (Figure 2.15d). 

 

  



Figure 2.16 ln of domain spacing of as a function of the ln of the volume fraction of the 
BCP for different processing histories. (a) PH-1 as-spun film, (b) PH-2 SVA annealed 
with instantaneous solvent removal, (c), PH-3 SVA annealed with slowly solvent 
removal, (d) all samples plotted together. All the swelling data points are represented by 
open symbols, while the deswelling data are shown as solid symbols.

The domain spacing of a BCP swollen in a neutral solvent scales with the polymer 

concentration with an exponent of 0.64 as discussed in previous chapter. In Figure 2.16, 

the domain spacing and volume fraction of block copolymers in the swollen films for all 

three samples were plotted double-logarithmically.  For all samples, the swelling process 

showed different trajectories of the data points (open symbol in Figure 2.16) during the 

initial stage of swelling process (0~15min), indicating the processing history was 

influencing the BCP morphology for SR below 1.4. This is related to the fact that 

polymer chains were kinetically trapped and could not reach the equilibrium morphology 



in the time scale of the experiment.  During the deswelling process, all three samples 

(solid symbol in Figure 2.16) showed the same trajectory, regardless of their different 

processing histories. This indicates that the processing history of the samples was erased, 

after swelling to a SR larger than 1.4. Interestingly, sample PH-3 showed reversible 

domain spacing trajectory during swelling and deswelling. During the swelling, the BCP 

concentration in a swollen film changes continuously, thus the effective Flory-Huggins 

parameter of BCP changes continuously, resulting in a change in the equilibrium domain 

spacing of the BCP.  Since the sample PH-3 was prepared by swelling and a subsequent 

slow solvent removal, the initial domain spacing of PH-3 (27.8nm) before in situ 

GISAXS was close to its equilibrium domain spacing in the dry state (28.2nm). During 

the initial swelling, although PH-3 chain was kinetically trapped, the domain spacing of 

PH-3 was close to the equilibrium value of the swollen film.  The sample PH-2 instead 

showed a different trajectory for the domain spacing for the swelling and deswelling 

process when the polymer concentration was larger than 0.77. Sample PH-2 was solvent 

annealed and the solvent was removed instantaneously, so the domain spacing for the 

PH-2 was trapped in 26.0 nm, which is far away from its equilibrium value (28.2nm) in 

the dry film. The Flory-Huggins parameter χ in the swollen and dry state differs by a 

factor of ϕBCP
1.6, according to the dilution approximation54,56. During the first 8 min of 

SVA process, the domain spacing, being far away from the equilibrium, did not reach the 

equilibrium value because the film was kinetically trapped. After 8 min, when the BCP 

concentration below 0.77, the rearrangement of chain was fast enough for mobility 

required for reaching the equilibrium domain spacing. Note that the domain spacing is a 

function of the polymer concentration ϕBCP (8~30min), which is the origin of the merging 



of swelling and deswelling curve.  The PH-1 showed the largest discrepancy for the 

domain spacing during the swelling and deswelling SVA process among the three 

samples.  The trajectory of the domain spacing during the swelling and deswelling did 

not merge until ϕBCP was smaller than 0.70. The sample PH-3 was further away from its 

equilibrium than PH-2. It was also observed that the increase in the period with 

increasing polymer concentration follows a power law behavior with an exponent of 0.62. 

We studied the ordering process of BCP thin films with different processing 

histories by in situ GISAXS during SVA. The processing history was found to influence 

the domain spacing of a BCP only for small swelling ratio, when chains were kinetically 

trapped.  At a higher swelling ratio, or faster chain kinetics, however, the processing 

history was erased and the morphology of the BCP sample was determined by the amount 

of swelling. In the case of a PS-b-P2VP with a molecular weight of 34 kg/mol, a swelling 

ratio >1.4 or polymer concentration smaller than 0.7, is required to give BCP chains 

enough mobility to remove the processing history of the film in the experiment time scale 

of 1h. 

2.3.4. SVA of BCP thin films: the influence of molecular weights 

BCP thin films with different molecular weights showed different kinetics. BCPs 

with the higher molecular weight diffuse more slowly in comparison BCPs of lower 

molecular weight BCPs. As a consequence, the formation of ordered microdomains in as 

spun BCP thin films of different molecular weight requires different annealing conditions 

in terms of annealing time and swelling ratio.  Here, we study the influence of the 

molecular weight on the ordering of the BCP microdomains using a series of PS-b-P2VP 



with different molecular weights. The PS-b-P2VP BCPs were selected as model system 

in this study.  The molecular weight, volume fraction and polydispersity of the samples 

used here are listed in the table 2.3. 

All BCP thin film samples were spin coated from the respect solutions to form 

uniform films with a thickness of 65 nm. The BCP thin film samples were annealed in the 

THF vapor to a SR high enough to drive the sample into the disordered state. 

Subsequently, the solvent vapors were slowly removed from swollen BCP film in a 

controlled manner. During the solvent removal process, the sample went through a 

disorder-order transition (DOT) and formed ordered cylindrical microdomains again.   

The in-situ X-ray scattering experiments were performed during the swelling and 

deswelling process.  The scattering images were collect by 2-D area detector and further 

analyzed by fitting the first order in-plane scattering peak as described previous in this 

chapter. 

 

 



 

Figure 2.17 Domain spacing of PS-b-P2VP BCPs of different molecular weight vs. 
swelling ratio (polymer concentration) during annealing in THF. The data correspond to 
the deswelling with all BCPs being in the ordered state (corresponding to a cylindrical 
morphology in all cases). 

Shown in Figure 2.17 is the domain spacing as a function of the swelling ratio, or 

polymer concentration, for PS-b-P2VP BCPs of different molecular weights in the 

ordered state during solvent removal. As expected, for each PS-b-P2VP BCP the values 

of the domain spacing decreased with increasing swelling ratio due to reduced the

effective Flory-Huggins parameter. BCPs with higher molecular weight showed a larger 

domain spacing and their order-disorder transition occurred at higher values of the 

swelling ratio. BCPs with higher molecular weight were more immiscible since,

 at the ODT, a lower  (higher swelling) is required to 

disorder the BCPs of higher molecular weight. The BCP with the highest molecular 



weight used in this study, 275k PS-b-P2VP, has the strongest incompatibility and 

maintained microphase separated even at a swelling ratio up to ~6.05.  During the solvent 

removal process for PS-b-P2VP 275k, the domain spacing measured by GISAXS, 

increased from 80 nm to 100 nm as a result of the continuously increasing  during 

deswelling. In contrast, the lowest molecular weight sample used in this study, PS-b-

P2VP 22k BCP, showed ordered microdomains with a domain spacing of only 20 nm, 

and disordering already occurred at a swelling ratio of 1.68. This sample only showed a 

little increase in the values of the domain spacing from 18.8nm to 19.8nm during the 

deswelling process.  All BCPs studied here, with molecular weights of 27 kg/mol, 34 

kg/mol, 43 kg/mol, 58 kg/mol, and 115 kg/mol behaved similarly to PS-b-P2VP 22k and 

275k, and the results are shown in Figure 2.17.  Note that the BCP sample with a 

molecular weight of 27 kg/mol showed a larger domain spacing, 34nm, compared to the 

BCP sample with a molecular weight of 34 kg/ml, having a domain spacing of 27.5nm. 

The molecular weights of all PS-b-P2VP samples were determined by gel permeation 

chromatography (GPC). The results of these GPS measurements are listed in table 2.4. 

The PS-b-P2VP 27k indeed has a large molecular weight compared to PS-b-2VP 34k. 

 

Table 2.3 SR and domain spacing at the order-disorder transition (ODT), and domain 
spacing at dry state for PS-b-P2VP BCPs with different molecular weights. 

