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ABSTRACT 
Block copolymers (BCPs) self-assembly into periodic patterns can have potential 

applications in nanolithography, membranes, energy storage, high density data storage, 

optoelectronics, metamaterials and many other applications. Their potential however are 

limited due to challenges of slow kinetics and structural issues. The research presented here 

develops strategies for faster and defect free annealing of BCPs such as PS-b-PMMA using 

an additive called Ionic Liquid (IL) and annealing techniques such as thermal annealing, 

solvent vapor annealing and our recently developed, direct immersion annealing (DIA). 

We report, long range stratification in lamellar films on a planar substrate using IL and 

thermal annealing. Moreover, addition of IL enhances the kinetics of ordering in these films 

and can order BCP systems up to 5-7 times the entanglement Mw, otherwise not possible. 

Neutron Reflectivity (NR) analysis show the sharpening of interfacial widths by up to 41%. 

The segregation coefficient, ꭓ in these BCPs increases between 3-6 times determined using 

NR and ToF-SIMS. 

Solvent annealing also revealed some interesting phenomenon including the 

attainment of vertically oriented BCPs on Silicon substrate using a neutral solvent DIA 

coupled with IL. AFM and GISAXS analysis reveal the formation of the vertical lamellae 

and the attainment of larger grain size. Selective DIA, also reveals some very interesting 

phenomenon including domain size shrinkage of up to 50% for the same number of 

segments compared to thermal annealing and interfacial width shrinkage of up to 50% 

found using Tof-SIMS and NR analysis. In cylindrical morphology, very long rage order 

has been achieved using DIA and PDMS soft shear validated using AFM and color map 
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analysis. Solvent vapor annealing (SVA) was also performed on lamellar BCP system and 

showed some very interesting development. Generally, for low ꭓ polymers, solvent vapor 

environment tends to dewet the films. Such dewetting phenomenon were suppressed using 

IL, since they help to enhance ꭓ and reduce segmental mobility. Robust ordering was also 

attained in these films using selective and neutral solvent mixtures. NR confirmed domain 

length reduction of up to 60% and interfacial sharpening by up to 50%. These findings are 

instrumental in realizing their potential future applications.               
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1. Chapter I 

Executive Summary 
Ordering of BCPs such as Polystyrene-block-Polymethylmethacrylate (PS-b-

PMMA), to form periodic structures on the order of 5-50 nm can have potential 

applications in membranes, supercapacitors, nanolithography, batteries, barrier material 

etc. Phase separation occurs in this polymer of two segments because of the large entropic 

contribution to drive order formation due to large backbones of the polymer blocks. 

However, the polymer has a relatively small segregation coefficient and the Directed Self 

Assembly (DSA) of this block co polymer is generally slow and gets locked in a metastable 

defect state that may impede their application in many important fields. However recent 

discovery of certain additives such as IL has been shown to enhance the phase separation 

parameter, the Flory Huggins’s interaction parameter ꭓ and decrease the glass transition 

temperature (Tg), allowing for faster ordering kinetics with less defect density and 

incorporating the properties of high ꭓ polymers without sacrificing the highly processible 

characteristics of the BCP. Moreover, the enhanced thermodynamics allow the films to 

gain new applications and ordering in regime that they wouldn’t otherwise order.  

In this thesis we use the PS-b-PMMA BCP and a common IL- EMIM TFSI, to 

report findings that include, enhanced kinetics and orientational order in lamellar and 

cylinder forming PS-b-PMMA. We combine different annealing techniques to push the 

limits of the ordering regime and morphology of this BCP system. Three different 

annealing techniques were explored; thermal annealing (TA), solvent vapor annealing 

(SVA) and our in house developed processing method Direct Immersion Annealing (DIA), 

a solvent based system, that has been previously shown to dramatically enhance the phase 
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separation kinetics. In chapter two, we have done an extensive literature review of the art 

present in the literature of the BCP thin film assembly. It’s understood phase separation of 

BCPs generally lead to different thermodynamic stable morphological structure depending 

on the type of BCPs and casting environment. General di block BCPs forms spherical, 

cylindrical, gyroid and lamellar structure depending on the volume fraction of segments in 

the BCP of each component. The BCP self-assembly is limited by several challenges and 

this includes slow kinetics, limitation of the smallest and largest domain feature attainable, 

higher line edge roughness due to higher interfacial diffusivity and large defect formation 

with smaller grain size that can limit their practical application. Several annealing 

techniques and chemical and physical techniques have been developed to solve some or all 

of these problems. These techniques still may have some disadvantages or are too 

premature to be useful for any large-scale application, while some may be too expensive 

to apply. Thus, there remains a clear need to develop a technique that solve the issues at 

lower cost and can be readily applied. Therefore, this thesis explores an alternate method 

to resolve these issues using a common additive called Ionic Liquid, with thermal and 

solvent based processing. In chapter two, also presents some selective characterization 

techniques particularly imaging, real depth chemical analysis in nanometers regime and 

scattering techniques that can be very useful in the study of nanostructures formed in these 

films.         

In the third chapter, we show that the degree of ordering and alignment in block 

copolymer films can be enhanced by increasing the thermodynamic driving force for 

microphase separation, N without reducing temperature T and/or increasing N using IL 
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and thermal annealing in intermediate and high Mw films for higher thicknesses ( up to 20-

24 Lo). Both methods of increasing T or N have the drawback of leading to a slowing of 

the rate of ordering and dynamic heterogeneity and associated defect formation in the 

material due to glass-formation and entanglement. IL lead to increase in the cohesive 

interaction parameter  while keeping molecular mobility high enough by reducing the 

viscosity and glass transition temperature. Therefore, IL helps enhance the surface 

alignment of lamellae in PS-b-PMMA films over a much larger distance and a higher Mw 

system. We have thoroughly verified our results using surface imaging techniques such as 

AFM and optical microscope, real depth chemical analysis such as ToF-SIMS and 

scattering techniques such as GISAXS and Neutron Reflectivity. Our findings suggest that 

 has changed drastically between 3-6 times, verified with valid Neutron Reflectivity 

techniques and ToF-SIMS analysis.  We posit that the enhancement of , coupled with the 

surface wetting interaction strength and higher mobility due to reduced Tg and viscosity 

induces this enhanced substrate driven stratification.  

In the fourth chapter we have explored the ordering BCP using a rapid and reliable 

processing methods developed in house, called DIA. A lower defect density and faster 

annealing time with long range perpendicular ordering was achieved which is an important 

step forward to realizing the full potential of BCPS like PS-b-PMMA for applications in 

nanotechnology ranging from nano-porous membranes for clean water and batteries to 

flexible electronics of the future. It is the first solvent based study of its type to attain 

vertical ordering in Lamellar BCPs on bare Silicon surface. Solvent based DIA, can alter 

thermodynamic properties of the BCPs while enhancing chain mobility. We have shown 
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in this chapter how a creative binary solvent mixture design for DIA with EMIM TFSI can 

rapidly induce vertical ordering in lamellae forming Polystyrene-Polymethylmethacrylate 

(PS-PMMA) block copolymer systems. We validated our results using direct imaging, 

grazing scattering method and Tof-SIMS to show the attainment of perpendicular ordering 

and the enhancement of the grain size of such orders derived from fwhm of GISAXS Bragg 

peaks. Tof-SIMS analysis also show absence of any PMMA peak near the substrate surface 

with IL processing. We posit, that the IL establishes synergy to the binary solvent mixture 

of toluene and heptane to create a neutral solvent environment for vertical microstructure 

of the BCP that can render them useful in applications such as nanolithography, energy 

storage etc. 

In chapter five, the advantage of selective solvent DIA processing coupled with IL 

has been explored. As opposed to neutral solvent environment the selective solvent can 

segregate the BCP parallel to the substrate. This happens if the solvent can have more 

oleophilic attraction towards one of the polymer blocks and the substrate/free surface 

interface. In this chapter the selective solvent consisted of acetone which has more affinity 

for the PMMA/substrate surface compared to the PS polymer. Thus, enhanced parallel 

lamellar orientation with interesting properties such as faster processing time, lower 

domain length (up to 50% lower) for the same number of segments can be attained with a 

lower interfacial width.  Coupled with IL the enhancement of such properties is even 

remarkable. Thorough analysis of such lamellar films was done with an in-depth real space 

chemical depth analysis using ToF-SIMS and reflectivity techniques such as neutron 

reflectivity coupled with imaging techniques. Tof-SIMS profile at different Mw and time 
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of annealing at different IL concentration were studied. The analysis presents big advantage 

of IL based DIA processing with improved long-range order and faster processing time. A 

scaling constant for the dependence of the domain length scale on Mw was determined. It 

was shown that a better scaling constant could be derived using IL since improved ordering 

was possible in this system as opposed to their non-IL counterparts.  

NR was used similarly at different Mw to study the reflectivity profile. Data fitting 

reveals quantification of the depth profile in terms of domain length and reduced interfacial 

width shows that IL has significant processing advantage. The achievement of such 

ordering was possible due to solvent environment and IL altering BCP properties 

interaction parameter ꭓ, surface energies, segmental mobility, interfacial properties and 

chain configuration. The type of solvent and IL, their relative abundance, temperature and 

time of annealing can tune such parameters and allow attainment of new and interesting 

morphological structure that can have important industrial and commercial significance. In 

addition to lamellar system, the enhancement of long-range order in cylindrical system 

using DIA and soft shear was studied in this chapter. An immense improvement of long-

range order was apparent in these films with IL confirmed though AFM and color maps 

for orientation. These findings can make these films more appealing for large scale 

commercial applications where defects are a main problem in realizing their potential.  

In Chapter six, we have thoroughly studied the vertical and parallel ordering in the 

PS-b-PMMA block-copolymers with IL and solvent based annealing technique- solvent 

vapor annealing (SVA) which is thought to be a very important type of annealing as they 

have been shown to reduce defect density by establishing thermodynamic equilibrium 
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limited interaction with the BCP. Attaining highly oriented ordering in low ꭓ polymers 

using SVA, without dewetting the films is a non-trivial task and may open the door to 

attaining defect free highly ordered pattern for industrial applications and solving one of 

the biggest caveats of SVA processing in low ꭓ polymers. The solvent processing with IL 

allows for enhancing thermodynamic properties of the block copolymer system and retard 

chain mobility to an extent that can lead to induce robust ordering before de-wetting can 

happen. The phenomenon has been thoroughly verified using direct imaging, grazing 

scattering and neutron reflectivity techniques. Data fitting on the neutron data allowed the 

quantification of domain length and interfacial width and it was seen that SVA allows for 

the biggest shrinkage in domain length and interfacial width at 60% and 50% respectively 

compared to thermal annealing. DIA also allowed for a reasonable decrease in domain 

length of up to 50% and reduction of interfacial width of up to 33%. The reason for the 

reduction of domain features were explained using a chain rearrangement model. It was 

proposed that chain ejection in vertical direction during swelling and constraint of chain 

movement in the in-plane direction due to pinning effect, coupled with the neutral solvent 

environment allows alternate block arrangement to attain for a 50% domain reduction 

typical in DIA. Moreover, the fast drying of solvents in SVA allows for even further 

shrinkage in the domain features in the vertical direction.  
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2. Chapter II 
 

Theoretical Background and literature review 
 

2.1 Block Copolymers (BCPs) self-assembly 
BCPs are a class of copolymers containing chemically linked blocks or fragments 

of multiple polymers by covalent bonds and are free to organize themselves in the structure. 

The simplest block copolymer is the A-B di-block copolymers and depending on the 

chemical and thermodynamic characteristic of the system- can be miscible, Weakly 

Segregated (WSL), intermediately segregated and Strongly Segregated (SSL).1 Free 

energy of mixing (∆Gmix) determines the phase behavior of the polymer and can be 

expressed as, 

 Δ𝐺𝑚𝑖𝑥

𝑘𝑇
=

1

𝑁𝐴
ln 𝑓𝐴 +

1

𝑁𝐵
ln 𝑓𝐵 + 𝜒𝑓𝐴𝑓𝐵 , 

(2.1) 

where NA is the degree of polymerization for polymers A, NB is the degree of 

polymerization for B, fA and fB is the fraction of A and B in the mixture, k is the Boltzmann 

constant, T is the temperature in kelvin, and χ is the Flory-Huggins interaction parameter. 

The first two terms in equation 2.1 arises from the configurational entropy and the last term 

arises from the non-ideal enthalpy of mixing. The Flory-Huggins interaction parameter χ 

may be experimentally determined and it has an energetic component (β) and the 

translational entropy (α) represented as1 

The polymer is immiscible when it has a higher value of χ or N resulting in phase separation 

to minimize the A and B contacts and the loss of translational and configurational entropy.1 

 
𝜒 = 𝛼 +

𝛽

𝑇
 .       

(2.2) 
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Segregation, results in the formation of self-assembled structure that can range in the 

formation of several periodic architectures that can result in structure of 5 nm-100nm 

regime and can have direct application in lithography, nano membranes, meta-materials 

energy and other applications.2,3  The product of χN determines strength of the segregation 

and the miscibility regime. Although a concrete description of the miscibility regime based 

on segregation strength is still not a reliable indicator, but it’s generally agreed upon that 

value of χN< 10.5 is miscible and χN>10.5 is phase separation regime.1  

When phase separated depending on the value of the fractions of the 

component in the BCP different architecture of periodic domain structure is formed. 

The total domain length is determined by the total number of monomers N, present 

in the BCP backbone. For a diblock copolymer, A-B (N=NA+NB), the fraction fA 

(=NA /N) or fB (=NB /N) determines the architecture formed by a particular BCP 

system with a specific χ (χ~1/T). When a particular block is sufficiently small 

relative to the other block a spherical architecture is obtained, as the fraction 

increases the polymer can attain a cylinder, gyroid or symmetric lamellar structure 

as depicted in fig. 2.1 and is symmetrical along the fraction 0.5. 
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Figure 2.1: Phase diagram of a diblock copolymer shown schematically with the presence of different morphologies from 
BCC spherical morphology to hexagonally arranged cylindrical to Gyroid and one-dimensional lamellar 
morphology. The structures are repeatable on the right-hand side of the phase diagram as the fraction of A 
increase with respect to B with different matrix and domain composition. Reproduced with permission from 
[4]. 