 

Polymer name 
Polymer 

molecular 
weight kg/mol 

SR at ODT Domain spacing 
@ ODT /nm 

Domain spacing 
@ dry film / nm 

PS-b-P2VP 22k 14.8-b-6.5 1.68 18.8 19.8 

PS-b-P2VP 
27k 18.0-b-9.0 2.40 28.2 34 



PS-b-P2VP 34k 23.6-b-10.4 2.14 25.1 27.5 

PS-b-P2VP 43k 30.0-b-12.5 3.10 34 40 

PS-b-P2VP 58k 40.0-b-18.0 3.33 38 45 

PS-b-P2VP 
115k 79.0-b-36.5 4.03 48 59 

PS-b-P2VP 
275k 185.0-b-90.0 6.05 75 100 

 

Table 2.4 Number-average (Mn) and weight-average (Mw) molecular weights of PS-b-
P2VP* 

 

Polymer name Polymer molecular 
weight kg/mol 

Mw measure by 
GPC kg/mol 

Mn measure by 
GPC kg/mol 

PS-b-P2VP 22k 14.8-b-6.5 27 33 

PS-b-P2VP 27k 18.0-b-9.0 61 74 

PS-b-P2VP 34k 23.6-b-10.4 51 62 

PS-b-P2VP 43k 30.0-b-12.5 94 110 

PS-b-P2VP 58k 40.0-b-18.0 90 114 

PS-b-P2VP 115k 79.0-b-36.5 180 220 

PS-b-P2VP 275k 185.0-b-90.0 300 430 

*GPC measurement of BCP sample. 



PS-b-P2VP BCPs with different molecular weights undergo an order disorder 

transition (ODT) at different polymer concentrations, which is a result of a constant 

incompatibility,  , at the ODT according to Leibler theory, in combination with the 

(modified) dilution approximation, which can be summarized as follows60, 

                                       (2.8)

thus, 

                                                               (2.9)

 

Figure 2.18 (a) ln-ln plot of the BCP concentration ϕ at ODT vs.  the degree of 
polymerization N (Mw measured by GPC), and ln-ln plot of the BCP concentration ϕ at 
ODT vs. domain spacing D of the BCP. 

The relation between the polymer concentration and the molecular weight for 

various PS-b-P2VPs are plotted in the Figure 2.18 in the ln-ln scale. Our experiment 

results showed that . This does not follow the dilution approximation described 

by Lodge et al., where the observed =2.0 is slightly larger than 1.3 and 1.6 as they 



reported. The polymer concentration at ODT is plotted against domain spacing in Figure 

2.18b. Our experiment results showed that . 

Figure 2.19  ln-ln plot of domain spacing vs. the repeating unite of the BCP thin film 

The domain spacing of the BCP scales with the molecular weight of the BCP as 

predicted by mean field theory60.  As the BCP reaches the ODT, the polymer chain can be 

described as a Gaussian chain, and thus the domain spacing D scales with the repeat unit 

or the molecular weight as , which agrees well with the experimental finding 

shown in Figure 2.19. The experimental result shows D scales with N as follows: 

D~N^0.53±0.02                                                    (2.10) 

An interesting phenomenon observed during the in situ GISAXS is that the PS-b-

P2VP with large molecular weights underwent an order-order transition (OOT) during 

the swelling process. Shown in Figure 2.20 are the representative 2-D scattering images 

of the PS-b-P2VP 115k during the OOT.  The cylindrical BCP microdomains change 



their orientation from being perpendicular to the substrate, with peak ratios: q*:√3q, to 

being parallel to the sample surface (peak ratio q*:2q*:3q*). This switch in the 

orientation of cylindrical microdomains was further confirmed by SEM measurements. 

The BCP sample was annealed ex-situ using the same conditions as for the in situ 

experiments. One sample was annealed in THF to a swelling ratio below the critical 

swelling ratio at the OOT, while the other sample was swollen above the critical swelling 

ratio at the OOT. In both cases the solvent was removed instantaneously to freeze in the 

microstructure and orientation of the microdomains in the swollen films. Figure 2.21 

shows the surface topography of the BCP samples before and after OOT.  As the SEM 

images clearly show, the sample showed dominantly perpendicularly oriented cylindrical 

microdomains before crossing the OOT, where the cylindrical microdomains locally 

packed in hexagonal lattices (Figure 2.21a).  After crossing the OOT, the cylindrical 

microdomain changed their orientation and showed an orientation parallel to the substrate 

(Figure 2.21b). The perpendicular orientation of the BCP microdomains at the lower 

swelling ratio is a result of the limited diffusion of the polymer chains at the relatively 

higher value of Tg at the lower solvent concentration. The perpendicular orientation of 

microdomains provides an advantage of chain diffusion along the cylindrical interface in 

the out of the plan direction. Further experiments are needed to understand this 

phenomenon. 

 

 



Figure 2.20 (a~e) 2-D X-ray scattering patterns of PS-b-P2VP 115k thin film  with 
respect to different solvent vapor annealing time.  (f) 1-D scattering profile of the BCP 
during the OOT 



 

Figure 2.21 SEM images of the PS-b-P2VP 115k before OOT (a) and after OOT (b).  

The experiments discussed above show that the SVA conditions necessary to 

achieve similarly ordered microstructures in BCPs with different molecular weights are 

different. Annealing conditions in terms of the values of the swelling ratio cannot be 

simply transferred between polymers of different molecular weight due to the different 

kinetics in BCPs of different molecular weights. Generally, BCPs with higher molecular 

weights require a higher swelling ratio, or lower polymer concentration, to form well-

ordered microdomains after SVA. The concentration for BCP at ODT is predicted by the 

equation 2.9. 

                                                        (2.9)

The β was observed with a value of 2 in this experiment. 



2.3.5. SVA of BCP thin films: comparison of SVA with thermal annealing  

Both SVA and thermal annealing are widely used to produce films with well-

ordered BCP microdomains. Detailed studies directly comparing both techniques in real 

time, however, have not been carried out. Here, we studied the effects of thermal 

annealing of a PS-b-P2VP 34k BCP and compared the results with the SVA process that 

we discussed earlier. Thin film samples for thermal annealing were prepared in the same 

way as previously used for SVA by spin coating. In situ thermal annealing was carried 

out in a custom designed thermal annealing chamber, where the BCP sample was placed 

onto a heating block with the temperature being controlled by a Watlow temperature 

controller.  Nitrogen gas was used to continuously purge the chamber to create an inert 

environment, which is required to protect the PS-b-P2VP from degradation during the 

thermal annealing.  A control experiment was carried out without the inert nitrogen gas 

atmosphere. In this experiment a degradation of the BCP was observed during the 

GISAXS experiments.     

The BCP samples were first heated up to allow for the formation of ordered 

microdomains and then further heated to temperatures where the disordered state was 

observed. After holding the sample at 290 0C in its disordered state for 5mins the sample 

was slowly cooled down to room temperate at a rate of 10 degree/min. The heating 

profile of the BCP thin film is shown in the Figure 2.23 (b). 

 



Figure 2.22 Representative 2-D scattering profile of the BCP during the in situ scattering 
experiment. 

2-D scattering pattern of PS-b-P2VP 34k during the process of thermal annealing 

were recorded by a 2-D area detector and representative frames are shown in Figure 2.22. 

The scattering profiles are plotted as a function of time and shown in Figure 2.23 a. The 

thermal annealing process generally is very similar to the solvent vapor annealing. The as 

spun sample showed little or no ordering. With sample heated above its glass transition 

temperature, (c.a. 100 0C), the BCP chains have enough mobility to rearrange itself, as 

reflected in the change of the domain spacing. The BCP were heated further, and a 

disorder to order transition was observed at 10min. A sharpening of the primary 

scattering peak was observed.  With further thermal annealing, the first order scattering 

became sharper and also shifted to higher values of q range (smaller domain spacing). 

Similar to solvent vapor annealing, the reduction of the domain spacing is a result of the 

reduced Flory-Huggins parameter, χ.  The temperature dependence of the Flory-Huggins 

segmental interaction parameter of PS-b-P2VP in the bulk (dry) was reported as 57: 

                                    (2.3)



As temperature increase, the  is reduced.   

 
Figure 2.23 (a) Scattering profiles at different times. (B) analyzed data from the data 
shown in (a), temperature, domain spacing, and FWHM were plotted as a function of 
time.  

As the temperature was further increased, the disorder-order transition (ODT) of 

PS-b-P2VP (Mn=34k) took place at about 280 0C, as indicated by a sharp increase in 



FWHM.  Then, during the process of cooling at 25mins, the sample underwent a 

disorder-order transition, and cylindrical microdomains oriented parallel to the substrate 

were formed, as later confirmed by SEM measurements. Opposite to the heating process, 

 increased and also the values of domain spacing increased during cooling (Figure 

2.23). With further cooling, the kinetics of the BCP chain is significantly reduced. The 

domain spacing of the BCP remained unchanged at temperatures below 160 degree.  

Thermal annealing is very similar to solvent vapor annealing in neutral solvents. 

In both processes the chain mobility is enhanced, either by increasing the temperature of 

the BCP film in case of the thermal annealing, or by reducing the Tg of the BCP film by 

adding small molecules, and more importantly, the reduction of the Flory-Huggins 

parameter. 

In case of thermal annealing, the system reaches equilibrium at elevated 

temperatures, which is similar to the swollen BCP by a neutral solvent. For applications, 

however, the sample needs to be cooled down to room temperature.  During cooling χ 

increases, and as a consequence the domain spacing of the BCP increases. The BCP film, 

however, is confined onto the silicon substrate, which introduces incommensurability 

issues between the changing domain spacing and film thickness in the BCP thin film, as 

in the case of solvent vapor annealing. 

Ex situ thermal annealing experiments of PS-b-P2VP 34k and 58k BCP samples 

were carried out using the thermal annealing chamber at different temperatures with the 

BCP samples slowly cooled down after thermal annealing.  After thermal annealing, all 

samples were reconstructed in ethanol and etched in oxygen RIE and then imaged by 

SEM.  The SEM images of the BCP samples are shown in Figure 2.24. The PS-b-P2VP 



34k sample annealed at 190 0C only showed a small grain size of about 100 nm. At 

higher annealing temperature of 250 0C the grain size of the BCP were greatly increased 

to 2500 nm.   For PS-b-P2VP 58k BCPs, the sample annealed at 190 degree Celsius 

showed no improvement on the lateral ordering as compared to the as-spun film. The 

sample annealed at 250 0C only showed a small grain size of about 100 nm. These results 

indicate that the grain size of the thermally annealed BCPs is inversely proportional to the 

, same as for the SVA. 

.

Figure 2.24 SEM images of PS-b-P2VP thermally annealed at different temperatures. (a) 
PS-b-P2VP 34k and (c) PS-b-P2VP 58k annealed at 190deg for 1 hour. (b) PS-b-P2VP 
34k and (d) PS-b-P2VP 58k annealed at 250deg for 1 hour. 

Both the thermal annealing and solvent vapor annealing of the BCPs are accompanied by 



a reduction of Flory-Huggins parameters, either by an increased temperature or by 

screening of unfavorable interaction by the neutral solvents. The reduced of Flory-

Huggins parameters greatly enhance the chain mobility and enhance the lateral ordering 

of BCP microdomains. But the range of the  observed in the thermal annealing 

experiment is very limited compared to range of  in solvent vapor annealing 

experiments due to thermal degradation of the BCP thin film at higher temperatures. In 

PS-b-P2VP BCPs, for example, 400 0C is the typical upper limit for the annealing 

temperature. However, χ only reduces from 0.175 at room temperature to 0.060 when 

sample heated to 400 0C (Figure 2.25a).  In case of solvent vapor annealing, on the other 

hand, a swelling ratio of 2 effectively reduces χ to 0.060, which corresponds to heating 

the sample to 400 0C (Figure 2.25b). A direct comparison of the χ of thermal annealing 

and effective χ solvent vapor annealing is shown in the (Figure 2.25c).  It is clear that 

solvent vapor annealing in neutral solvent covers a much broad range of , e.g.   

is only 0.012 when SR is 6, thus making the SVA more versatile to change  for PS-b-

P2VP. It is also possible to design and synthesis BCPs with χ strongly depends on the 

temperature, so that the χ can be more effectively reduced at elevated temperature. 

 



 

Figure 2.25 (a) Flory-Huggins parameter at different temperatures during thermal 
annealing of PS-b-P2VP (based on equation 2.3)  (b) Effective Flory-Huggins parameter 
of PS-b-P2VP swelled at different SR in a neutral sovlent during solvent vapor annealing 
(based on equation 2.4, and β is taken as 1.5)  (c) plot of annealing temperature and SR at 
the same effective Flory-Huggins parameter 

2.3.6. SVA of BCP thin films: grain size at different swell ratio 

To examine the growth of the BCP microdomains, PS-b-P2VP 34k BCP was 

solvent vapor annealed in THF to a swelling ratio controlled by the vapor pressure of the 

solvent in the same chamber used for the GISAXS studies.  The temperature for these 

studies was slightly lower (ca 20 0C) than that used for the GISAXS studies which will 



enhance the swelling of the BCP film.  After the BCP thin film solvent were SVA in THF 

for 1hour, the solvent was removed rapidly by venting the chamber to air.  

 

 
Figure 2.26 Colorized grains in the BCP microdomain structure for different swelling 
ratios: (a) 1.3, (b) 1.5, (c) 1.7 and (d) 1.7 (enlarged). Color wheel is shown at bottom of 
image. 
 

The influence of the degree of swelling on the grain size is shown in Figure 2.26. 

With increasing solvent concentration or swelling ratio, the grain size was observed to 



increase. The data shown in Figure 2.26 show are colorized according to the orientation 

of the cylindrical microdomains.  After one hour at a swelling ratio of 1.3, the average 

grain size was ~100nm (Figure 2.26a), indicative of relatively short range ordering. The 

grains are seen to be anisotropic in shape, approximating an ellipse with the major axis of 

the ellipse oriented orthogonal to the axes of the microdomains. The average ellipticity 

(ratio of the minor to major axis) of the grains is ~0.5.  By increasing the swelling ratio to 

1.5 (Figure 2.26b), the average grain size has increased to ~500nm and the average 

elipticity is ~0.6, indicating an increase in the ordering normal to the cylinder axes and 

also an increase in the length of the cylinders before encountering a grain boundary.  If 

the swelling ratio is increased to 1.7, the average grain size increased to ~2 um with an 

average ellipticity of ~0.8. The observation that the grain sizes are larger at higher solvent 

concentrations, i.e. smaller N, is somewhat surprising, as one would expect larger 

grains with stronger segregation where defects cost more energy. This observation 

indicates that for a complete theoretical description one also needs to take into account 

the increased chain mobility at higher solvent concentration when predicting grain sizes 

in BCP thin films patterns after SVA. It should also be noted that many of the grain 

boundaries are less well-defined with only a slight change in the orientation from one 

grain to the next.  This is more evident in the zoomed-out image. If the swelling ratio is 

increased to 1.9, the concentration of solvent is sufficiently high to drive the BCP into the 

disordered state.  In fact, a closer examination of the data for a swelling ratio of 1.7 

shows that the integrity of the cylindrical microdomains is beginning to be compromised, 

due to the proximity of the order-to-disorder transition. 



2.4. Conclusions 

In this chapter, we presented a detailed in-situ GISAXS study of SVA of PS-b-

P2VP in a near neutral solvent.  

During SVA, solvent molecules diffuse into the BCP thin film, which results in 

the plasticization of the film, i.e. a decrease of the Tg of the BCP below room 

temperature. More importantly, SVA leads to a lower effective Flory-Huggins parameter 

of the BCP in the swollen film due to a screening of unfavorable interactions between 

blocks by the solvent molecules at the interface.  As a result, the periodicity of the 

microdomains is reduced and the chain kinetics is greatly enhanced.  The strength of 

unfavorable interactions between different blocks, , not only determines the 

kinetics of the BCP chains, but also the grain size of the BCP in both SVA and thermal 

annealing. It is not clear at this point why  is inverse proportional to the grain size 

BCPs in the ordered state. 

 strongly depends on the polymer concentration in the swollen film. Thus, for 

a specific BCP a certain swelling ratio is required that is related to the specific interaction 

parameter χ and molecular weight, N of this BCP.  For a relatively low swelling ratio, 

 , the system is kinetically arrested, where only limited lateral 

order of microdomains could be achieved in the experiment time scale, ~ hours.  In the 

other extreme, if , the system undergoes an ODT and no 

microphase separated structure will be formed.  Only a certain range of , which is 

close to , gives an optimal condition for the self-assembly process of a BCP during 

SVA. Thus, it is impossible to reproduce the SVA annealing experiments, performed in a 

different laboratory without specific values of the swelling ratio provided, which we 



encourage to become common practice in SVA reports in refereed journals.  