2.2 Potential application of BCP structures 
Self-assembly of BCP into nanostructures of periodic regular pattern has attracted 

a lot of attention from the industry and academics over the past few decades. They have 

already been found or has been demonstrated to be a valuable alternative cost-effective 

processing technique for application in a wide range of industry. In a di-block copolymer 

the chemistry of the individual block impacts the thermodynamic properties of the final 

BCP. As such individual block length, chemistry and fraction of any one component may 

be varied to obtain desirable properties.1 BCPs may be used in the bulk form or may be 

casted as a film on a substrate. Application of the BCPs in the bulk form may include the 

design of high impact materials such as PS-b-PB-b-PS  (SBS)where the material is both 
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tough and elastic due to crosslinking from PS block and having higher elasticity of the PB 

block5. Other bulk application of BCPs include in detergents, cosmetics, tire, translucent 

glasses, viscosity modifiers5 etc. This thesis, however, explores the application of BCPs as 

a processing agent to form highly oriented nanofeatures that may find a wide range of 

applications such as in the electronics, separation and energy devices.  

Two approaches are generally used to cast and obtain nanostructure from BCP 

architecture: 

(A) Top down approach: Nanostructures obtained from the self-assembly of BCPs can 

be used as an etch mask for transfer a desired pattern to the underlying substrate. 

Physical or chemical treatments may be used to selectively remove one of the 

blocks to obtain a positive or negative mask.6 It’s depicted in fig. 2.2 how dots and 

holes may be formed through a sequence of self-assembly and post processing such 

as ozonation, staining and Reactive Ion Etching (RIE) to obtain holes or dots 

structure on SiN substrate and that can have applications in solid state memory 

devices. 

(B) Bottom-up approach: Selective materials such as nanoparticles can be infused in 

the BCP and allowed to phase separate. The phase separation results in those 

particles to migrate to a particular block. After self-assembly one block can be 

removed, and subsequent post processing can yield a highly conductive nano scale 

channel. For example, Au or Pd infused in PS-P2VP, migrates to P2VP domain and 

subsequent removal of PS and plasma treatment results in the formation of 

nanowires.7    
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Figure 2.2: Process schematic of A) PB embedded as nano-domain in PS matrix B) Ozone and multiple RIE treatments 
to attain holes in SiN C) Staining PS and a sequence of RIE to attain dots in the SiN structure. Reproduced 
with permission from [6]. 

2.3 BCP thin films structure  
Block copolymer self-assembly has been shown to form thin film that can be useful 

in areas such as nanoparticle synthesis,8 nanolithography,9 anti-reflective coating,10 

plasmonic devices,11 membranes,12 and high density memory storage among others.1 

Several factors affect the DSA of BCPs on a substrate, like- surface energy, interfacial 

effects, confinement, film thickness, domain structure among others. Thin films of block 
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copolymers may be subjected to significant confinement and there are two types of 

confinement: soft and hard.12 Soft confinement refers to when one end of film is unconfined 

and hard confinement refers to confinement of a film between two rigid interfaces. In any 

confined, minimization of conformational entropy and stretching requires a delicate 

balance of film thickness (h) and domain length (Lo) and affects chain arrangement and 

any apparent deviation from bulk arrangement may happen due to chain stretching or 

compression.13 Coupled with this, chain rearrangement and domain restructuring can also 

occur due to interfacial effects and strength of the interactions in order to minimize the free 

energy of the system. Moreover, the alignment of polymer chains at the interface depends 

on the wetting characteristic of the films with surfaces. If a preferential surface is present 

on both ends the polymer assumes a structure through the migration of the blocks that 

preferentially wets the surfaces shown in fig. 2.3 as symmetric wetting (h=nLo; is 

commensurability condition). Commensurable films are when the no surface structure is 

formed on film surface to compensate for mismatch of film thickness and domain length 

accommodation.14 If one surface preferentially wets a block, then the structure alternates 

between the surfaces. Thus, asymmetric wetting. For asymmetric wetting 

incommensurable condition is satisfied when 

 ℎ =  (𝑛 + 0.5)𝐿𝑜,           (2.3) 

where, n is number of lamellar domains present, otherwise island and hole structure is 

formed. If the surfaces are not preferential, i.e. neutral to both block a perpendicular 

structure may be obtained and flat surface structure is observed.15,16 
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Figure 2.3: Symmetric Diblock Copolymer forming self-assembled structure through a-b) symmetric wetting c-d) 
asymmetric wetting e-f) neutral wetting. Reproduced with permission from [14].  

In this research we are interested in the soft confinement of the thin films as they 

are easier to process and readily usable however are subjected to different substrate and 

interfacial effects that govern the DSA process. Interfacial effects propagate though the 

film, to form phase separated structure that can be sustained only until a certain depth 

before the strength of the field breaks down due to energetics of bulk morphology. Fig. 2.4 

shows the vertical orientation obtained in PS-b-PMMA films annealed at 230 °C on a 

neutral surface and the interfacial effects for the substrate and free surface driven ordering 

is apparent here.17 
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Figure 2.4: PS-b-PMMA film on neutral surface aligned vertically of thickness 900 nm obtained by thermal annealing at 

230 °C. Reproduced with permission from [17]. 

Surface engineering can control microstructures and ordering orientation. 

Preferential or neutral surfaces can be obtained using a random copolymer matrix at 

different statistical composition or using a self-assembled monolayer (SAMs) based on 

silane chemistry on the surface of the substrate. It’s known that a 50:50 PS-r-PMMA is 

usually neutral to PS-b-PMMA and a statistically higher PS or PMMA ratio can create a 

preferential PS or PMMA surface; it’s also known that methacryl-silane is selective to 

PMMA and benzyl-silane is selective to PS. Similar effects can be obtained by 

manipulating the free surface. Solvent environment can be used in vapor annealing 

techniques to have solvent either neutral or preferential to one surface and can thus effect 

commensurability condition and domain structures.6-11  In vacuum or air environment, 

temperature can affect the surface affinity for a given block,17,24 for instance free surface 

is generally PS selective but when heated to 170-230 °C the surface tension of both PS and 

PMMA block becomes almost equal17. Surface roughness can also play a role in domain 

orientations, for example, Kulkarni et al showed that surface roughness and energy can be 

manipulated using silica nanoparticles and UVO affects domain orientation in lamellar PS-
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b-PMMA.25 Other similar studies using rough surface and tuning of surface energy has 

been studied by several authors.   

2.4 Challenges in Soft Confinement DSA 
BCP self-assembly has several challenges to be integrated in large scale industrial 

applications, these are discussed here in this section.  

2.4.1 Structural defects:  

The most common problem encountered in the DSA of BCPs are the formation of 

surface and structural defects that can impede the realization of the thermodynamically 

optimal structure and thereby the potential application. Moreover, thermodynamic stable 

structure also may not be the most desired structure since the orientation of the assembly 

may not be of industrial use for large scale manufacturing. Some defects may arise from 

structure getting locked in metastable state as well. Moreover, long range defect free 

structure generation requires generation of less terminal or junction points and grain 

structure that can prevent their practical utilization. A number of methods may be used to 

eliminate these problems such as the use of chemo-epitaxy,26 graphoepitaxy26 patterned 

substrate to alter substrate structurally and the use of topcoats.27 Structure directing fields 

such as the use of electric,  magnetic field , laser, zone annealing, directional shear has also 

been shown to improve long range order.28–30 However, given the low tolerance of defects 

required in the industry (1/100 cm2), defect reduction still stays a major hurdle in 

integrating BCP lithography into the industry. 
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2.4.2 Interfacial width:  

Other challenges include interfacial diffusivity which puts pressure on domain size 

and feature that is theoretically attainable. Between two blocks in self-assembled thin films 

a very diffused interface may limit their applicability.1,29,31  Considering the rigid 

requirement of the sub 10 nm lithography, a common interfacial width of 3-5 nm is hardly 

acceptable since it’s almost equivalent to domain length scale itself.  The interfacial width 

in the SSL, theory originally proposed by Helfand32 may be expressed as 

 
𝑤 =

2𝑎

√6𝜒
 ,  

(2.4) 

where a is the statistical segment length and χ is Flory-Huggins interaction parameter. This 

equation shows that although domain size may be different for two polymers having 

different molecular weight, but the interfacial width stays theoretically the same. Thus, for 

low MW, the desire for attaining lower feature size will be limited by higher line edge 

roughness. Moreover, a high χ polymer can give reduced interface but is still complicated 

to design and synthesize with other desired features. Interfacial width narrowing is a 

desired feature that needs to be developed to attain low line edge roughness in next 

Figure 2.5: A) AFM image of a lamellar system of PS-b-PMMA B) Ideal lamellar structure useful for nano-lithography 
application. 

A) B) 
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generation lithography application and clearly increasing χ, while maintaining higher 

processability is an option.  

 

Figure 2.6: Schematic demonstrating the ideal lamellar structure and the interfacial structure attained in a typical 
lamellar film. 

2.4.3 Domain size limitations:  

The smallest achievable domain size attainable using BCP is limited by the 

requirements for phase separation to have χN>>10.5, thus as N decreases the domain length 

decreases but fallen below certain threshold the phase separation is not achievable 

anymore. Thus for common polymer like PS-b-PMMA attaining domain length below 20 

nm is elusive.31    In the SSL domain spacing may be expressed as 

 𝐿𝑜~𝑎𝑁
2

3⁄ 𝜒
1

6⁄ ,        (2.5) 

therefore, reducing N can conveniently reduce the domain size, however can’t fall below a 

critical N as the thermodynamic driving force (χN) for attaining phase separation is also 

dependent on N1. Thus, to attain sub 10 nm features, one strategy can be to use a high χ 

polymer or use an additive like the IL or homopolymer to enhance χ. Other strategies could 

include a solvent based processing that can influence χ or a lower temperature processing. 

Ideal structure 
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Designing high χ BCP to induce ordering and feature size as low as 2.9 nm has been 

demonstrated by Kwak et al.33 A lot of feat has been achieved in the sub 10 nm 

lithography34,35 using BCP however the industry is still reluctant to move away from the 

conventional photolithography technologies as they have proven track record of delivering 

at a large scale with flexibility.       

 

Figure 2.7: Pictogram illustrating the problem of shrinking domain size on ordering regime. Reproduced with 
permission from [36]. 

2.4.4 Self-Assembly kinetics:  

The kinetics of ordering is an important parameter in the applicability of the DSA 

process for large scale integration. It also depends on fundamental parameters like  χ and 

N.31 It is known that above the glass transition temperature the mobility of the blocks and 

segments can be assumed to scale in the form of 

 𝐷~ exp(−𝜒𝑁𝐴𝑁𝐵),        (2.6) 

where NA and NB is the number of segment units, based on Roult’s approximation.37 The 

traditional thermal annealing technique to order BCPs are rather slow and may take up to 

few days to order.38,39 Moreover, from Roult’s approximation, it can be seen that high χ 
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and high N polymers are difficult to order. Typically solvent vapor annealing 

techniques40,41 are thus used to order high χ polymers and will be discussed in detail later 

in this chapter. If obtaining metastable structure is of interest, then a relatively new 

technique called the cold zone annealing42,43 which has a direction component induced by 

thermal gradient can attain desired feature in a very short time of up to 30 minutes and is 

roll-to roll capable. Other challenges that persists for BCP processing include dead 

processing time, high energy cost, sustainability and attaining desired feature through 

optimization of the process and sustainability features is imperative.   

2.5 Self-assembly techniques 
After casting films are locked into a frozen disordered mixed state, since the 

polymers generally have a higher Tg than room temperature. Thereby an annealing step is 

required to induce ordering and may be achieved by several methods like thermal 

annealing, solvent vapor annealing, zone annealing, solvent evaporation, flow field, shear, 

roll casting, electric filed, magnetic field, optical methods and others.44–47 Most of these 

methods either introduces an energy or selectively modifies the fundamental polymer 

property like reducing glass transition temperature to enhance dynamics for the ordering 

process. The first two methods, i.e., thermal annealing and solvent vapor annealing has 

been widely used in the literature. However, they have drawbacks like thermal annealing 

has very slow kinetics and solvent vapor annealing is a complicated process that requires 

expensive equipment, careful control of vapor composition and has process dead time. The 

methods are described briefly in this section. 
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2.5.1 Thermal Annealing:  

Although time consuming the conventional thermal annealing technique remains 

one of the main processing methods of choice due to their high versatility. In order to gain 

greater control over the orientation morphology or the reduction of defect density this 

method is often paired with structure directing epitaxial pattern on the substrate known as 

the grapho-epitaxial or chemo-epitaxial techniques.26,48 The temperature of annealing for 

thermal technique should be above the glass transition temperature (Tg) of the blocks and 

leaving it at such elevated temperature for molecular motion and chain rearrangement to 

take place for attaining order. Sometimes a polymer may have its Tg near to the Order 

Disorder Transition (ODT) Temperature and as such the BCP is not able to order with 

thermal annealing.      