The solvent removal rates are critical for preserving the well ordered 

microdomain structures observed in the swollen states of BCP thin films. Quenching the 

ordered swollen film with high degrees of lateral order traps the ordered microdomain 

structure, and preserves the maximal the degree of order. A slow solvent removal results 

in changes of the domain spacing, thus creates an incommensurability issue since the 

BCP thin film is confined onto the silicon substrate. Ideally, the well ordered BCP 

microdomains need to be cross-linked, before the solvents is removed to preserve the 

degree of lateral order of the microdomain in the swollen state, given that the cross-

linked BCPs have enough mechanical strength to maintain its integrity. 
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CHAPTER 3  

PATTERN TRANSFER FROM SELF-ASSEMBLED BLOCK 

COPOLYMER MICRODOMAINS TO SILICON WITH 

SUB-10NM RESOLUTION 

3.1. Introduction 

Photolithography has been the mainstay for meeting the demand for continuous 

shrinkage in the semiconductor industry, but it is facing limitations for sub-30 nm 

patterning1. Block copolymer (BCP) lithography has emerged as a promising low-cost, 

high throughput alternative. A block copolymer consists of two or more polymeric 

chains, which are chemically different and covalently attached to each other. BCPs can 

microphase separate into periodic arrays of nanostructures, including spherical, 

cylindrical, lamellar, and gyroid morphologies, depending on the volume fractions of the 

constituent blocks.2 The molecular weight ultimately defines the size scale of the 

structures, with typical sizes in the tens to sub-ten nanometer range where microdomains 

as small as 3 nm have been demonstrated.3 BCPs are emerging as very promising 

scaffold and template platforms for the fabrication of nanostructured materials and are 

already finding use for magnetic recording, semiconductors and dielectric insulators. 

With BCP lithography, one of the blocks must be removed or there must be 

sufficient etching contrast so that pattern transfer can be realized with high fidelity. Dry 

etching is the preferred method to remove polymers, as it is generally more controllable 

and generates less waste.  Furthermore, it avoids capillary-induced pattern collapse of 



small polymer features and general shifting of features that can occur with wet 

processing.4,5 To use BCPs for high resolution lithography, two different patterning 

selectivities must be considered.  First, there is the etching contrast between the different 

blocks of the BCP, and second, there is the etching rate difference between the BCP mask 

and the underlying substrate. To achieve high etching selectivity, numerous studies have 

described the complexation of one block with a heavy element (e.g Si or Fe) containing 

BCP or complexation heavy metal into one block of BCPs. Mansky6 et al., first 

demonstrated the idea of using BCPs for lithographic purposes. Later, Park7 et al., 

showed that, by using ozone cleaning or osmium tetraoxide (OsO4) staining, the 

microdomain morphologies of polystyrene-block-polybutadiene (PS-b-PB) or 

polystyrene-block-polyisoprene (PS-b-PI) could be transferred to the underlying silicon 

nitride substrate by etching. In the case of poly(styrene-block-2-vinylpyridine) (PS-b-

P2VP), P2VP can be complexed with metal ions to enhance the etching contrast.8,9 Peng 

et al.,10,11 enhanced the contrast by infiltrating the PMMA microdomains of polystyrene-

block-poly(methyl methacrylate) (PS-b-PMMA) with a trimethylaluminum (TMA) gas 

precursor. Tseng12 et al., futher improved the sequential infiltration process to 

demonstrate using PS-b-PMMA template to pattern high aspect ratio (~10:1) silicon 

trench. Subsequently, Russell and coworkers showed that the BCP template could be 

backfilled with PDMS to generate silicon oxide nanodots to enhance the contrast.13,14 For 

polystyrene-block-polyferrocenylsilane (PS-b-PFS)15-17 and polystyrene-block-

polydimethylsiloxane (PS-b-PDMS) 18-21, direct pattern transfer is possible due to the 

inherent etching contrast between the blocks of the BCP. The downside of this approach 

is that the mask removal process must be aggressive and often leaves behind 



contamination.   The alternative approach is to remove one block (usually the minor 

component block) and directly pattern into the underlying substrate. For example, the 

PMMA block in PS-b-PMMA diblock copolymers can be removed by degradation of the 

PMMA block with UV to generate a porous film in direct contact with the substrate. 

Alternatively, with PS-b-PMMA, an O2 or CHF3 and O2 mixture gas reactive ion etching 

(RIE) dry process can be used to remove the PMMA block. 4,22,23 Nonetheless, as the size 

scales of the features decrease, the thickness of the BCP film also decreases and any steps 

that can be taken to enhance the contrast is desirable and soon will be a necessity to 

achieve pattern transfer with a high fidelity. 

In this Chapter, we use a solvent reconstruction process to enhance the etch 

contrast between two organic blocks, where the BCP film is placed in a good solvent for 

the minor block that is also a bad solvent for the matrix block. If the microdomains are 

oriented normal to the surface, upon drying, the minor component block is drawn to the 

surface of the film, if the film thickness is ~1L0 thick, where L0 is the period of the BCP 

in the bulk.  After drying, the film is nanoporous, where the nanopores span the entire 

thickness of the film. If, however, the cylindrical microdomains are oriented parallel to 

the substrate, the film consists of a cylindrical microdomains embedded in a matrix of the 

major component. Here, with a preferential swelling, one of the following two things 

occurs. In one case, if the major component is below its glass transition temperature, the 

osmotic force to swell the minor component is sufficiently large to cause a deformation 

of the glassy matrix to increase the size of the minor component phase and, upon drying, 

a larger, less dense microdomain of the minor component is formed. That leads to a 

substantially enhanced etching rate of the P2VP domains. Alternatively, the osmotic 



force to dissolve the minor component can be sufficiently large so that the minor 

component breaks through to the surface of the film and, upon drying, a trench is 

generated in the film. In either case, the highly selective dry etching process enables the 

transfer of the copolymer pattern to a silicon substrate to form high aspect ratio silicon 

trenches. Unlike lamellae forming PS-b-PMMA which is used to generate trenches in 

silicon, the method described here does not require a neutral brush layer to orient the 

BCP microdomains normal to the film surface. PS and P2VP, the constituent blocks of 

the BCP under study here, have a large (more non-favorable) Flory-Huggins interaction 

parameter (χ ~0.18) than PS-b-PMMA (χ ~0.06), so that theoretically smaller 

microdomains can be achieved more readily by self-assembly.18  

3.2. Experimental 

3.2.1. Materials 

PS-b-P2VP (Mn= 40,000-b-18,000 kg/mol, Mn= 23,600-b-10,400 kg/mol) and 

PS-b-PEO (Mn= 32,000-b-11,000 kg/mol) were purchased from Polymer Source, Inc. 

and used without further purification. PS-b-P2VP was dissolved in toluene and 

tetrahydrofuran (THF) (volume fractions of 8:2) to form a solution with a concentration 

ranging between 0.7 ~ 1%. PS-b-PEO was dissolved in benzene to form a solution with a 

concentration of 0.6%. BCP thin films were prepared by spin coating where the film 

thickness was controlled by varying concentration of the solution and the spin coating 

speed.  

 



3.2.2. Sample preparation 

The PS-b-P2VP thin film was solvent-vapor annealed in 0.5 ml THF in a 250ml 

closed jar for different amounts of time. The PS-b-PEO thin film was preswelled in 0.2ml 

water for 1 h, then solvent annealed in 0.5ml THF in a 250 ml jar for 2 h, then open the 

top cap to remove the solvent instantaneously. For PS-b-P2VP 58k BCP, a maximal swell 

ratio of 2.2 was achieved during SVA.  The annealed film was reconstructed by 

immersing the it in ethanol for 30 min. 

The O2 /Ar RIE was performed at 75 W for 5s to 30s in Oxford instrument 

Plasmalab 80 plus.  Flow rate of O2 and Ar were 20 sccm and 2 sccm respectively, the 

chamber pressure was 10 mTorr. The SF6 and O2 cryo-ICP etching was performed at 5 W 

for etching chamber and 1000 W for plasma generator chamber for 5s to 20s in Oxford 

instrument Plasmalab 150. Flow rate of SF6 was 34 sccm and O2 was 16 sccm, chamber 

pressure was 30 mTorr. 

3.2.3. Characterization 

A Veeco Digital Instruments nanoscope 3 was used to characterize the surface 

morphology by tapping-mode scanning force microscopy (SFM).  

A Zeiss Ultra 60 SEM was used to image the surface of the BCP thin films. The 

acceleration voltage was 1 kV. All samples were imaged without any metal coating of the 

sample surface. 

GISAXS measurements were performed at beamline 7.3.3, Advanced Light 

Source at the Lawrence Berkeley National Laboratory. The wavelength of X-rays was 

1.24 Å.  