2.5.2 Solvent evaporation: 

Solvent evaporation method is different from the more traditional solvent casting 

method in that it’s an integrated ordering process using solution casting and doesn’t require 

any separate annealing steps. The method employs a very slow evaporating solvent to cast 

films and as the solvent evaporates slowly it helps to impart mobility to polymer blocks 

and allow phase separation to occur as the film dries. Since solvent evaporates from the 

free surface first, therefore there is a directional component for ordering as solvent 

evaporation propagates through the film to induce long-range ordering. However, one 

disadvantage is that the evaporation process can be rather slow and can take up to a few 

days to order which makes them less appealing to commercial integration. 
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2.5.3 Solvent Vapor Annealing: 

When exposed to solvent, BCP films swell until chemical potential of film and 

vapor phase equalizes.49,50 Depending on polymer types transient solvent diffusion can be 

two types, in rubbery system mass uptake is proportional to time squared and in glassy 

system the uptake is linear. Albalak et al. pioneered solvent vapor annealing when he has 

shown that PS-PB-PS can be ordered using methyl ethyl ketone (MEK) and toluene vapor 

much faster than thermal annealing.51 Later kim et al. with the same polymer has shown 

that morphologies can be controlled using evaporation rate of solvent52. They demonstrated 

that highly ordered morphologies can be obtained using a slower evaporation rate while 

fast evaporation may lead to de-wetting. In situ GISAXS was used to study the effect of 

drying rate and revealed that drying rate has significant impact on the morphology of the 

final dried film and demonstrated how the ordering front moves along the film as the 

solvent dries over time. 

SVA induced ordering in BCP films may progress at two stages: first swelling by 

solvent to reach an equilibrium allowing polymers to move and reorient and secondly de-

swelling or evaporation of the solvent. Thus, several factors affect ordering when the dry 

film is obtained.  Physical property like rubbery or glassy polymer can have different 

solvent uptake and as such different final morphology. Polymers like PS, PMMA is glassy 

and polymer like polybutadiene, PDMS may be rubbery at room temperature53. Solvent 

choice is another factor that can affect the morphology or the ordering the films53. Solvent 

can be selected by solubility in the polymers and as such may swell one block more than 

other and therefore can change the bulk morphology in dry films.   
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The vapor pressure of solvent is another important factor that determines 

morphology in the dried BCP films. Since vapor pressure of solvent is dependent on 

temperature, therefore controlling temperature to control partial pressure of the solvent in 

the chamber can vary the solvents surface are area to volume in the chamber (S/V ratio). It 

was discussed earlier; solvent evaporation front is also critical in controlling morphology. 

It was shown by Albert et al that optimum rate of solvent evaporation can help attain 

vertical cylinders in PS-PI films.54  

Microfluidic devices can get gradient concentrations for high throughput parameter 

screening as was demonstrated by Albert et al. Temperature and vapor flow rate control in 

microfluidic device was later demonstrated by Ross and coworkers.55 A multi-chamber 

annealing method for careful control of solvent evaporation rate was developed by Seppala 

et al. that was shown to anneal at a rate almost twice faster.  

So, it’s well understood that the advantage of solvent vapor annealing includes 

morphology manipulation, enhanced kinetics, low temperature processing, increased long 

range order and domain size manipulation. Morphology manipulation is possible due to 

swelling/selective swelling of one or multiple blocks of the polymer. For example, Guo et 

al has shown with lamellar morphology of PS-PB, with PB selective heptane vapors that 

morphology can range from cylindrical to spherical upon annealing.56 It’s also known that 

benzene is good solvent for both blocks and cyclohexane is a theta solvent for PS and a 

good solvent for PB. Combination of the solvents can be used to attain different 

morphology. Long range order propagation is possible because of the slow evaporation of 

solvent front, while fast evaporation may lead to some levels of disorder as was shown by 
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Baruth et al. Also, SVA may allow more mobility in polymers compared to thermal 

annealing due to heating restrictions due to degradation and ODT limits, a factor that 

enhance long range order.57 Caviccchi et al. reported the long-range order in cylinder PS-

PLA structure annealed using chloroform and benzene mixture. Combined with microwave 

annealing SVA can enhance the kinetics of ordering many times. For example, Zhang et al 

has shown that ordering in PS-P2VP and PS-PMMA can be achieved in as little as 60 s 

when SVA and microwave was combined.58 Similarly, Borah et al showed that PS-PDMS 

can order in as little as 30s with lower defect density.59 Solvothermal annealing is another 

method that can drastically reduce annealing time. It was shown by Park et al that toluene 

vapors can attain long range order in PS-PDMS in as little as 60 s at 85 °C that would 

otherwise take 3-18h.60 

Domain spacing change is another phenomenon generally observed using SVA. 

Several authors have reported a decrease or increase in domain spacing when BCPs are 

ordered using SVA and there exist a variety of explanation as to why this happens. Lamellar 

BCPs, forming 1 D parallel structure, is perhaps the most illustrative, first studied by 

Shibayama et al. with PS-PI.61 They have shown that the concentration of polymer in 

casting solvent impacts the domain spacing. Very low concentration (<20%) has no order, 

medium concentration (20-70%) leads to increase since solvents are almost neutral and as 

such increase incompatibility and at high concentration leads to decrease in domain spacing 

because solvent evaporates faster and Tg increases leading to frozen junctions. Albalak et 

al. varied solvent noticed lower domain size in SBS polymer when annealed with hexane, 
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due to selective swelling of Polybutadiene block while PS is not influenced allowing chain 

rearrangement along the junction points.61   

Papadakis et al. investigated PS-b-PB with in-situ GISAXS with SVA.62 They 

found that swollen films have the same domain length as casted films.63 However, in 

swelling more layers were present although domain size were same, initially upon swelling 

domain spacing increases and then becomes original suggesting rearrangement of chains. 

For perpendicular domain spacing increases slightly and stays almost same throughout. 

Controlled swelling reveals how the changes in domain spacing63 is related by 
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where χ is the Flory-Huggins in solution, C is a distribution of chain end dependent model 

parameter, N is degree of polymerization and a is the statistical segment length.    

 

Figure 2.8: The ideal lamellar structure and the BCP chain arrangement shown in the magnified image. 

Study by Zhang et al. with lamellar structure having a mixed parallel and 

perpendicular morphology that size of parallel domain decreased to 14.6 nm from the 

thermodynamically stable of 22 nm, whereas the perpendicular domain size increased 

slightly to 23 nm.64 To explain this result Rudov et al. did a theoretical simulation using a 
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dissipative particle dynamics technique.65 They have shown that initially an affine swelling 

regime is formed where the domains arrange in parallel lamellae66 without expanding or 

rearranging from theoretical limits. Subsequently the chain starts rearranging and breaking 

up to form lamellae with lower domain sizes. They point this towards the solvent being 

neutral helps to increase compatibility between the blocks and thus the junction points can 

spread further apart with chain stretching. Initially affine swelling exists because the chain 

relaxation is slower than the initial solvent absorption. Chavis et al has used PHEMA-b-

PMMA solvent vapor annealing with THF (PMMA selective) and methanol (PHEMA 

selective) in various ratio.67 They have shown that 80/20 methanol/THF mixture gives 

perpendicular lamellae while 50/50 achieved parallel. The domain structure in parallel 

morphology were reduced from 29 nm to 15 nm although cylindrical and spherical 

morphology showed no significant change in the in-plane direction although out of plane 

may be distorted.67 Cummins et al studied lamellae structure using THF solvent in a 

solvothermal annealing method and has shown that in short time (15 min) the domain 

lengths were 38 nm that however decreased to 32.5 nm in 45 mins of annealing.68 Although 

no explanation was offered as to why this happens this goes back to Chavis’s theoretical 

explanation.  

For cylindrical system using SVA any structure correlation is more complex since 

domain structure is present in two dimensions as can be seen in fig 2.9. The ratio of the in-

plane domain (d1) to the out-of-plane domain (d2) forms a ratio of 2/√3. For perpendicular 

structure both d1 and d2 are oriented in plane and if swelling has little effect on in plane 

dimension one can expect little difference for perpendicular cylinder. However, for 
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horizontal cylinders in-plane may stay same but out of plane may rearrange and thus the 

ratio d1 and d2 should vary. Most horizontal/parallel cylinders ordered using SVA is studied 

for in-plane dimensions only and thus the study lacks a picture of what happens out of 

plane.   

 

Figure 2.9: Schematic of the hexagonal cylindrical structure of BCP. The domain length d1, planar distance d2. 

Study relating the in-plane dimensions were done by Jung et al. with PS-PDMS 

ordered using heptane (PDMS selective) and toluene (PS selective) SVA in several 

proportion and reported that ratio of the solvents affect the domain length i.e. increasing 

toluene increases domain length in-plane.49 Since the change in domain structure with this 

polymer systems were not significant, they used P2VP-PDMS with different solvents. 

They found that different solvent system yields different domain size and changes with 

solvent. Even Knoll et al had similar results with SBS polymer although none of the 

research talked about the out of plane structure.38    
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2.5.4 Direct Immersion Annealing (DIA): 

Solvent Immersion also called 

Direct Immersion Annealing (DIA) is a 

relatively new technique. Early studies 

were done by several authors, of them 

include Sharma et al who investigated 

homopolymer films such as the PS 

using a non-solvent such as heptane and 

a good solvent such as toluene.69 They demonstrated that compared to thermal annealing 

the film de-wets at-least an order of magnitude lower due to the presence of the non-

solvent. Mobility was achieved from swelling of the good solvent while non-solvent 

prevents dissolution and the entire process has a faster rate compared to thermal annealing. 

Park et al investigated DIA induced phase separation in high ꭓ systems such as PDMS. 

They have shown that the solvent mixture requires a careful selection of solvents, typically 

a poor solvent that is non-swelling and prevent dissolution and a good solvent that allows 

swelling and dynamics to drive the thermodynamic phase separation. Other parameters that 

affect the annealing includes- time, solvent concentrations, temperature and allowed to 

order for different morphologies to achieve longer range. The method has been applied to 

both low and high χ systems,28,70 and can attain long-range ordering and controlled domain 

structure by fine tuning of solvent composition and annealing time.71 Kim et al. have found 

that the kinetics of ordering is enhanced when a homo-polymer is added to the system.30 

Modi et al. reported a high kinetics of ordering of a low χ system and reduced activation 

energy for the ordering process compared to thermal annealing system.72 Longanacker et 

Figure 2.10: Schematic showing the roll-to-roll capability of the 
DIA method. Reproduced with permission from [74] 
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al. observed a very fast kinetics of ordering of gold nanoparticles in a similar low χ PS-

PMMA system and through neutron reflectivity measurement demonstrated a 50% 

reduction domain spacing and a 20% reduction in interfacial width.73  In this thesis, keeping 

those disadvantages in mind we have devised techniques to incorporate these techniques 

to enhance kinetics, ordering orientation. Also we have acquired this relatively new 

technique that is fast, compatible with roll-to-roll manufacturing process and inexpensive 

as one of the annealing technique.72,74 

2.5.5 Electric and Magnetic Field: 

Magnetic susceptibility and dielectric constant of block copolymers can have 

contrast and may be used to induce ordering in the system using this contrast. The first 

report of ordering a block copolymer system from disordered to ordered state using an 

electric field was reported by Amundson et al.75 They reported the attainment of complete 

perpendicular ordering in the lamellar PS-b-PMMA system using electric field as the block 

copolymer aligned along the field direction, which is remarkable since on silicon surface 

the polymers stable form is to attain a parallel lamellar structure since the PMMA wets the 

Silicon surface preferable and PS wets the free surface. Similarly, liquid crystalline block 

copolymers of cylindrical morphologies were ordered using the magnetic field using the 

magnetic susceptibility of the material.76 On one hand these methods have the advantage 

of controlling orientation and morphology using field direction to produce defect free long-

range order. On the contrary, they are expensive methods and controlling process 

parameters for scale up while retaining the materials inherent physical limits is a challenge.        
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2.5.6 Microwave annealing: 

Microwaves have been used to reaction rate in solids and liquids for a while. Buriak 

et al. has shown that compared to thermal annealing microwaves can anneal at a much 

faster rate (~180 sec) using the right choice temperature, solvent and substrate resistivity 

and achieved larger grain size.59,77 The group also later showed that substrate doping plays 

the fundamental role in heating the substrate and subsequent reorganization of the polymer 

chain. Although it was later shown by Borah et al that substrate resistivity has little effect 

in the heating effect of the substrate and they have thoroughly demonstrated their result 

with several substrates such a Silicon, Silicon Nitride, Silicon Di Oxide and a combination 

of them.77 These conflicts are still not resolved and remains to be explored.    

2.5.7 Zone Annealing: 

Zone annealing introduces a directional component using different thermal zones, 

annealing and arresting any order development using a sharp gradient of temperature 

difference. In a typical set up a film may pass through a cold zone, followed by a hot zone, 

followed by a cold zone again, although it may pass though only hot zones or multiple 

sequence of hot and cold zones. The temperature of the zones and the speed at which the 

film passes over the zone are parameters that may be manipulated. Typically, the speed 

ranges from 0.1-10 µm/s, and temperature of hot and cold zone may be fixed at freezing 

point to up to 250 °C. The pioneering work in zone annealing was carried out by Hashimoto 

et al. to order PS-b-PI films and attained perpendicular orientation in lamellar films.78 They 

have even shown that cylinder morphology of the PS-b-PI films align perpendicular to the 

ordering front in a parallel morphology. In later work, Berry et al has shown that long range 

ordering in PS-b-PMMA can be achieved using a sharper temperature gradient they called 
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cold zone annealing due to a colder block installed before and after hot zones.79 Singh et 

al adopted this morphology to make the gradient even sharper and resulting in the 

attainment of vertical morphology in cylindrical structure which is a metastable state as 

relaxation allowed intermediate ordering regime to persist although not attaining complete 

parallel ordering.42,80     

2.5.8 Flow Fields/ Shear method/roll casting: 

Shear forces can induce long range, defect free ordering in BCPs using directional 

component of the shear. Some example of shear forces is as attained using soft shear from 

PDMS expansion, coquette, parallel plate cells, spinning, moving front of evaporation 

etc.81 Solution processing has an advantage that mobility of the polymer is high although 

the χ may be suppressed and as such the polymer is not ordered, but shear forces introduced 

from the spinning process or “droplet pinning” can align and order the BCP. In droplet 

pinning a drop of BCP in solution is pinned on the substrate and allowed to shear down the 

substrate at an angle.52 As the polymer rolls down the substrate the solvent dries and 

polymer orders creating an ordering front that helps align the unordered BCP at the 

interface to the ordered BCP. PDMS shear has been applied to thermal annealing, cold 

zone annealing or in solvent vapor annealing, that allows some expansion of the PDMS to 

attain shear for attaining larger grain size.82 These methods however are very ineffective 

for large scale application.  In roll casting solvent is evaporated through the shearing of 

two cylindrical rolls between a solution of concentrated BCP.83 
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2.5.9 Optical Methods: 

Laser annealing using Ar+ beam was shown by Haifeng et al. to order PEO-b-

PMMA , using a azobenzene-chromophore molecule attached to the PMMA block to allow 

higher absorption of the laser beam.84 The chromophore molecules had an orthogonal 

orientation to the lasers polarization and as such helped the cylinders to align orthogonal 

to the polarization. One advantage of this method is the rapid heating of the laser through 

excitation of the BCP molecule locally. Therefore, a moving laser front can create an 

ordering front aligning the polymer defect free over large range in time as short as 

milliseconds.84 Moreover, PDMS can be attached on the polymer surface to allow 

expansion and shearing to enhance long range ordering, even further.      

2.6 Solubility of block copolymers 
Solvent effect and selection of solvent in the interest of DIA and SVA will be 

discussed here. In addition, additives such as IL to enhance the thermodynamic phase 

separation will be discussed here.   

2.6.1 Solvent effect:  

As discussed earlier it’s critical to carefully control the composition of the solvents 

in the DIA mixture and vapor composition of SVA to attain fine control of swelling and 

dynamics and to prevent dissolution of the polymer.72 Features that control the selection of 

solvent for DIA and SVA systems depend on polymer chemical structure, molecular weight 

of polymers, polymer-solvent interaction, size of solvent, substrate properties and the 

annealing temperature.85 In 2014 Park et al. have used a mixture of ethanol and toluene for 

the self-assembly of PS-b-PDMS and have obtained structures like spheres, perforated 

lamellae and cylinders depending on the composition of the mixture. Modi et al. have used 
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a mixture of toluene, acetone and heptane for the assembly of PS-PMMA to attain 

thermodynamically stable structure with faster kinetics and lower activation energy.72 It’s 

understood that a neutral solvent that interacts equally with both phases of the block 

copolymer and the substrate can attain a perpendicular structure that can make them useful 

in application such as in nanolithography. However, a neutral solvent is hard to design and 

thereby a mixture of solvents since equal thermodynamic interaction of a solvent to two 

different polymer is difficult to achieve.86 In chapter four of this thesis, we discuss how we 

attain perpendicular structure using a neutral solvent and IL, using annealing techniques 

such as DIA and SVA. Perfect perpendicular structure in lamellar and cylindrical films 

were obtained and verified using GISAXS, AFM and ToF-SIMS.    

2.6.2 Solubility parameters and solvent selection: 

Multiple solvents can be mixed together to achieve a desired solvent property. The 

solvents may be dissimilar or very similar and the miscibility may be determined from a 

Solubility parameter.30 From thermodynamics this parameter may arise from the total 

cohesive energy between the molecules of a solvent and polymer. Hildebrand solubility 

parameter (δHildebrand) was first proposed by Hildebrand and was defined as the square root 

of the total cohesive energy density that includes dispersion forces, hydrogen bonding and 

permanent dipole-permanent dipole over the molar volume of the solvent(=

√𝐸 𝑉⁄    𝑖𝑛 𝑢𝑛𝑖𝑡 √𝑀𝑃𝑎) .  Hansen solubility parameter defined much later, consists of 

three prime factors between the molecules i.e. the dispersion, polar and hydrogen bonding 

interactions. The contributions of other interaction energies such as electrostatic 

interaction, induced dipole and metallic bonding are ignored in this definition altogether. 



33 
 
 

 

This definition applies well to organic molecules since these three interactions are the 

prime type of interaction in organic molecules. Each interaction in the Hansen solubility 

parameter can be expressed as separate term denoted by δD , δP  and δH representing 

dispersion, polar and hydrogen bonding interaction. From the Hansen solubility parameter, 

the Flory-Huggins interaction parameter can also be calculated and thereby it can allow for 

the prediction of phase separation.73  

The Hansen solubility parameters δD , δP  and δH and the Flory-Huggins interaction 

parameter χ are temperature dependent. It should also be noted that the presence of 

substrate, affects different block of the polymer differently. Moreover, predictive model 

using the Hansen Solubility parameter breaks down for small solvent.85 Further, χ may also 

decrease in presence of a solvent and thereby the solvent reduces the segregation strength, 

χN, and thereby may subvert phase separation. As such it’s imperative to carefully select 

solvent through a predictive model such as the Hansen Solubility parameter and find χ from 

them. This would enable the selection of right solvent for enhanced phase separation and 

fast kinetics.  
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2.7 Ionic liquids and types of ionic liquids 

Ionic liquids are an important 

type of salt that have found 

applications in several areas in 

polymer science such as in the 

synthesis of polymer electrolytes for 

batteries, membranes87,88, fuel cells 

etc. Ionic liquids have the advantage 

of being molten at room-temperature 

with distinctive properties such as negligible vapor pressure, non-inflammability, good 

thermal stability which in turn helps to achieve higher stability, higher operating 

temperature range and improved safety. Ionic liquids can range from being hydrophilic to 

hydrophobic. A wide range of ionic liquid can be synthesized by changing the cation and 

anion group to obtain desired hydrophobicity, melting point, viscosity, solubility etc.89     

2.8 Characterization techniques  

We have used several characterization techniques to thoroughly verify our results 

through-out this thesis and this includes several advanced imaging techniques such as 

optical microscopy, AFM, SEM and advanced scattering techniques such as GISAXS, 

Neutron Reflectivity and real time spatial chemical characterization etching and analysis 

techniques such as ToF-SIMS.  

Figure 2.11: Chart showing possible side groups of Ionic Liquids 
and the hydrophilicity. Reproduced with permission from 
[89] 
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2.8.1 Atomic Force Microscopy:  

AFM is an imaging method that can image on the nanoscale level on the surface of 

a substrate. AFM is used extensively in this thesis to identify the morphology of the film. 

AFM scans through a tip that can raster over the surface and can pick up many different 

types of information from the substrate surface. This may include scanning for surface 

morphology, electrical, magnetic properties, chemical and physical phases and can also 

perform in situ scanning when a chemical or physical change is happening on the substrate 

such as electrochemical deposition, solvent induced changes or in situ heating over a 

temperature range. Generally morphology scanning is performed through a microtip, with 

sharp edges consisting of a few atoms that touches the surface through either contact or 

tapping mode and a laser is reflected from the head of the tip region to be picked up by a 

photosensitive detector.90 The cantilever in tapping mode is generally mounted on a piezo 

that helps the tip to oscillate at different frequencies for capturing image in the tapping 

mode. In tapping mode, the tip oscillates generally at 5-10% below the resonant frequency. 

From this probing the relative height of the sample and phase information can be obtained 

to create an image of the substrate surface. In contact mode however, the tip touches the 

surface completely and scan the surface through moving in lines form. Sufficient force is 

applied to the tip in both tapping and contact mode so as to touch and scan the surface but 

not cause extensive damage to the tip or the substrate. The method is a very delicate method 

and requires mastery of the techniques to adjust process parameters to perform quality 

imaging in any instrument system. In this thesis the Bruker Dimension Icon instrument 

were used that are known for their high reliability and efficient imaging capabilities.  
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Figure 2.12: Schematic of the AFM morphology study. Reproduced with permission from [ 91]  

2.8.2 FIB-SEM:  

Scanning electron Microscope (SEM) is an imaging technique that directs a beam 

of electron at the sample surface. Electron emitted from a heated electron gun is accelerated 

and focused to hit the sample on the surface. The surface scatters and absorbs electron and 

the scattered electron may be picked up to create an image of the surface. The surface emits 

the absorbed electron in the form of secondary emission that can also be picked up to form 

image of the surface. A highly vacuum setup for the electron, sample chamber and detector 

is desired to form clearer image. The sample must be conductive to prevent accumulation 

of electron and forming blurry image. This can be ensured by using a thin coating of metal 

such as gold, platinum or even conductive materials such as carbon to make the surface 

more conductive. This can be deposited using a sputtering machine that typically uses an 

Ar+ plasma to create a vapor of metals that is accelerated towards the substrate using an 

opposite charge. Time and current of sputtering determine the thickness of the layer 
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formed. The sample must be loaded in the SEM chamber and must be ensured to handle in 

a clean, vibration free environment.  

Focused ion beams can be used to etch the substrate and take an image of the cross 

section of the substrate. In that case the substrate is placed at an angle of about 52° to the 

detector so that the cross section can be seen. An area of few µm can be etched using an 

ion such as Gallium, gold or Iridium. The metal for example Gallium is heated using a 

tungsten, and a large electric field that help vaporize the metal which is accelerated at a 

large speed towards the substrate and focused using electrostatic concentrator. The ion hits 

the surface at high speed and cause etching of the substrate which can then be studied using 

SEM.     

2.8.3 GISAXS:   

Grazing incidence small angle x-ray scattering is a scattering technique that can 

measure the in plane and out of plane structure at the same time through X-ray beam 

undergoing off-specular reflection from the film. Since other characterization techniques 

such as SANS and SAXS have limitation of their own, for instance very thin films are hard 

to detect with SANS since they scatter less, and SANS have low neutron intensity 

compared to X-ray. SAXS on the other hand  is advantageous over SAXS because it can 

easily pass though the substrate that supports the thin film and can yield information from 

polymer film itself. GISAX uses a grazing angle below the polymers critical angle and the 

scattered wave in x and y is read.92 It can also determine depth- small incident angle from 

the substrate may be used to measure the surface characteristics while large incident angle 

may be used to measure the thickness of the film.93   
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Figure 2.13: Schematic depicting the GISAXS procedure. Reproduced with permission from [94]. 

2.8.4 Neutron Reflectivity:  

Neutron reflectivity is used in this thesis to identify the order in block copolymers. 

Reflectivity studies typically penetrates through the film and scatters giving information in 

the out-of plane direction that common imaging methods can’t study. Generally, a photon 

in the form of x-ray or neutron is directed at the film and it penetrates though the film 

although a small fraction also reflects from the surface, revealing surface and bulk structure 

that common imaging techniques can’t reveal. Neutron reflectivity has many advantages 

compared to X-ray reflectivity in that it’s a non-invasive technique and the density of their 

scattering length, ρ, unlike x-ray reflectivity is not dependent on the atomic number. Since 

the density of scattering length defines the contrast between two different phases thus 

atomic number is irrelevant on density which is very beneficial. The Scattering length 

density of the common block copolymer such as the PS-PMMA is rather low (ρPS = 1.41 x 

10-6 Å-2 and ρPMMA = 1.0 x 10-6 Å-2) and not detectable by NR scattering. However, if the 

hydrogen in one of the polymer blocks is replaced with a deuterium, containing two 

neutrons in the nucleus of the hydrogen atom, it increases the scattering length density 
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markedly (ρdPS = 6.0 x 10-6 Å-2), creating greater contrast between phases so that scattering 

is significant and any block can be deuterated to increase contrast this way95.  

Neutron beam can be programmed to hit the sample in two ways pulsed or 

continues. In pulsed system wavelength of the neutron source can be varied to change the 

scattering length for measurement and in continuous source the incident angle can be 

changed to change the scattering length. Measurement at several scattering length allows 

for the beam to coincide with the internal structure and allow the formation of Bragg peaks 

for the detection of order. Neutron reflectivity is a useful technique since the wavelength 

of the neutrons can read on the order of the periodicity of the block copolymers, is non-

invasive and can also study the film ordering in situ. In DIA, it can thus use the technique 

to study the ordering and kinetics of the process. Neutron reflectivity can read difference 

between different isotopes from the Scattering Length Density (SLD) and thereby may be 

used to find morphology95. 

 

Figure 2.14: Schematic depicting the Neutron Reflectivity technique. 

Below the critical angle the reflectivity (reflected: incident) is 1 since all the 

incident beam is reflected. As the angle slowly increases to above the critical angle from 
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continuous neutron source a fraction of the beam can now refract through the film and the 

total reflected beam decreases. In a general lamellar ordered system, a bragg peak 

corresponding scaling with the domain length appears through the ripple of the reflected 

wave. After the critical edge of the film small oscillations are present through the films, 

with period of ∆Q and this can be related to the thickness, T of the entire film through =

2𝜋

 ∆Q
 . The bragg peak is usually identified as the Q* and reveals the information of the 

internal order (Lo) through the relation 𝐿𝑜 =
2𝜋

𝑄∗. The reflectivity data stems from factors 

like the thickness and number of layers inside the structure, roughness, adsorption and 

scattering length density and distribution of all the chemical components of the system and 

can be modeled sing a NIST developed software called the ReflFit.96  

2.8.5 Time of Flight- Secondary Ion Mass Spectrometry (ToF-SIMS):  

The flight of pulsed ion beam is directed at a substrate in a very low vacuum 

chamber at constant time intervals to cause a small portion of the substrate to etch off and 

travel to a detector in a highly vacuum chamber. All the mass fragments take a time to 

travel to the detector and can be measured in nano-seconds. The instrument we have used 

in this analysis, is at a shared equipment facility at Rice University, TOF-SIMS NCS 

instrument, which combines a TOF.SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany) and an in-situ Scanning Probe Microscope (NanoScan, Switzerland). Pulsed 

beam of ion of Ar1500+ ions was directed at the surface of the polymer films and the 

molecular bombardment causes a small layer on the substrate to fragment and break away. 