3.2.4.  Simulation of 2D scattering pattern Si trench pattern  

On the DWBA, the Si pattern has an average thickness of 73nm and occupies an 

average volume of about 35% of that of the total patterned film volume.   Since, the 

refractive index of Si at 10 keV is n=1-4.88e-6-i*7.37e-8, we have used the average 

refractive index of the patterned film n_0 = 1-1.7e-6-i*2.58e-8 as the reference index in the 

DWBA computation. 

3.3. Results and discussion 

3.3.1. Self-assembly of etch mask from BCP 

 

 
 
Schematic 3.1 Schematic diagram for self-assembled PS-b-P2VP thin film patterning of 
silicon nano-trenches (a) PS-b-P2VP spin coated on silicon wafer (b) microphase 
separated PS-b-P2VP film after solvent annealing (c) BCP film after reconstruction in 
ethanol to enhance the etching contrast between PS and P2VP domains  (d) polymer 
pattern after etching the BCP film by means of RIE (e) silicon trenches after cryo-ICP 
etching using the polymer mask  
 

Schematic 3.1 shows the scheme for the process to fabricate the high aspect ratio silicon 

trenches based on BCP self-assembly, reconstruction, and an RIE process.  A PS-b-P2VP 

BCP thin film was spin coated onto a p-type silicon wafer (Schematic 3.1a).  The BCP 

thin film was solvent annealed in THF vapor in a sealed jar for different times ranged 

from 20 minutes to 3 hours to form microphase separated P2VP cylindrical 



microdomains, oriented parallel to the film surface, imbedded in a PS matrix (Schematic 

3.1b). The solvent annealed BCP film without reconstruction showed little SEM or SFM 

contrast between the PS matrix and P2VP microdomains.  When the BCP film was 

reconstructed24 by immersion in ethanol, a good solvent for P2VP but a bad solvent for 

PS, ethanol swelled the P2VP microdomains. The resulting volume expansion of the 

P2VP domains caused the PS matrix above it to deform during the reconstruction 

process. Some of the PS film also was broken through showing perforation from above as 

observed by scanning force microscopy (SFM).  Since the PS matrix was below its glass 

transition temperature, drying the thin film results in a reduced packing density of the 

P2VP domain or even holes in the PS matrix. The structure of the reconstructed film was 

preserved after drying, since PS was below its Tg (Schematic 3.1c). A mild O2 /Ar RIE 

was applied to the reconstructed thin film. The loosely packed P2VP domains etch 

significantly more rapidly than the PS domains, leaving behind a polymeric line pattern 

consisting mainly of PS (Schematic  3.1d). A highly selective cryo-ICP SF6/O2 etching 

transferred the polymer mask pattern into the silicon substrate to form high aspect ratio 

silicon trenches (Schematic  3.1e).  

  



 



 
Figure 3.1Surface topography of PS-b-P2VP 58k during the different stage of solvent 
annealing and RIE. (a) SFM height images of the surface topography after different times 
of annealing in THF vapor, as spun (a-1), 20 min  (a-2), 40 min (a-3), 60 min (a-4), 120 
min (a-5), 180 min (a-6).  All films were reconstructed in ethanol for 30 min before SFM 
imaging.  Scale bars correspond to 250nm. (b) SEM images of the BCP film surface 
morphology after RIE at different etching times following solvent annealing and 
reconstruction: 0 sec (b-1), 10 sec (b-2), 15 sec (b-3), 20 sec (b-4), 25 sec (b-5), 30 sec 
(b-6) of etching in O2 and Ar. Plot of the film thickness and the BCP line width, resp., 
versus the etching time (c). 

In the as-spun (Figure 3.1 a-1) film, hexagonally packed cylindrical 

microdomains oriented normal to the film surface were observed. Figure 3.1a-1~6 shows 

SFM height images of the surface topography of PS-b-P2VP 58k films annealed in THF 

for different times and then, subsequently reconstructed in ethanol. The solubility 

parameter for tetrahydrofuran (THF) is 19.4  (MPa)1/2, for PS it is 18.5 (MPa)1/2 and for 

P2VP it is 20.4 (MPa)1/2
.
25

  Consequently, THF is a neutral solvent for the PS block and 

P2VP block. In the THF-annealed films, the P2VP microdomains are oriented parallel to 

the surface and embedded in a PS matrix. There is only a ~2nm height difference that 

indicates the location of the P2VP microdomains. After reconstruction, the swelling of 



the P2VP microdomains by ethanol amplifies this height difference to ~7nm.  After the 

film was solvent annealed in THF for 20 minutes, P2VP micelles begin to merge, 

forming elliptical-shaped micelles (Figure 3.1a-2). After 40 minutes annealing, these 

elongated P2VP micelles merge with nearby micelles and form longer micelles (Figure 

3.1a-3). After 1 hour annealing, cylindrical micelles are clearly observed after 

reconstruction of the film. Cylindrical micelles form parallel to the silicon substrate after 

1 hour annealing in THF vapor (Figure 3.1a-4,5,6). By contrast, ethanol has a solubility 

parameter of 26.0 (MPa)1/2. Consequently, the preferential solvation of P2VP by ethanol 

is so strong that P2VP is drawn to the surface, forming holes (Figure 3.1a-4,5,6) above 

the cylindrical P2VP domains in the reconstructed films.  

To pattern the substrate, finely tuned RIE processes were developed. Figure 3.1b-

1~6 shows SEM images of the solvent annealed and reconstructed surface of PS-b-P2VP 

BCP thin films as a function of etching time, using an O2 and Ar gas mixture  (flow rate 

ratio 10:1).  After 10 sec of etching a continuous trench pattern was observed (Figure 

3.1b-2).  Further etching reduced both width and thickness of the cylindrical polymeric 

structure in this non-selective, nearly isotropic etching process. The etching rate in this 

case was ~0.9 nm/sec. Hence, the ability to create a well-defined pattern arises strictly 

from the BCP reconstruction in ethanol. This is confirmed with an reactive ion etched, 

THF-solvent-annealed PS-b-P2VP film that was not reconstructed, which showed almost 

no selectivity between the PS and P2VP domains. In this case there is only a 2 nm trench 

after etching, in comparison to the 14 nm trench, if the BCP film was reconstructed 

before etching. The reconstruction decreases the density of the P2VP microdomains, 

while the PS matrix is insoluble in the solvent and the density remains fixed. The center-



to-center distance of the resulting etched line patterns were measured from the SEM 

micrographs (Figure 3.1b-1~6) and are plotted versus the etching time in Figure 3.1c.  

The center-to-center distance, as it would be expected, remained unchanged at a value of 

~42 nm during etching. After 25 seconds of oxygen plasma treatment, 15 nm wide and 10 

nm thick PS walls are seen with a ~42 nm center-to-center distance over a 10 cm silicon 

wafer.  

3.3.2. Pattern transfer from BCP mask to silicon- trench pattern 

Pattern transfer of the thin, high-resolution polymer mask to create a high aspect 

ratio silicon structure is a challenge. Here, cryo-ICP etching with SF6/O2 at a temperature 

of -120 Celsius was used for high fidelity nanoscale pattern transfer without an undercut. 

This process was tuned for an extremely high polymer to silicon etch selectivity to enable 

a one-step, high fidelity pattern transfer using very thin polymer masks.26 The low 

temperature enhances the sticking coefficients to form a thin SiOxFy layer to passivate the 

sidewalls with only small additions of oxygen to the etching gas. The anisotropic ion 

distribution in ICP etching preferentially bombards and removes the passivant formed at 

the bottom of the silicon trench, to break through the passivant, etch the silicon, and 

produce high aspect ratio features with vertical sidewalls. A combination of low 

temperature, low oxygen, and low RF power decreases the etch rate of the polymer mask 

and significantly enhances the overall selectivity to allow high aspect ratio nanoscopic 

features with a thin polymer mask. Figure 3.2 shows the structures before (Figure 3.2a,c) 

and after cryo-ICP etching (Figure 3.2b,d). After 15 sec of cryo-ICP etching, sub-15nm 

high aspect ratio silicon walls with near vertical sidewalls were produced. The top-down 



SEM views, before and after etching,  (Figure 3.2a,b) show a dramatic change in contrast 

after the silicon trenches were created but no change in feature size. The 60o tilted cross-

section views show the thin mask (Figure 3.2c), the silicon nano-walls (Figure 3.2d) and 

the smooth, vertical silicon sidewalls.  The width and height information of the silicon 

walls were obtained from the SEM image at 5 different spots. The silicon walls have a 

width of 14±1 nm and center-to-center distance of 42±2 nm (same as the initial mask) 

indicating the cryo-ICP delivers pattern transfer with high fidelity. The sample lost 

etching mask if it was etched for 20sec in ICP.  Thus, we estimated the residual layer of 

the polymer mask was ~2 nm. Thus the cryo-ICP etching selectivity between the polymer 

mask and silicon is ~ 10:1. This methodology is capable to scale down to pattern smaller 

features by reducing the molecular weight of the BCP. A lower PS-b-P2VP molecular 

weight (Mw 23.6-b-10.4 kg/mol) was also used to increase the area density of the silicon 

nano-wall patterns. Figure 3.3 shows a 27 nm pitch silicon trench with a width of 

12±1nm and a depth of 50 nm. 