The etching was performed at 10 keV with a typical current around 0.3 nA, rastered over 

an area of 500 × 500 µm2. The polymer breaks off into fragments and the fragments are 



41 
 
 

 

usually charged and are accelerated towards a detector. The beams were operated in a non-

interlaced mode with an analysis cycle followed by a sputtering cycle (generally 

corresponds to 1.63 s) and follows a 3s pause for the compensation of the charge generated 

using a flood gun for electron. An adjustment of the charge effects has been operated using 

a surface potential of -8V and an extraction bias of 0V. The detector consists of a BI3+ 

detector and analyzed for the mass of the fragments (corresponding to m/z = 0 – 3644 a.m.u 

mass range) at times when they reach the detector from the point of impacts, hence “Time 

of Flight”, allowing very fine resolution of both time and mass. The cycle time of the 

measurements were fixed at 200 µs. the time were converted to depth using known depth 

of the film and the time at which the Silicon curve reaches fwhm time, assuming it’s the 

total time at which no film remains. ToF-SIMS analysis were carried out with support 

provided by the National Science Foundation CBET-1626418 at Rice University.  
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Figure 2.15: Schematic depicting the ToF-SIMS methodology. 
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3. Chapter III 

Enhanced parallel orientation in lamellar PS-b-PMMA using IL 

3.1 Introduction: 

Previous studies have shown 

that the degree of ordering and 

alignment in block copolymer films 

can be enhanced by increasing the 

thermodynamic driving force for 

microphase separation, N, where  is 

the Flory-Huggins interaction 

parameter between the polymer 

components and N is the number of 

statistical segments in the block copolymer. In practice, this strategy for controlling the 

microstructure of any block copolymer films normally involves reducing temperature T 

and/or increasing N, and both of these methods have the drawback of leading to a 

corresponding slowing of the rate of ordering and dynamic heterogeneity and associated 

defect formation in the material due to glass-formation and entanglement, respectively. In 

the present work, we explore the use of an ionic solvent having a high cohesive interaction 

strength, and thus a relatively low volatility, to increase the cohesive interaction parameter 

 while at the same time keeping molecular mobility high. In particular, we show that 

surface alignment of lamellae in polystyrene-polymethyl methacrylate di-block copolymer 

(PS-b-PMMA) films can be obtained over a much larger distance than films cast of the 

same block copolymer films from conventional relatively volatile organic solvents. The 

Figure 3.1: Depiction of the enhanced lamellar structure attained in 
the PS-b-PMMA films of high MW and thickness using IL 
when annealed using thermal annealing. 
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enhancement of , coupled with the surface wetting interaction strength and higher 

mobility induces this enhanced substrate driven stratification. We have thoroughly verified 

our results using AFM, optical microscope, GISAXS, Tof-SIMS, NR and they consistently 

prove the enhancement of long-range order with enhanced Flory-Huggins interaction 

parameter and faster kinetics of ordering. We anticipate that the research presented in this 

chapter of forming relatively perfect multilayer films requiring short processing times 

should be extremely useful in applications such as- barrier materials and batteries, solid 

state dielectric capacitors, optical waveguides and other applications where multilayer 

films of controlled thickness are required. 

3.2 Background 

Block copolymers (BCPs) are known for their ability to form small periodic 

features having dimension ranging from 5 nm to as large as 100 nm.31,97 Ordered BCP 

morphologies whose size is set by the overall size of the BCP molecules and whose 

symmetry reflects the asymmetry of the block masses1. Directed Self-Assembly (DSA), 

has several ordering morphology (e.g., spherical, cylindrical, lamellar or some combination 

of these structures within the films after processing the films to allow ordering1) and the 

orientation of the ordered BCP domains with the substrate is a significant concern for 

numerous applications. The DSA method has been applied to develop numerous useful 

new materials, and we mention a few applications for specific illustration: capacitors98, 

lithium ion batteries,99 photonics,100 separation membranes,12 nano-lithographic 

templates,101 precursor for quantum dot arrays,102 nanocrystal flash memory, nanowire 

array FET103 etc. Of particular interest for the present work, lamellae forming BCPs having 
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relatively higher molecular mass Mw and large lamellae thickness have been shown to be 

useful in the development of materials of potential use for lithium ion batteries, allowing 

for higher mobility of the lithium ion and in capacitors as alternating layer prevents electron 

from tunneling through the polymer.99,104 Several methods have been used to order and 

enhance alignment of the films like thermal annealing,105 zone annealing,98 topographical 

and chemical patterning,106,107 soft shear,108 solvent annealing,109 electric field110 and laser 

field alignment.110 Most of these methods have their own benefits and drawbacks, however, 

thermal annealing remains as one of the most versatile and readily adoptable methods for 

many current industrial application.103  A central goal of the work in this chapter is to 

develop a processing strategy that can greatly enhance the lamellar orientation in thin BCP 

film for applications where this morphology is required for specialized applications such 

as battery applications just mentioned. 

Many applications have focused on the use of relatively symmetric BCPs of PS-b-

PMMA, which form a lamellar structure. Bare silicon surfaces normally have a thin layer 

of native SiO2, and alternating layers of PMMA and PS lamellae form near the surface due 

to the preferential affinity of the PMMA block for SiO2 substrate. In particular, PMMA 

migrates to the SiO2 substrate due to the lower differential surface energy of this polymer 

to the SiO2 surface compared to PS and PMMA also has a higher polar surface energy 

component 18 to PS (PS = 43 mJ / m2 vs. PMMA = 41 mJ / m2). Correspondingly, PS has 

a preferential affinity for the relatively non-polar free surface (air). Under normal thermal 

annealing conditions, the layering of the BCP alternates between PS and PMMA brush like 

layers, with domain periodicity (Lo), but the registry of these patterns with the substrate 
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normally extends up to a limited thickness (typically, h   6 L0   for Mw < 70 k total), a 

correlation length that describes the spatial range over which the substrate exerts 

orientation correlation of the BCP lamellae with the substrate film.9,73 The molecular and 

processing factors that control this important scale are currently largely unknown, but we 

anticipate that a greater driving force for microphase separation and higher mobility in the 

film before the film vitrifies as a consequence of a slow solvent evaporation from the cast 

film should lead to a larger correlation length. Our measurements here confirm these 

general expectations. 

         In the case of PS-b-PMMA block copolymer films, the Flory-Huggins interaction 

parameter  between blocks is relatively small, so that the length scale over which the 

block copolymer remains correlated in orientation with the surface is relatively small,111 

which is the problem that the current chapter addresses. In “sufficiently thin” films, the 

parallel lamellar layering is “directed” from both the air and substrate interfaces, leading 

to essentially complete layering within the film.16,48,98,112 If the film thickness h is an exact 

half-integer multiple of number of layers (n) and Lo, then the film surface satisfies a 

commensurate condition leading to smooth interfaces,3 which is often a desirable design 

target for films of this kind in applications. The top and the bottom surface forms a ½ L0 

layers of PS and PMMA. However, for incommensurate thicknesses, h ≠ (n + 1/2) Lo, 

surface structure in the form of islands and holes arise where the islands and hole features 

on the block copolymer film surface typically have thickness on the order of Lo. 
3    
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        Ionic liquids (IL) have received a lot of attention for their potential in 

environmentally friendly processing of polymer materials2,89 and a high cohesive energy is 

characteristic of these materials, making this an obvious choice for the present study 

seeking enhanced substrate-induced lamellae orientation of BCPs in thin films based on 

the hypotheses discussed above. ILs  have already found applications in many areas in 

polymer science, such as in the synthesis of polymer electrolytes for batteries, membranes, 

fuel cells etc89. In block copolymers (BCPs), such as PS-b-PMMA, certain ILs have been 

found to preferentially segregate to the polar PMMA block, enhancing the mobility of this 

block, much like an uncharged plasticizer additives,113 while at the same time enhancing 

.114–116 Bennet et al extended the pioneering work of Russell and coworkers mentioned 

above by adding an ionic liquid (IL), such as 1-ethyl-3-methylimidalzo-lium bis 

(trifluoromethanesulfonyl) amide (emim NTf2) rather than a solid salt to the block 

copolymer material.117 They also found that the ionic additive can enhance χ, as inferred 

from domain swelling of the PS-b-PMMA lamellae by small angle x-ray scattering 

measurements (SAXS). They further demonstrated the affinity of the IL to the PMMA 

block and a decrease of the glass transition temperature Tg of PS-b-PMMA polymer and 

ordering in low N systems.114 Earlier Yamamuro et al. found that the IL (EMIM TFSI) 

utilized in the present work greatly reduced the glass transition temperature of PMMA.118 

We may then anticipate that the ionic liquid that we use satisfies the two essential design 

requirements that we are looking for in our BCP casting solvent- enhanced cohesion and 

thus BCP immiscibility, while at the same time achieving an enhanced molecular mobility.  

In uncharged fluids, an increase of the cohesive interaction normally increases Tg 
119

 so we 
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expect ILs to be relatively unique solvents for our purposes of obtaining BCP films with 

enhanced Lamellae orientation with the substrate and an enhanced or at least a reasonable 

rate of ordering for commercial applications.  

          In our previous work, we systematically explored the enhancement of BCP ordering 

in films through the increase of BCP molecular mass120,121 and decreasing temperature.105 

This approach to improving the degree of ordering and controlling the alignment of the 

block copolymer mater with the substrate can be highly effective, but the slowing down of 

the dynamics of film ordering upon cooling or increasing molecular mass associated with 

the increasing prevalence of glassy dynamics and polymer entanglement, respectively, 

limits practical utility of this controlling block copolymer morphology. The modification 

of N through the introduction of additives provides an alternative strategy for engineering 

the properties of block copolymer materials. Dudowicz et al. showed that critical 

temperature of polymer blend phase separation increases substantially upon addition of 

molecular additives (block copolymers) having a selective affinity for one of the polymer 

materials122 (affinity tuned by varying the relative block length of the diblock copolymer). 

This is an extension of the well-known Timmerman’s rule for the shift of the critical 

temperature of small molecule liquids123 so this strategy for altering phase stability is 

apparently quite general124. Huang and Lodge and Bosse et al. confirmed by both 

measurement and self-consistent field simulations, respectively, that the addition of block 

selective molecular additives can indeed decrease the value N relative to the pure 

material.125,126  Russell and coworkers later extended this strategy for increasing the driving 
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force for block copolymer ordering in block copolymer films by adding lithium salts to PS-

PMMA block copolymer materials.127  

        Increasing the cohesive interaction strength of the block copolymer, and thus , is 

also expected to greatly affect the rate at which the ordering front in the film develops away 

from the solid substrate at which the block copolymer ordering initiates.128,129 This faster 

propagation of the ordering front for the ordered phase leads one to expect a larger length 

scale of block copolymer ordering before the film vitrifies. This would have the effect of 

having more ordered lamellae layers in the case of lamellar forming block copolymers, an 

effect highly beneficial to applications in which multi-layer block copolymer layers are 

desired, e.g., the development of polymer films that are resistant to dielectric breakdown. 

We indeed see evidence for relatively thick regions of highly oriented layers near the solid 

substrate in our block copolymer film formation with an ionic fluid solvent and we interpret 

this effect as another beneficial effect of boosting the cohesive interaction strength of the 

BCP material. 

          In this chapter we demonstrate for the first time the enhancement of parallel 

ordering for through-thickness (z-directed) long-range ordering in PS-b-PMMA lamellar 

system uniquely with controlled amount of ionic liquid. We show that in the lamellar PS-

b-PMMA system, ordering is induced to complete 100 % parallel ordering over 

significantly higher Mw and film thickness regime than previously obtained. We 

demonstrate this phenomenon with films of up to 650 nm to 750 nm (  20 L0) thickness 



49 
 
 

 

and molecular masses upwards to 127.5 k after the films are thermally annealed over a 

modest timescale. 

3.3 Materials and Methods  

3.3.1 Film Preparation and processing:  

Symmetric diblock co-polymer of PS-b-PMMA of different Molecular weight of 

66 k (33k-33k) and 127.5 k (65k-62.5k) were purchased from Polymer source Inc. having 

very low PDI of 1.07-1.1. The polymers were dissolved in toluene and THF mixture to 

form a 4-8 mass % by volume of solution. The ionic liquid 1-Ethyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]), purchased from TCI Chemicals with 

greater than 98% purity, were dissolved in THF were added to the polymer in different 

proportion. The IL was mixed with the polymer in different proportions to form films on 

Silicon wafer using the BCP/IL mixture solution having 2-4% BCP concentration. The 

polymer was then filtered using a syringe and 0.2 μm filter. The polymer were flow coated 

into a film at (2 to 4) cm/s on a Si(100) wafer purchased from University wafer. The silicon 

wafer was UV treated for 2 hours to remove any contaminants prior to film deposition. The 

films were then dried for 24 h in vacuum at 60 °C to remove any residual toluene or THF. 

The thicknesses of the film were then measured on Filmetrics F3UV correct to resolution 

of 1 nm. The films were then Thermally Annealed (TA) in vacuum seal between (170 to 

240) °C for a period of 9 h to up to 2 days.     
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Figure 3.2: Schematic representation of the film casting and thermal annealing procedure. 

3.3.2 Characterization:  

Topography image of the thermally annealed samples were measured using AFM 

in the tapping mode. The Bruker AXS Dimension Icon was used in these measurements. 

Optical microscope images were collected using a Olympus CX 43 microscope. GISAXS 

was performed at the Advanced Photon Source of the Argonne National Lab, on beamline 

8-ID-E40. X-ray with photon energy of 7.35 keV and wavelength of λ = 1.6868 Å was 

impinged on the sample at a grazing angle of 0.1 ° to 0.2 °. It’s known that the critical angle 

of film is 0.11 and for the silicon wafer is 0.16. Best intensity for thorough thickness 

penetration was found at an incident angle of 0.14 and it probes bulk of the film. The 

reflected waves were detected on a Dectris Pilatus 1 M pixel-array detector. An Argonne 

developed software called GIXSGUI was used to convert the data to q space and draw line-

spaces to get intensity I vs wavevector q curves.92 

Positive high mass resolution depth profile was performed using a TOF-SIMS NCS 

instrument, which combines a TOF-SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany) and an in-situ Scanning Probe Microscope (NanoScan, Switzerland).  A 

bunched 30 keV Bi3+ ions (with a measured current of 0.02 pA) was used as primary probe 

for analysis (scanned area 100 ×100 µm2), and sputtering was performed using Ar1500+ ions 
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at 10 keV with a typical current around 0.3 nA, where the rastered region has an area, (500 

× 500) µm2. The beams were operated in non-interlaced mode, alternating 1 analysis cycle 

and 1 sputtering cycle (corresponding to 1.63s) followed by a pause of 3s for the charge 

compensation with an electron flood gun. An adjustment of the charge effects has been 

operated using a surface potential of -8V and an extraction bias of 0V. During the depth 

profiling, the cycle time was fixed to 200 µs (corresponding to m / z = (0 to 3644) atomic 

mass units). 

3.4 Results and Discussion 
The essential premise of our present study is to investigate how and by what 

mechanisms an IL impacts the degree of parallel alignment of PS-PMMA lamellae forming 

block copolymer films on silicon surfaces. In this regard, we do not investigate relatively 

low molecular mass PS-PMMA (Mw < 50k total, except for NR study where dPS-PMMA 

19.5k-18.1 k were investigated to study the interfacial width effect of the IL) since they 

naturally order to produce highly aligned parallel lamellae with thermal annealing even in 

thick films  (up to several µm, providing the annealing temperature is high enough and 

substrate wetting is strong, as is the case of PMMA wetting to SiO2). Rather we investigate 

how IL impacts the processing to produce parallel layering in high molecular mass and 

thicker PS-b-PMMA films. Two different L-BCP PS-b-PMMA systems investigated are: 

33k-33k (intermediate Mw) and 65k-62.5k (high Mw) with film thickness ranging from 

200 nm to 750 nm. Enhancement in the ordering of IL containing PS-b-PMMA films from 

each polymer system at different thicknesses are discussed below. 
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3.4.1 Intermediate Mw PS-b-PMMA (33k-33k, Mw = 66k):  

Neat PS-b-PMMA of total Mw between 25 k to 50 k forms parallel lamellae readily 

with thermal annealing. This is because the product of χN (> 10.5) is large enough to induce 

micro-phase separation. For higher molecular mass, far above the entanglement Mw (PS  

13 k; PMMA   10 k)73 it gets increasingly more difficult to order BCPs.130 In practice, for 

symmetric PS-b-PMMA BCPs, with Mw > 70 k and film thickness, h > 200 nm (above 6 

Lo), attaining complete parallel ordering without any perpendicular meandering of lamellae 

for lamellar PS-b-PMMA system on bare Silicon is elusive, due to factors like reduced 

diffusivity, segmental motions, low surface energy differential and low Flory-Huggins 

interaction parameter of the PS-b-PMMA block copolymer system. It’s widely understood 

that phase separation in BCP system requires a larger Flory-Huggins interaction parameter 

(χ) and number of monomers (N) in the polymer backbone. The higher the product of χN 

the higher is the degree of the phase separation.1 As the blocks Mw and film thickness 

increases, diffusive motion decreases and the surface energy differential driving force is 

insufficient to propagate the overlap of ordered lamellar layers from both interfaces in 

practical annealing time frames, and consequently the lamellae start to meander, that is 

most prevalent in the middle of the film.112,131,132 These randomly oriented layers may 

hinder the application of BCPs in important applications such as optoelectronic devices, 

capacitors lithium ion batteries, etc.2,3  
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In order to show 

that Ionic Liquid has 

specific advantage in 

achieving parallel 

ordering we start with a 

total of 66 k molecular 

weight of PS-b-PMMA. 

These polymers when 

heated for enough time 

can achieve perfect parallel orientation.16,112,133 However, when heated at 170 degree 

Celsius for 9 hours, the time may not be enough to achieve complete parallel ordering in 

films without IL. But when IL is added the kinetics of ordering improves drastically and 

as such any in-plane meandering disappears as manifested by the formation of island and 

holes from fig. 3.3 and fig. 3.4.  It can be seen from the AFM profile for PS-b-PMMA 33k-

33k with and without IL for thickness of 210-230 nm (~6.2 Lo), the evolution of the surface 

structure in the form of complete equilibrium island and hole occurs only at 10% IL relative 

to the polymer. Islands and holes are a very good measure of through thickness parallel 

ordering since typically films are incommensurate (i.e. the film thickness, h ≠ (n + 0.5) Lo  

where N is the number of lamellar layers) and surface island structure are a measure of the 

observed frustration release to attain complete parallel ordering.20,134 At 20% IL (fig. 3.3 

E) the presence of subsequent island and hole is seen, which is unusual as this has not been 

reported previously. It could be an indication that ordering has moved past the ordering 

 

   

   

A)-Without IL B)-5% IL C)-10% IL 

F)-40% IL E)-20% IL D)-15% IL 

C)-10 % IL 

F)-40% IL 

Figure 3.3: AFM Morphology of PS-b-PMMA 33k-33k of thickness 210-230 nm, 
ordered using TA at 170°C for 9 h. 
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regime and is starting to dewet. It can also be seen that at very high IL content (40 relative 

mass % or higher) the structure of the film starts to break down. The evolution of the island 

and hole is seen in fig 3.4A indicating the attainment of complete one domain length with 

the amount of IL as seen in fig 3.4 B. 

   

   

 

Figure 3.4: A) The AFM height profile from the line cuts in fig. 3.2. B) The AFM height profile from linecuts. 

 

A) 

B) 
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From fig. 3.5 GISAXS, it’s apparent that at 10 mass % IL by relative mass, the in-

plane peak completely disappears which indicates no in-plane lamellae, which exactly 

corresponds to the AFM image in fig. 3.4c at which islands and holes of full domain length, 

Lo appear. Thus, we validate for the first time to our knowledge, that island and hole 

formation of height Lo in films form only in L-BCP films with completely parallel layering 

state of lamellae within them. From fig. 3.5, The peak in qy for no IL additive corresponds 

to 0.17 Å-1 and using 𝐿 =
2𝜋

𝑞𝑦
,  the domain length is 37 nm which is in perfect coherence of 

the theoretical domain length obtained using SSL, 

 
𝐿 =

4

√6
((

3

𝜋2)

1

3
) 𝑏𝑁

2

3𝜒
1

6, 
(3.1) 

where b is the “blob size’ and this quantity is estimated to be on the order of 0.7 to 0.85 (b 

= 0.85 assumed in this calculation) and  for PS-PMMA111 is approximated  described by 

the usual phenomenological relation, 

 
𝜒 = 𝐴 −

𝐵

𝑇
, 

(3.2) 

where the “entropic contribution” to  equals, A = 0.028, and the enthalpic contribution 

equals, B = 3.9. As IL increase, the in-plane peak disappears and surface island and holes 

of one domain length forms, which is manifestation of complete parallel ordering attained 

through use of the IL. 



56 
 
 

 

0.010 0.015 0.020 0.025 0.030 0.035 0.040 0.045 0.050 0.055 0.060

0

20

40

60

80

100

120

140

I

qy(1/Å)
 

  
 

   
 

 

 

 

 

 

 

We next examine IL induced ordering in films of same Mw, but with much thicker 

dimensions, from h  650 nm to 750 nm. These films are on the order of up to 20 times the 

domain length, Lo. For lower Mw lamellar system, i.e. dPS-PMMA 19.5k-18k, it was shown 

earlier by Samant et al98 that the evolution of complete parallel ordering by soft shear is 

realizable up to a micrometer in thickness, that was useful in capacitor applications since 

they display a high breakdown strength98. Island and holes form in films that are 

incommensurate [h ≠ (n+1/2) Lo for asymmetric wetting] in film height h. It has been shown 

previously by Xu et al that for similar Mw films (70.5k), as film thickness increases above 

5 % IL 

No IL 

15 % IL 
10% IL 

25% IL 

20% IL 

30 % IL 

Figure 3.5: GISAXS line-cut profile obtained from taking the cumulative qy along all qz. In plane 
meandering is revealed below 10 % IL and disappears above that. 
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four domain length, there is a preference for in-plane meandering at elevated annealing 

temperature even with highly selective substrate surface.132 This was attributed to a 

combination of near neutral surface temperature, but more importantly, to the fact that the 

increase of unfavorable surface area created by deeper islands and holes is higher in higher 

Mw L-BCP systems. As we have reported, a signature of an in-plane meandering lamellae 

is lack of 1 Lo high stable island and hole formation. Therefore, our 66k Mw PS-b-PMMA 

can be considered, intermediate Mw regime and as the thickness increases beyond 6 Lo, it’s 

almost inevitable to have the formation of in-plane meandering in melt annealed films with 

no IL even for extensive annealing times. Thus, the attainment of complete parallel 

ordering of the BCP lamellae within thick BCP film remains elusive, for which the 

formation of surface island and holes is a signature, even in films of thickness  (20 to 26) 

Lo. Here we show that the attainment of complete one domain length island and hole 

structure was achieved in films as thick as 650-750 nm (20-24 Lo). It’s seen in fig. 3.6 

complete island and hole formation was only achieved at 5% IL for these thicker films after 

heating at 185 °C for 40 hours. No surface structure was observed at no IL, and the island 

and hole structure appear to have ruptured at higher IL concentrations. This is an indication 

that ordering in these films were achieved even earlier than the allowed annealing time and 

the structure has moved past completely ordering to moving towards structure breakage 

and subsequently will move to the dewetting regime if annealing is allowed longer.  



58 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
   

    

 

E) 

D)-15% IL 

A)Without IL B)-5% IL C)-10% IL 

0 2 4 6 8 10 12 14 16 18 20

0

5

10

15

20

25

30

35

40

45

50
 Surface Height

S
u
rf

a
c
e
 H

e
ig

h
t 
(n

m
)

wt % IL

37

Stable 1 Lo

D)-15% IL 

Figure 3.6: The AFM profile for thicker intermediate Mw lamellar PS-b-PMMA films of 600-750 nm thickness annealed 
for 40 hour at 170 °C with A ) No IL B) 5% IL C) 10% IL D) 15% IL E) The evolution of the surface structure from 
the AFM profile 
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3.4.2 High molecular mass PS-PMMA (65k-62.5k, Mw = 127.5k):   

We now next extend our focus on 

higher MW polymer system that is very 

difficult to order using thermal 

annealing132. Earlier it was shown that 

thermal annealing of PS-b-PMMA of 

high Mw (100 k) form terraced structures 

with dislocations present in the 

terraces112. Some other earlier studies by 

Coulon et al and Russel et al on 

relatively higher Mw lamellar (  100 k) 

system was performed on either block being deuterated, while cast on preferential surfaces 

through different substrate pretreatment, or coating such as gold or carbon, and spin coated 

from slow evaporating solvents with long-term annealed. The film internal structures were 

studied by TOF-SIMS only but they did not specifically study for in-plane meandering of 

lamellae.133,135 The paper reports complete parallel ordering at a higher Mw than reported 

earlier, but under very different conditions as in our present IL based approach.   

The PS-b-PMMA 127.5 k (65-62.5k) at 300-400 nm thickness were cast by flow 

coating and were thermally annealed at 185 degree Celsius for 40 hours. It can be seen in 

fig. 3.7, that the surface height profile increases steadily from surface roughness to almost 

complete one domain length stable island and hole. However here in fig. 3.7, the island and 

holes in these polymers don’t look very well developed on the surface and can be made to 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

5

10

15

20

25

30

35

40

45

50

55

60

65

70

S
u

rf
a
c
e

 H
e
ig

h
t

% IL

57.5
Stable 1 Lo

Figure 3.7: AFM morphology image of PS-b-PMMA 65-62.5 k of 
300-40 nm height. The In plane GISAXS show the 
disappearance of the in-plane meandering at 20% IL. 
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become well developed through heating longer time or at higher temperature. However, in 

fig. 3.8 from GISAXS it’s apparent that the in-plane structure almost completely disappears 

when the IL content in the films were 20%, and the same is true from the AFM surface 

images when surface height increases to the order of one domain length.   

 

 

 

 

From the in-plane profile in fig 3.8, the in-plane peak occurs at 0.107, which 

corresponds to a domain length of about 57.6 nm for this polymer. This is also the domain 

length using the theoretical SSL approximation. The in-plane domain length doesn’t 

change much with increasing concentration of the IL. Although it will be seen later in fig. 

3.11, from the Tof-SIMS profile that out-of- plane domain structure changes significantly 
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Figure 3.8: The in- plane GISAXS show the disappearance of the meandering at 20% IL. 
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between 0-5% IL. However, the same effect is not much relevant in the in-plane structure 

and stays a topic to be explored. 

Figure 3.9: AFM morphology of laser ablated films of PS-b-PMMA 65k-62.5k ordered using TA at 185 °C for 40 h for 
thickness of about 300-400 nm(A-D). The films were etched about 140-150nm using UV radiation of 
wavelength 193 nm for 30 minutes.  The ablated AFM profile shows, as IL increases the in-plane meandering 
disappears and parallel orientation with island and hole structure is assumed. The in-plane meandering 
completely disappears at 20% IL. 

In order to investigate the presence of the in-plane domain structure through the 

film, they were ablated using UV irradiation. About 150 nm of the films were etched in 30 

minutes and the AFM profile of the middle is seen in fig. 3.9. From the ablation it can be 

seen in plane structure or meandering is present at no IL. As IL content increase to 12% 

island and holes start appearing though the films with presence of some in-plane structure 

surrounding them. Some swelling in the domain may be apparent at around 15% IL. It’s 

well understood that it’s difficult to achieve through thickness parallel ordering in higher 

MW and higher thickness lamellar systems as seen in fig. 3.10, even with surface 

engineering to enhance the interfacial driving force, there exclusively remains a parallel 

 

 

0% IL 

12%  IL 20% IL 
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meandering state through the film as shown by Xu et al. It’s even tougher to attain through 

thickness parallel lamellae on bare Silicon surfaces since the interfacial driving force is 

lower. However, we were able to attain through thickness parallel lamellae using IL in MW 

of up to 127.5k for thickness of up to 400 nm and this has not been shown before.   