 
Figure 3.2 SEM images of thin film surface before, (a) plane-view (c) 60 degree tilt view, 
and after 15 sec of cryo ICP etching (b) plane-view (d) 60 degree tilt view. Inset image in 
(d) is a zoomed in image. (e, h) are 2D GISAXS patterns of silicon nanotrenches. 
Experimental data are shown in (e,f,g) and simulated data in (h,i,j). (f,i) are intensity plot 
with repect to peak position in-plane. (g,j) are intensity plot with repect to peak position 
out-of-plane  
 

 



 
Figure 3.3 SEM images of silicon nano-trenches with a pitch of 27nm patterned from PS-
b-P2VP (Mn= 23,600-b-10,400 kg/mol).  (a) plane-view (b) 60 degree tilted cross-
sectional view. Inset image in (d) is a zoomed in image.  
 
 

GISAXS was used to characterize the silicon nanotrench. Figure 3.2e~j shows the 

GISAXS pattern of the silicon nanotrench and a simulated GISAXS pattern, calculated 

using the Distorted Wave Born Approximation (DWBA).  Both the height information 

and center-to-center distance of silicon walls can be obtained from Figure 3.2e and the 

data agrees well with SEM cross-section image (Figure 3.2d). A line cut profile of the 

scattering pattern in the qy direction shows higher order scattering peaks, indicating a 

highly ordered, periodic structure in the plane of the substrate. From the value of the first 

order Bragg peak, qy*, the average center-to-center distance of the silicon trenches was 

determined to be ~ 42 nm, which coincides with the corresponding value of polymer 

resist pattern before ICP etching. The modulation of the intensity in the qz direction arises 

from the incident beam being reflected by the top and bottom surface of the silicon 

trenches. The separation in q between consecutive minima of these Kiessig fringes, Δq, is 

8.5 X 10-3 A-1, yielding an average depth of the trench of 73 nm, which is in good 

agreement with SEM cross-section of the silicon trenches (Figure 3.2d). A simulated 2D 

GISAXS pattern of the silicon nanotrenches is shown in Figure 3.2h and was created as 



follows. The silicon nanotrench was modeled as an array of trenches having a length of 

200 nm, a width of 15±2 nm and a height of 73±3 nm with 42nm spacing. The cross 

section profile is radially averaged in all the in-plane orientations, to simulate the 

fingerprint pattern (no ordering in plane view) (Figure 3.2d). An isosceles trapezoidal 

cross section of the lines has a base angle 88o±2o  (near vertical). The introduction of 2 

degree tilted sidewalls produced a curvature in the array of peaks away from qy and 

resulted in relative peak intensities in closer agreement with the experiment (Figure 3.2e, 

h). Line cuts in qz and qy in the simulated data agree well with experiment data in terms 

of the peak decay (Figure 3.2f~j). 

 



 
Figure 3.4 SEM images of a PS-b-P2VP (40,000-b-18,000 kg/mol) pattern DSA by the 
trench pattern, and its pattern transfer into silicon. (a) illustration of the trench pattern.  
(b) illustration of the film thinning effect close to the edge of mesa. (c) PS-b-P2VP on a 
patterned substrate after solvent annealing and subsequent reconstruction, (d) PS-b-P2VP 
on a patterned substrate after solvent annealing, reconstruction and etching. (e), (f) silicon 
nano-trenches after the pattern transfer. 
 

Graphoepitaxy was used to guide the PS-b-P2VP BCP to self-assemble into a 

long range ordered array of cylindrical microdomains oriented parallel to the film 

surface. A trench pattern with a depth of 13 nm, widths of 600 and 1200 nm, and pitches 

of 1300 nm and 2600 nm, (Figure 3.4a) respectively, were fabricated in a silicon wafer 



using photolithography and CF4 RIE. A film thinning effect at the edges of the trenches 

caused a gradient in the remaining cylindrical microdomains (Figure 3.4b).  Cylindrical 

domains oriented normal to the trench sidewalls were observed when PS-b-P2VP (Mn= 

40,000-b-18,000 kg/mol) was solvent annealed in THF vapor (Figure 3.4c). The same 

phenomenon was observed by H.C. Kim et al. for PS-b-PMMA block copolymers.27 The 

authors argued that surface corrugation results in a polymer chain distortion, forcing the 

copolymer to follow the contour of the surface corrugation. After the film is etched in 

O2/Ar RIE for 25 sec, a highly ordered polymeric mask was formed on the topographic 

features (Figure 3.4d). After 15 seconds of cryo-ICP etching, BCP cylindrical 

microdomains were transferred into the underlying silicon (Figure 3.4e). Defects on the 

raised portion of the silicon were due to the mask gradient near the edge.  Cross-sectional 

images (Figure 3.4f) show that unidirectional silicon trenches were achieved.  The depth 

of silicon nano-trenches is about 70 nm.  

3.3.3. Pattern transfer from BCP mask to silicon- hole pattern 

We demonstrate the generality of this reconstruction and etching methodology, 

using a polystyrene-block-poly(ethylene oxide) (PS-b-PEO) BCP to form silicon 

nanoholes. By using water and THF, the PS-b-PEO was solvent annealed to form 

cylindrical microdomains oriented normal to the surface of the film. After the film was 

reconstructed in ethanol, porous films were formed on the silicon (Figure 3.5a). Most of 

the PEO was displaced to the surface, while a small fraction, due to the bonding to the PS 

block, remained in the nanohole. After 10 sec of etching in oxygen plasma, the residual 

PEO in the nanohole was removed leaving a patterned polymer mesh mask on the wafer 



(Figure 3.5b). The high-selectivity cryo-ICP SF6/O2 was again used to etch the silicon. 

Figure 3.5c shows PS-b-PEO masked silicon after 10 sec ICP etching. During the sample 

cleaving, part of the polymer mask peeled away to reveal the etched silicon structure. 

And after 20 sec ICP etching, 60 nm deep, 25±2 nm diameter nanopores were created in 

silicon with an average pitch of 40nm.  

 
Figure 3.5  SEM images of a PS-b-PEO forming cylindrical domains oriented normal to 
the substrate. SEM was taken at a 60 degree tilt angle (a) block copolymer pattern after 
solvent annealing and subsequent reconstruction in ethanol,  (b) the film after an 
additional etching of 10 s in RIE (c) transferred pattern in silicon after 10 s of cryo-ICP 
etching using the BCP mask (d) silicon pattern after 20 s of cryo-ICP etching. Inset image 
in (d) is the plane view of the silicon nano-hole pattern. 
 

 



3.3.4. Nano-imprint using silicon mold  

These samples with silicon nano-trenches (and, also nanopores) were used as a 

master template for nano-imprint lithography (NIL). The silicon mold was treated with a 

mold release agent 1H,1H,2H,2H-perfluorooctyltrichlorosilane and then imprinted on a 

PS resist, assisted by heating the PS to 130 degree Celcius (which is above the glass 

transition temperature of PS) for 20 min. The PS resist pattern shows a width of 25 nm 

and pitch of 42nm (Figure 3.6), reflecting a pattern transfer with high fidelity.  This mold 

could also be used to pattern other functional materials, like P3HT as shown in Figure 

3.7, and other conducting polymers. Such sub-20 nm patterned P3HT is very interesting 

for photovoltaic applications, since the diffusion length of excitons is about 10 nm. Such 

silicon trenches or holes are also very interesting for biosensor28 and gas sensor 

applications29. 

 

 
Figure 3.6  SEM images of a PS resist after thermal imprinting using silicon fin as mold.  
(a) mold without treated with anti-sticking layer, (b) after the mold treated with FAS anti-
sticking layer. 
 
 



 
 
Figure 3.7 SFM images of P3HT after thermal imprinting using silicon fin as a mold.  (a) 
height image, (b) phase image. Scale bar 1um. 

3.4. Conclusions 

In conclusion, we have shown that a simple reconstruction of BCPs can provide 

etching contrast and allows the patterning of BCP masks for subsequent pattern transfer 

into the underlying substrate. A highly selective cyro-ICP etching recipe was used to etch 

the silicon with a polymer:silicon selectivity of up to 1:10. Densely packed, sub-15 nm, 

5:1 Si nano-trenches were fabricated. These nano-trench patterns were used as a nano-

imprint master to pattern polymeric materials. Oriented silicon nano-trenches were 

created using graphoepitaxy directed self-assembly. The methodology was shown to be 

general and was used to pattern silicon holes from a patterned surface-perpendicular 

cylinder forming PS-b-PEO block copolymer.   
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CHAPTER 4  

SELF-ASSEMBLED BCP MICRODOMAINS FOR BIT 

PATTERNED MEDIA APPLICATIONS 

 

4.1.  Introduction 

According to Moore’s law, the transistor density on an integrated circuit doubles 

every 18 months, and thus there is a continuing need for higher resolution lithography[1]. 

Traditional optical lithography will soon hit its resolution limits due to diffraction 

problems. Several lithographic techniques, like e-beam lithography[2], nanoimprint 

lithography[3,4] and block copolymer (BCP) lithography[5-15], have risen as promising 

candidates for the fabricate on of the next-generation devices. E-beam lithography can 

provide sub-30 nm patterns, but is limited by low through-put and high fabrication costs. 

Nano-imprint lithography is viable for mass production of devices, but requires the 

fabrication of a costly master template[3,4]. BCP lithography, however, provides a fast, 

size-tunable, and cost-effective way to fabricate arrays of nanoscopic elements that is 

non-disruptive and easily integrated into current fabrication processes. 

During the past decades, the directed self-assembly (DSA) of BCPs has been 

extensively investigated. BCPs consist of two different polymer chains covalently bonded 

together at one end can self-assemble to highly ordered arrays of nanoscopic spherical, 

cylindrical, and lamellar domains, depending on the volume fraction of the components, f, 

and the segmental interaction parameter, χ, between the components. More recently, 



near-perfect arrays of cylindrical microdomains, only 3 nm in diameter, over 

macroscopic areas have been achieved using the DSA of BCPs on faceted substrate[5]. 

Single grains of ordered patterns can be extended over large areas by introducing 

chemical or topological modifications to the surface of the substrate to affect the DSA of 

BCPs[7,16]. 

One of the key steps to incorporate BCP patterns into nano-fabrication processes 

is by pattern transfer[17]. Organic block copolymers, consisting mainly of carbon and 

hydrogen, are susceptible to degradation during reactive ion etching (RIE), limiting their 

use as etching masks. Silicon oxide, which consists of heavier elements, is more resistant 

to reactive ion etching, thus making it an ideal etch mask candidate. Other groups have 

reported using self-assembled silicon-containing BCP film to create silicon oxide dot or 

lines. Jung et al. [18-21] have demonstrated the fabrication of silicon oxide pillars from 

hexagonally packed spherical polydimethylsiloxane (PDMS) domains in a polystyrene 

(PS) matrix using a PS- b-PDMS BCP. Upon exposure to oxygen plasma, the PDMS 

microdomains are oxidized to silicon oxides. Xiao et al.[22] have reported highly ordered 

silicon oxide dots by the DSA of PS-b-PDMS using chemically patterned substrates. 

Hirai et al. [23,24] have reported the DSA of polyhedral oligomeric silsesquioxanes (POSS) 

containing BCPs to generate a silicon oxide nano-mesh. Russell and coworkers have 

reported the backfilling of PDMS into reconstructed polystyrene-block-poly(4-

vinylpyridine) (PS-b-P4VP) BCP templates to make silicon oxide dots.[13] 

The aforementioned work shows that silicon oxide pillars can be created from 

self-assembled BCP templates, but control over the size of the pillars without altering the 

domain spacing has not been reported. In order to increase the domain size without 



altering the morphology, the chain lengths of both blocks have to be increased while 

maintaining the same ratio. Increasing the total molecular weight of the BCP not only 

results in an increase of the domain size, but also an increase in the pitch. In strongly 

segregated melts, the characteristic microdomain spacing L0 ~ N2/3, where N is the total 

number of segments in the BCP[25]. These competing effects present a problem for mask 

etch applications where a large feature size and a small pitch is desired. For example, the 

data storage industry is constantly striving to increase the size of magnetic domains in 

their hard drives while minimizing the pitch distance, as this would enhance signal-to-

noise ratio and, possibly, storage capacity. Here, we present a new method to obtain 

silicon oxide pillars with tunable sizes to achieve high density and large area coverage of 

silicon oxide pillars with tunable domain size with a fixed pitch. 

4.2. Experimental 

4.2.1. Materials and sample preparation 

Diblock copolymer of PS-b-P2VP and PS-b-P4VP with overall molecular weight 

15.2 kg/mol, 19.5 kg/mol, 24.2 kg/mol, 77 kg/mol were purchased from polymer source, 

Inc. and used without further purification. The volume fractions of PVP block are 21.1%, 

17.9%, 21.5% and 27.3% respectively. To obtain uniform thin films with thickness of 

30nm, the BCPs were dissolved in THF and toluene (volume fraction 7/3) to form 0.6% 

wt solution. Then BCP solutions were spin coated onto the DLC substrate provided by 

Western Digital Inc. 

 



4.2.2. Etching mask preparation 

The BCP thin films were treated in THF vapor by SVA process inside a close jar 

with volume of ~ 250ml.  The SVA processes take 30 minutes to 2 hours depend on 

different molecular weight.  The BCP thin films were then immersed in ethanol to 

reconstruct the film to form porous template.  A brief 10 sec, 75 watts oxygen/argon (130 

mtorr, 9/1 ratio) RIE etching was used to enlarge the pore size. Then 0.1% PDMS in 

heptane, a cross solvent for PDMS and PS, was spin coated on the porous template. After 

that, the BCP template with coated PDMS was annealed at 60 degree for 30 minutes in a 

thermal oven in air. The film is then etched RIE etcher in CF4 for 5 sec at 50 watts, 

followed by 30 sec oxygen/argon (130 mtorr, 9/1 ratio) plasma.  For the pattern transfer 

process, 75 watts oxygen/argon (130 mtorr, 9/1 ratio) plasma with different etching time 

is used to demonstrate the pattern transfer process.  

4.2.3. Characterization 

The nanoscale morphology of BCP thin films and silicon pillar masks were 

imaged using a Hitachi S-4800 SEM with a field emission source at 20 kV and current of 

10u A and Nanoscope 3 SFM using soft tapping mode.   

The area coverage information of silicon oxide pillar was characterized using 

Image-Pro Plus software. The size was counted using the “measure” function in the 

software. 

The nanoscale morphology of the BCP thin films and silicon pillar masks were 

imaged using a Hitachi S-4800 SEM with a field emission source at 20 kV and current of 



10 μA and Nanoscope 3 SFM using soft tapping mode. The film thickness was measured 

by ellipsometry using a J. A. Wollam Co. ellipsometer. 

The area coverage information of silicon oxide pillar was characterized using 

Image-Pro Plus software. The size was counted using the “measure” function in the 

software. 