 

Figure 3.10: Showing the presence of perpendicular lamellae in the structure of symmetric PS-b-PMMA ( 71900) of 
thickness a) 430 nm on neutral surface and b) 800 nm on PS selctive surface ordered at 170  ̊C for 72 h. 
Reproduced with permission from [132]. 

3.4.3 ToF-SIMS Analysis 

Fig. 3.11 shows the Tof-SIMS results from PS-b-PMMA 127.5k, for films of 

thickness 300-400 nm heated at 230°C for 24 hrs. The thermal annealing in this case should 

be enough (time and temperature wise) to attain thermodynamic ordering. The red line is 

silicon and well-developed silicon peak appearing only at the end is an indication that the 

films are well developed without any de-wetting. The green line is supposed to be from IL. 

The IL peak is almost absent at no-IL and appears as a sinusoidal peak in IL containing 

films that’s in coincidence with PMMA peak (C4H5O
+) and thus the migration of the IL to 

the PMMA layer is apparent. The black curve is from the PS and the PS peak is strong 

compared to the blue PMMA peak. This may be because the positive Tof-SIMS analysis 

may be more sensitive to the generation of to the C7H7
+ fragments than the C4H5O

+. It 

should be noted that due to limitation of time and resources the negative profile couldn’t 

a) b) 
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be generated. However, it can be predicted that the negative profile for IL and PMMA 

could be far stronger and remains to be explored. 

Without IL even the PS and PMMA layer at the interfaces is not well ordered (fig 

3.11A). However, with IL even at 5% (fig. 3.11B) a developed sinusoidal pattern is seen. 

Although the pattern obtained at 10% IL relative to the polymer, is more uniform and 

properly developed in nature. However, both at 5% and 10% IL the profile along the depth 

is almost similar quantitatively. The first PS-layer is on the order of half domain length, 

the middle layers are on the order of 76 nm (1 Lo) which is significantly higher than the 

57.5 nm theoretically predicted for this polymer systems. 

 

A)

v 

B) 
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Figure 3.11: Tof-SIMS profile of 300-400nm PS-b-PMMA films of MW 65k-62.5k heated at 240° C for 24 h. It can be 
seen in this high MW and high thickness regime in a) without IL there's apparently no ordering except for the 
surface that's PS dominated. With IL b) 5% and c) 10%, very nice sinusoidal ordering is observed. 

 

Table 3.1: The length of the first PS layer, the middle PS-b-PMMA domain alternating layers, and the PMMA layer near 
the substrate surface. The ꭓ and the percentage change in ꭓ is also calculated from SSL. 

Table 3.1 represents the length of the first, middle and last layer. It’s calculated 

from the assumption that of the SSL the domain length. It can be seen that the ꭓ in the IL 

blend system has gone up by 543%. Inherent in this assumption is that the IL has only 

changed the ꭓ of the polymer blend system and has no influence in N or any other parameter 

in the system. Thus, we posit that increases in ꭓ parameter is responsible for the enhanced 

orientational order in the symmetric PS-b-PMMA systems to induce parallel lamellar 

ordering through higher thickness and higher MW films. It is also  understood that the 

swelling induced by IL may also generate enhanced mobility and diffusivity of the blend 

%IL 1 st 
trough 

Average domain 
length 

Last max to 
wafer 

ꭓ % ꭓ Change 

0 69.22 Not quantifiable 23.59 L=57.57 
nm(theoretically 
with ꭓ=0.041087)) 

 

5 39.51 76.28±2.73 39.84 0.222 543% 

10 43.87 76.33±3.83 38.84 0.223 543% 

C) 
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system at far above the entanglement molecular weight, however those effects couldn’t be 

quantified and falls below the scope of this chapter.114,116,136 Moreover, changes in the 

surface energy and interfacial surface tension are also understood to have contributed to 

this enhancement and again couldn’t be quantified here. However, it’s understood that IL 

has lower surface energy than the PS and PMMA system and when it attaches to the PMMA 

block it lowers the surface tension of the PMMA block overall and as such increases the 

difference in surface tension between the PS and PMMA block leading to higher driving 

force for phase separation.115,137,138 

3.4.4 Neutron Reflectivity Analysis: 

Neutron Reflectivity (NR) was used to study the effect of the IL on the structure of 

the lamellar films in the low and intermediate MW films. In this part of the work a 

deuterated block is required in the block copolymer to create resolution between the blocks 

under neutron scattering. As such a deuterated Polystyrene group has been used. It’s known 

that Neutron Scattering Length Density (SLD) of the PMMA block is 1.43x10-6 Å-2  and 

that of Deuterated Polystyrene is 5.6x10-6 Å-2 .73,139,140 Thus, sufficient difference in 

scattering is present in this system to identify each block under Neutron Scattering. The 

Reflectivity study can be very important study in that it can reveal the out-of-plane profile 

information in lamellar films in a non-invasive manner in very low length scale. Although 

X-ray scattering can also study the out-of plane structure in the same length scales however 

it’s a more invasive technique and may burn the films due to high radiation.95 They also 

introduce strong scattering from film depth profile and thus a modelling approach is 

required for data reduction and may ultimately introduce more error due to model 
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insufficiency. Thus, neutron reflectivity was used to study the domain profiles in these 

films at different Mw.        

 
 

  
Figure 3.12: Shows the NR profile and fit for the dPS-PMMA 19.5-18.1 k films A) no IL B) with 10% IL with SLD profile 

below. The enhancement of lamellar profile in the system with IL is very apparent. 

We start with the low Mw films (fig. 3.12) that are relatively easier to order using 

thermal annealing. The dPS-PMMA 19.5-18.1 k films were cast at about 100-120 nm 

thickness and thermal annealed for 9 hours at 170 ˚C.  The data fit for the system suggests 

that the SLD profile has improved to have a more uniform lamellar organization with 10% 

IL added to the system.  Moreover, fitting reveals that the interfacial width without IL is 

66.2 Å and with IL it has reduced to 41.4 Å. Using the Helfand approximation32 this is a 

260 % increase in the χ parameter. This result corroborates with earlier Tof-SIMS result 
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that χ increase markedly. Although earlier it was seen that Tof-SIMS resulted in a 543% 

increase in χ, and this has almost reduced to half with NR analysis. This may be due to 

several factors such as with NR profiles the data collection is dependent on the surface 

roughness and it’s known that the roughness of a lamellar ordered surface is very high due 

to the formation of island and hole. Moreover, NR data collection, fitting after data 

reduction is not very accurate and has a lot of systematic and random error, like the fitting 

profile and approximations that affects the final values. Moreover, Mw in earlier studies 

were not same. 

 

 

 

  
Figure 3.13: NR profile of dPS-PMMA 29.5k-32.5k ) Without IL B) With10 % IL and below are the respective SLD profile. 
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We next investigate the intermediate Mw films (fig. 3.13) that can also be ordered 

using thermal annealing. The dPS-PMMA 29.5-32.5 k films were cast at about 100-120 

nm thickness and thermal annealed for 9 hours at 170 ˚C.  The data fit for the system 

suggests that the SLD profile has improved to have a more uniform lamellar organization 

with 10% IL added to the system.  Moreover, fitting reveals that the interfacial width 

without IL is 73.4 Å and with IL it has reduced to 43.4 Å. Using the Helfand approximation 

this is a 284% increase in the χ parameter. This result corroborates with earlier NR result 

that χ increase markedly. Although earlier it was seen that NR resulted in increase in χ by 

2.6 times, there is a slight enhancement of the parameter. This may be due to the fact that 

IL has greater advantage in processing films with increased Mw since it’s known that 

higher Mw films are tougher to order. Thus, IL has greater influence in ordering films 

revealing higher effect on χ. 
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Figure 3.14: The combined NR profile A) Without IL arrow showing first order Bragg peak B) With IL and the respective 
scaling relation below. 

The scaling relation for different MW were derived using domain length Lo  obtained from 

the NR using the approximation 𝑁 = 𝐿𝑜
𝛼, where N is the number of total monomers in the BCP 

backbone and α is a scaling constant. Based on SSL rule BCPs should have a scaling constant of 

0.7. The domain length in were determined fitting a lamellar model to the NR profile the Bragg 

peak. The scaling constant with or without IL were found to be around the same, 0.93. The deviation 

could be explained due to low number of data points available and difficulty with attaining 

complete ordering in the high Mw systems. This would mean that regardless of polymer system the 

enhancement of χ for a given polymer system with a particular amount of IL doesn’t change. 

Although it’s found from our observation that higher IL helps attain a better ordering 

regime in high Mw BCP system. This is due to the fact that it was shown earlier with 

homopolymer system of PMMA that the higher the amount of IL the higher is the BCP 

mobility due to lower glass transition temperature Tg,  and lower viscosity. As such higher 

IL helps attain faster ordering that is more apparent in the high Mw system because they 

have very low mobility despite having a higher phase separation tendency due to higher 

χN.  
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3.5 Conclusion 
In this chapter, we have established that the degree of ordering and alignment in block 

copolymer films can be enhanced by increasing the thermodynamic driving force for microphase 

separation, N without reducing temperature T and/or increasing N, and both of these methods have 

the drawback of leading to a slowing of the rate of ordering and dynamic heterogeneity and 

associated defect formation in the material due to glass-formation and entanglement, respectively. 

In this chapter, we have explored the use of an ionic liquid to increase the cohesive interaction 

parameter  while at the same time keeping molecular mobility high by reducing the viscosity and 

glass transition temperature. In particular, we have shown that surface alignment of lamellae in PS-

b-PMMA films can be obtained over a much larger distance. We have thoroughly verified 

our results through the use of surface imaging techniques such as AFM and optical 

microscope, real depth chemical analysis such as ToF-SIMS and scattering techniques such 

as GISAXS and Neutron Reflectivity. The enhancement of , coupled with the surface 

wetting interaction strength and higher mobility due to reduced Tg and viscosity induces 

this enhanced substrate driven stratification. Our findings suggest that  has changed 

drastically between 2.6-6 times, verified with valid Neutron Reflectivity techniques and 

ToF-SIMS analysis. We anticipate that the research presented in this chapter of forming 

relatively perfect multilayer films requiring short processing times should be extremely 

useful in applications- barrier materials and batteries, solid state dielectric capacitors, 

optical waveguides and other applications where multilayer films of controlled thickness 

are required. 
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4. Chapter IV 

Enhanced vertical orientation in lamellar and cylindrical systems using IL and 

neutral solvent design 

4.1 Introduction 
Ordering block copolymers (BCP) using rapid and reliable processing methods, 

with low defect density is important to realize their full potential for applications in 

nanotechnology ranging from nano-porous membranes for clean water and batteries to 

flexible electronics of the future. Recent solvent based direct immersion annealing (DIA), 

and more established, solvent vapor annealing (SVA) hold immense potential in this 

pursuit as they can alter thermodynamic properties of the block copolymer system while 

enhancing chain mobility. We explore in this chapter how a creative binary solvent mixture 

design for DIA with EMIM TFSI, a common ionic liquid (IL), can rapidly induce vertical 

ordering in cylinder and lamellae forming Polystyrene-Polymethylmethacrylate (PS-

PMMA) block copolymer systems, validated using direct imaging and grazing scattering 

methods. The IL establishes synergy to the binary solvent mixture of toluene and heptane 

to create a neutral solvent environment for vertical microstructure of the BCP, that can 

render them useful in applications such as nanolithography, energy storage etc.  

4.2 Background 
It is well understood that having a higher Flory Huggins interaction parameter 

allows BCPs to phase separate readily as they have a higher thermodynamic driving force1. 

However, many BCPs such as PS-b-PMMA, have a small positive 𝜒 (~0.037), that while 

inducing phase separation, suffers from having a reduced ordering kinetics, feature size, 

higher line edge roughness, lower period of patterns and higher defect density.31,73,141  Since 
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PS-b-PMMA, low 𝜒 BCP, has significant advantage in pattern translation and their 

derivatives has been widely used in the industry, novel processing techniques to improve 

the long range pattern formation, with reduced defect density and having faster kinetics 

holds tremendous potential.9,142 A novel approach that can be used to alleviate these dis-

advantages is the use of a solvent based processing technique that can alter the 

thermodynamic interaction between the blocks,73 and also provide a medium through the 

liquid surface to interact with the polymer to form more desired vertical features. 

Solvent annealing can be classified into two major types, Solvent Vapor Annealing 

(SVA) and Direct Immersion Annealing (DIA).73,85,143 SVA is a well-studied time intensive 

processing technique as equilibration of vapor pressure of the solvents determines how 

much of the solvent is taken up by the polymer blocks and as such changes the 

thermodynamic and diffusive motion of the polymer blocks.55 SVA is an interesting and 

useful annealing technique having the advantage of reducing defect density, enhancing 

pattern period, controlling domain morphology and size.55,144,145 Solvent vapor annealing 

has been extensively used for high 𝜒 BCPs with low mobility of polymer chains and can 

take up to few dozens of hours to order.146 The diffusive mobility of polymer segments 

during the ordering process can be expressed as 𝐷~ exp( − 𝜒𝑁𝐴𝑁𝐵) , where 𝑁𝐴 𝑎𝑛𝑑 𝑁𝐵 is 

the number of A and B component in BCP backbone.147  

DIA on the other hand is a relatively new technique demonstrated by Park et al to 

order high ꭓ BCPs to form ultrafast ordering in the sub 20 nm regime with high pattern 

fidelity.148 Modi et al applied DIA to order and orient cylinder forming low 𝜒 PS-PMMA 

to obtain long range order with enhanced kinetics while establishing activation energy for 
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the process to be much lower than thermal annealing.72 Longanacker et al, used DIA to 

document ultrafast kinetics even with nano-fillers, reduced domain size by as much as 50%, 

and interfacial sharpening properties in lamellae forming low 𝜒 PS-PMMA through an 

extensive neutron reflectivity study. In DIA the film is directly dipped inside a carefully 

designed solvent that allows for rapid film swelling, enhanced chain mobility, and altered 

thermodynamic properties to attain desired feature(s) in a relatively shorter time. Both DIA 

and SVA requires a very careful design of the solvent mixture, since selective and neutral 

solvent typically used in these systems and may cause large swelling and readily lead to 

film dissolution if incompatible solvent mixture is used. As such a large fraction of poor 

solvent must be present in order to suppress these adverse effects. Creative solvent design 

with specific additive components and appropriate fractions can also improve 

morphological structure, pattern periodicity and kinetics of ordering. 