4.3.  Results and discussion 

4.3.1.  Porous BCP template fabrication 

 

 
Schematic 4.1 Schematic procedure to make size tunable silicon oxide pillar by using 
block copolymer template 
 

Schematic 4.1 shows the schematic process of fabricating silicon oxide pillar 

patterns with tunable domain sizes. A PS-b-P4VP 24k (Polymer Source) was spin-coated 

onto a silicon wafer and solvent annealed in tetrahydrofuran (THF), to self-assemble the 

BCP into hexagonally packed PVP cylindrical domains normal to substrate surrounded 

by a PS matrix (Schematic 4.1a). The film is treated with ethanol, which selectively 

dissolved the PVP domains to reconstruct the film. As the solvent dries, the PVP domains 

collapse on to the sidewalls and top surface of the PS matrix, creating pores in the film 

(Schematic 4.1b)[26]. To increase the domain size of the silicon oxide pillars without 

affecting the pitch, an oxygen/argon RIE was used to enlarge diameter of the pores in the 

BCP template (Schematic 4.1c). We take advantage of the isotropic property of RIE to 



enlarge the average pore diameter in the BCP thin film. Linear PDMS (10,000 cSt 

kinematic viscosity, Gelest) solution in heptane is spin-coated onto the porous films 

surface (Schematic 4.1d) and baked at 60 °C for 10 min to promote capillary force driven 

diffusion of PDMS into the pores (Schematic 4.1e). The film is briefly exposed to 

tetrafluoromethane (CF4) plasma etching to remove the excess of PDMS on the surface of 

the film. Then oxygen/ argon RIE is used to remove the PS matrix and oxidize PDMS 

into silicon oxide (Schematic 4.1f). 

 

 



 

Figure 4.1 SEM image of PS-b-P4VP 24k polymer template with different amount of 
oxygen/argon plasma etching, all of these etching are at 75W. a) 0 seconds etching, b) 10 
seconds etching, c) 20 seconds etching, d) 30 seconds etching. Inserted cartoon is cross 
section view of the pore pattern, e) plot of film thickness with reactive ion etching time. 

To understand how the pore size is affected by the etching time, BCP porous 

templates were treated with oxygen/argon RIE under different exposure times and were 

examined by scanning electron microscopy (SEM). Figure 4.1 shows PS-b-P4VP (Mn = 

24 000) porous templates after different etching exposure times. Before the oxygen/argon 

etching, the BCP film shows a porous structure with an average pore cross-sectional area 

of 38.5 ± 8.9 nm2 or an average pillar diameter of 7.0 ± 1.0 nm. After 10 s of 

oxygen/argon RIE, the pores have average pore cross-sectional area of 153.9 ± 28.9 nm2, 

or an average pillar diameter of 14.0 ± 1.1 nm. (Figure 4.1b), which is double the pore 

size of the unetched film. The isotropic nature of RIE etches away part of PVP in the pore 

sidewalls, increasing the average pore size in the film. After 20 s of oxygen/argon RIE, 

the pore size appears to be larger, but an average pore size cannot be determined as the 

pore structure is not clear on the SEM image (Figure 4.1c). After 30 s of oxygen/argon 

RIE, no pore pattern is observed in the SEM image (Figure 4.1d). The disappearance of 



the porous structure in the film is related to a decrease in the film thickness. Increasing 

the RIE exposure time increases the pore size but decreases the film thickness. 

Ellipsometry was used to measure the BCP film thickness. The plot presented in (Figure 

4.1e) shows a linear decrease in film thickness with increasing RIE exposure time. The 

etching rate estimated from this plot for a porous PS-b-P4VP film is 6.2 ± 0.6 Å/s under 

75 W oxygen/argon (130 mTorr, 9/1 flow ratio). After 30 s of RIE exposure time, 74% of 

the film is etched away, which is why no pore pattern is observed in the SEM image. The 

pitch in the porous structure of the BCP templates was found to be independent of the 

RIE exposure time. The average pitch calculated from the Fourier transform of the SEM 

images, inset Figure 4.1a–c, was approximately 24.3 ± 2.2 nm for all the images. These 

results show that the pore diameter in a BCP template can be increased by RIE without 

affecting the pitch distance. 

4.3.2. Silicon oxides pillar etch mask fabrication 

 



      

Figure 4.2 SEM image silicon pillar from PS-b-P4VP 24k with different amount of Ar/O2 
plasma etching time. a) and e) 0 seconds etching. b) and e) 10 seconds etching. c) and 
f)20 seconds etching. The first row is high magnification. The lower row is low 
magnification. 

 
Figure 4.3 Cross section SEM image of silicon pillar from PS-b-P4VP 24k. a) low 
magnification of 75 degree tilted view.  b) high magnification of 75 degree tilted view. c) 
low magnification of 90 degree tilted view. d) high magnification of 90 degree tilted view   

The silicon oxide pillar pattern is the reversed pattern of the porous BCP template. 

Figure 4.2 shows the SEM images of the silicon oxide pillars made from the BCP 

templates. Silicon oxide pillars were not observed from the 30 s etched BCP template; 

therefore, the SEM image for this sample was not included in Figure 4.2. The silicon 



oxide pillar patterns are exactly reversed from the pore patterns observed on the BCP 

templates. The silicon oxide pillar pattern made from the unetched BCP template shows 

an average pillar coverage area of only 40.9 ± 10.9 nm2, or an average pillar diameter of 

7.2 ± 1.4 nm (Figure 4.2 a,d). If the BCP porous template is etched for 10 s in 

oxygen/argon RIE, the average pillar coverage area increases to 176.2 ± 29.5 nm2, or an 

average pillar diameter of 15.0 ± 1.2 nm (Figure 4.2 b,e). This represents a 303% increase 

of the pillar coverage area when compared to the pattern transfer with the unetched 

template. On the other hand, increasing the RIE exposure time of the BCP mask to 20 s 

decreases the silicon oxide pillar coverage area to 117.5 ± 27.5 nm2, or pillar diameter of 

12.2 ± 1.4 nm (Figure 4.2 c,f). Pillar size reduction can be attributed to the decrease in the 

film thickness of the template after RIE. Tilt-view SEM cross-section images are used to 

characterize the profile of the silicon oxide pillars (Figure 4.3). An average pillar height 

of 14.0 ± 1.0 nm was measured from the images. It can be seen that the pillars have a 

cylindrical shape and extend down to the surface of substrate. The silicon oxide pillars 

obtained from the porous template show high fidelity to the negative porous BCP 

templates, maintaining a pitch of approximately 24.3 ± 2.2 nm and varying the feature 

size only by 5%, further confirming the viability of the proposed method. 

 

 
 



 
Figure 4.4 The SFM height image of block copolymer porous template. a) reconstructed 
surface of  PS-b-P2VP 77k. b) reconstructed surface of PS-b-P4VP 24K. c) reconstructed 
surface of PS-b-P2VP 20K. d) reconstructed surface of PS-b-P4VP 15K 
 



 
Figure 4.5 The SEM image of block copolymer porous template. a) Reconstructed 
surface of PS-b-P2VP 77k, b) reconstructed surface of PS-b-P4VP 24k, c) reconstructed 
surface of PS-b-P2VP 20K, d) reconstructed surface of PS-b-P4VP 15K 
 

Table 4.1: Area density information of silicon oxide pillar 
 

Polymer name 
Molecular weight kg/mol 

PS-b-P2VP       
77 

PS-b-P4VP  
24 

PS-b-P2VP  
20 

PS-b-P4VP  
15 

Volume fraction of minor 
domain 27% 21% 18% 21% 

Pitch distance (nm) 32.9 24.3 19.5 17.0 

Area density 
(Tera dots/ inch2) 0.5 1.0 1.5 2.0 

 

 



Control of the silicon oxide pillar pitch can be obtained by changing the 

molecular weight of the polymer blocks in the BCP template. Four different molecular 

weights of cylindrical forming PS-b-PVP were used to prepare the reconstructed porous 

templates, resulting in BCP films with different pore size and domain spacing (refer to 

Table 4.1). All the unetched BCP porous films were examined by scanning force 

microscopy (SFM) in the height mode (Figure 4.4) and SEM (Figure 4.5). The average 

pitches and areal densities are listed in Table 4.1. As the molecular weight of the BCP 

increases, the average pitch in the films increases from 17.0 to 32.9 nm. Access to a 

wider range of pitches can be obtained by further modifying the molecular weight of the 

BCP. Silicon oxide pillars were obtained from the porous BCP films with different 

molecular weights (Figure 4.6~7). 10 s of RIE was applied to the BCP porous templates 

to enlarge the pore size and sample preparation proceeded as previously described (refer 

to Schematic 4.1). The pitch from the BCP template was maintained after transfer to 

silicon oxide pillars. Areal densities of silicon oxide pillars as high as 2 Tera dots/inch2 

were obtained. These results show that by changing the molecular weight of BCP, the 

pitch of the silicon oxide pillar patterns can be controlled. Moreover, combined with 

control over feature size in the BCP template by RIE, control over both the pitch and 

feature size of the silicon oxide pillar patterns can be obtained. 



 
Figure 4.6 The SFM height image of silicon pillar from block copolymer 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. 
 



 
 
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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