Ionic liquids, an important type of organic salt has found applications in several 

areas in polymer science such as in the synthesis of polymer electrolytes for batteries, 

membranes, fuel cells etc.89 ILs have the advantage of being molten at room-temperature, 

with negligible vapor pressure, are non-flammable, and have good thermal stability, higher 

operating temperature range and improved safety.89 ILs can selectively associate to a 

particular polymer by virtue of physical forces such as the VDW and its lower cohesive 

energy density helps enhance the segregation coefficient in BCP systems and alters surface 

energy. In BCPs, such as PS-b-PMMA, certain ILs were found to associate to the PMMA 

block of the copolymer, and enhance the mobility of the block like a plasticizer, reducing 

the glass transition temperature and the BCP overall.114,149 Interestingly, they have also 
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been shown to enhance the Flory Huggins interaction parameter in BCPs, thereby enabling 

ordering in low N BCP systems with smaller feature size.114,149,150 

IL was first used by Bennet et al with BCPs, demonstrated that adding small amount 

of IL such as 1-ethyl-3-methylimidalzolium bis(trifluoromethanelsufonyl)amide (emim 

NTf2) can enhance χ parameter found from domain swelling of the PS-b-PMMA revealed 

by SAXS (𝐿𝑜~𝜒
1

6) and enable ordering in low N system.114,150 Moreover, they have also 

found that IL can induce morphological transition in cylindrical/ hexagonal films to 

lamellar morphology when 25% of emim NTF2 was used. More recently Chen et al has 

demonstrated a similar study with low Mw to attain pitches below 20 nm.116 Earlier we 

studied use of IL with PS-b-PMMA, to order PS-b-PMMA cylindrical system using 

rotational cold zone annealing, a combinatorial method to optimize the velocity and time 

in zone annealing in melt state.137 It was demonstrated that adding just 2 wt% IL relative 

to the BCP can dramatically enhance the processing window for attaining perpendicular 

cylinder orientation percentage due to change in surface tension and segmental 

relaxation.137   

In this chapter, we demonstrate the ability of solvent processing techniques of DIA 

to enhance vertical ordering in lamellar and cylindrical films and containing ILs. Moreover, 

IL and solvent processing also helps to enhance the long range, defect free ordering, arising 

from an increase in χ between the PS and IL solvated PMMA block, while balancing the 

segmental motions to suppress de-wetting in these films in solvent environment. 

Importantly, IL combined with solvent processing with neutral solvent design, has the 
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advantage of enhancing the perpendicular orientation of PS-PMMA domains in these 

systems. The ILs thermodynamic enrichment of  appears self-saturating, as confirmed by 

little change in domain structure with increased amount of IL when processed through DIA 

through GISAXS. SVA annealed films retain the IL and has higher enhancement in 

orientational order as confirmed through AFM and GISAXS. These findings provide a 

useful framework for designing vertically oriented BCP films using a roll-to-roll 

compatible DIA method for applications such as in nanolithography, membrane design, 

energy storage etc.      

4.3 Materials and methods 

4.3.1 Film Preparation:  

Block Co Polymer of PS-b-PMMA of Mn=66k(33k-33k, L-BCP) PDI=1.09, 

lamellar morphology, and Mn=77k (55k-22k C-BCP), PDI=1.09 cylindrical morphology, 

were purchased from Polymer Source Inc. The as received polymers were measured using 

micro balance to make a solution of 4-8 wt% of polymer solution in Toluene as solvent. 

IL, 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide ([EMIM][TFSI]), 

purchased from TCI Chemicals was dissolved in THF. IL was dispensed using a 

micropipette to the polymer mixture relative to the polymer in appropriate weight fraction 

and the entire mixture was diluted to yield a final polymer IL solution of 2-4 wt%. Films 

were casted using a flow coating machine at a speed 1-2 cm/s to get a film of thickness of 

about 100-150 nm. The thickness of the as cast films were measured using Film metrics 

LSDT2 system, after drying for 24 hrs at 50 °C in a vacuum oven to remove residual 

solvent.  
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4.3.2 Direct Immersion Annealing (DIA):  

DIA was performed in a toluene and heptane solvent mixture (mixed in a ratio of 1 

to 3 by volume fraction). Annealing was performed for 30 minutes (DIA and carefully 

removed from solvent without altering the film surface. The substrate was held at an angle 

to rapidly evaporate any solvent at room temperature and heated rapidly for 15 mins at 60° 

C to remove residual solvents. 

4.3.3 Characterization:   

Topography image of the as cast and annealed samples were measured using AFM 

in the tapping mode. The Bruker AXS Dimension Icon was used in these measurements 

which is a in lab state of the art dedicated instrument. GISAXS was performed at the 

Advanced Photon Source of the Argonne National Lab, on beamline 8-ID-E40. X-ray with 

photon energy of 7.35 keV and wavelength of λ = 1.6868 Å was impinged on the sample 

at a grazing angle of 0.1 to 0.2. It’s known that the critical angle of film is 0.11 and for the 

silicon wafer is 0.16. Best intensity for through thickness penetration was found at an 

incident angle of 0.14 and it probes bulk of the film. The reflected waves were detected on 

a Dectris Pilatus 1 M pixel-array detector. An Argonne developed software called 

GIXSGUI was used to convert the data to q space and draw line-spaces to get I vs q 

curves92. Optical microscopy image was taken from Olympus BX41 instrument at 10X 

magnification. 

Positive high mass resolution depth profile was performed using a TOF-SIMS NCS 

instrument, which combines a TOF, SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany) and an in-situ Scanning Probe Microscope (NanoScan, Switzerland).  A 
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bunched 30 keV Bi3+ ions (with a measured current of 0.02 pA) was used as primary probe 

for analysis (scanned area 100 ×100 µm2), and sputtering was performed using Ar1500+ 

ions at 10 keV with a typical current around 0.3 nA, rastered area 500 × 500 µm2. The 

beams were operated in non-interlaced mode, alternating 1 analysis cycle and 1 sputtering 

cycle (corresponding to 1.63s) followed by a pause of 3s for the charge compensation with 

an electron flood gun. An adjustment of the charge effects has been operated using a surface 

potential of -8V and an extraction bias of 0V. During the depth profiling, the cycle time 

was fixed to 200 µs (corresponding to m/z = 0 – 3644 a.m.u mass range).     

4.4 Results and Discussion 
Vertical orientation of ordered lamellae forming PS-b-PMMA on bare silicon in 

melt state is a non-trivial task due to the strong preferential attraction of PMMA block to 

the silicon oxide surface, while the free air surface is slightly PS selective. The surface 

energy of UV treated silicon surface is ϒSiO2= 75.7 mJm-2,151 whereas ϒPS= 40-42 mJm-2 

and ϒPMMA= 41.1 mJm-2 151,152. Although the surface energies of the blocks are not very 

different, the contributing force for the segregation of PMMA to substrate may be 

attributed to the individual polar and dispersive components (ϒPMMA,polar=11.5 mJm-2 vs 

ϒPS,polar= 6.1 mJm-2, ϒPMMA,dispersive=29.6 mJm-2 vs ϒPS,dispersive=34.5 mJm-2 )153. The higher 

polar component of PMMA due to the carbonyl, -C=O group makes it more attractive to 

SiO2 surface and PS to the free air surface. BCP morphology defined by intrinsic block 

composition may be modified by variety of parameters that include substrate (silicon) 

surface energy, roughness, and film thickness, molecular weight, annealing temperature, 

external fields and incorporated additives. The lamellae in PS-PMMA thin films (h<6-7 
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Lo) are generally oriented parallel to air and substrate interface. 16,31,70,110,112,132,154,155 

Thicker films exhibit a more meandering state of the lamellae in the film interior, while 

maintaining a parallel lamellar structure near the interfaces132. Similarly, cylinder forming 

PS-b-PMMA thick films on bare silicon surface take on a parallel hexagonal cylindrical 

structure at the substrate surface, transitioning to meandering within the film, and can often 

be parallel or perpendicular at the free surface. However, these results are obscured in high 

molecular weight block copolymer or at lower annealing temperatures leading to partial 

short-range order and poorly ordered meandering structures. Depending on the thickness 

and annealing conditions, non-equilibrium annealing based processing methods can drive 

complete through-thickness perpendicular cylinder on silicon substrate, by locking-in 

structures in a metastable state, before surface segregation or wetting of one block 

component can occur.121,153,156     

There have been several other methods explored in literature to obtain 

perpendicular structure in lamellae and cylinder forming PS-b-PMMA thin films. One of 

the obvious methods to obtain complete perpendicular structure is the interfacial 

engineering of the top and the bottom surface to be neutral to both the blocks of the BCP. 

PS-r-PMMA having a 50:50 distribution is frequently used to create a neutral surface on a 

silicon substrate.23,24,157 Other methods used to create perpendicular ordering involves the 

use of graphoepitaxy,141 chemoepitaxy116,152 or a combination of both, with sidewall 

engineering. Topcoats with neutral coating on both the interfaces, use of homopolymer 

with block copolymer,158 organic additives and inorganic additives including NPs such as 

Au NPs,159 multiple armed star polymers and processing techniques such as zone 
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annealing,160 laser annealing and electric field methods161 have been tried. However, most 

of these methods are relatively complex, time intensive, expensive and introduce many 

process variabilities that are difficult to control.  

A simple way to control the microenvironment of the top and bottom layer is using 

a solvent mixture that is neutral to the blocks and renders a neutral environment to blocks 

and interfaces. This can be achieved using a carefully designed solvent and additive 

mixture that result in balancing of surface/interfacial γ to have a neutral impact on both the 

blocks. Such solvent system strategies has been used by several authors to attain 

perpendicular structure, e.g. SVA of block copolymers like PS-PEO50 and PS-PDMS 

resulted in complete perpendicular ordering using such solvent vapor environment.162 

However, it is desired to attain a perpendicular oriented lamellar/cylindrical structure of 

PS-b-PMMA films on silicon surface due to its optical patternability and etchability with 

high fidelity. However PS-b-PMMA suffers from a low interaction parameter, χ and in a 

system of solvents, can easily dewet due to enhanced mobility (𝐷~exp (−𝜒)), or in 

controlled solvent environment it attain highly parallel structures without passing through 

the metastable perpendicular state.148 However careful solvent design and use of additives 

can help attain perpendicular structure of PS-b-PMMA without dewetting of the films.  

Thus, here we have selected a neutral solvent mixture and an additive IL, 1-Ethyl-

3-Methylimidazolium bistrifluoromethylsulfonyl imide (EMIM TFSI), to control the 

microenvironment and attain perpendicular structure in lamellar and cylindrical 

morphology.  The neutral solvent mixture in this case is a 3:1 ratio of heptane and toluene 
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mixture. Heptane is a poor solvent and swells PS-PMMA to a low degree while toluene is 

a neutral good solvent and slightly PS selective 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1, shows the AFM morphology of the films casted by flow coating of PS-b-

PMMA 33k-33k, of thickness about 130 nm. It’s seen without IL there’s no ordering 

present on the surface. The inset (fig. 4.1A) GISAXS profile, probing the full film 

thickness, however, shows the presence of a mixed parallel and perpendicular morphology. 

A)-Without IL 

A) B) 

C) D) 

Figure 4.1: AFM image of evolution of as cast films as the percentage of Ionic liquid increases from A) No IL B) 
4% IL C)8% IL D) 12% IL in films of PS-b-PMMA 33k-33k of thickness of about 130 nm. Inset shows 
the GISAXS in in-plane (qy) and out-of-plane (qz) direction. Small level of weak homogenous peak is 
present at no IL. As the percentage of IL increases the in-plane peak becomes stronger with presence 
of no homogeneity signifying complete perpendicular orientation.     



81 
 
 

 

Although the signal is not very strong- suggesting a lower statistical significance of the 

ordering present in this system. With the addition of IL to the as cast films, a perpendicular 

lamellar structure evolves, as confirmed using the AFM and GISAXS (fig 4.1 and fig 4.2). 

The in-plane peak gets more uniform and oriented (fig. 4.1B and fig. 4.1C) with the 

addition of 4% and 8% ionic liquid, signifying higher degree of perpendicular orientation. 

The in-plane peaks are strong but still not as strong as after DIA annealing (as will be seen 

later in fig. 4.3). It should be noted however some dead zones exists in fig. 4.1 A, B, C in 

the as cast films, as seen from AFM where the BCP seems to have agglomerated and did 

not order properly. This is because in the as cast films, solvent evaporates very fast and the 

polymer has less time to reassemble into ordered phase structure.  

Fig. 4.2, represents the GISAXS line-cut profile of qy integrated along all qz as the 

amount of IL in the BCP film increases. In fig. 4.2 the neat as-cast films without IL show 

the presence of weak in-plane structure, although the peak is very broad and diffused, 

typical of as-cast BCP films. In fig. 4.2, it’s also apparent that in the as cast film there is 

no second order peak present. It’s known that presence of higher order peaks are an 

indication of high degree of BCP ordering. The first order peak occurs at qy=0.021 and 

using the Bragg definition 𝐿 =
2𝜋

𝑞
 this corresponds to a domain length of 30.2 nm. Using 

the SSL the theoretical domain length should be 37 nm, however, the fact that it is lower 

than the theoretical value may be explained by our earlier studies which show that lamellar 

domains can shrink by up to 50% in rapidly evaporating solvent in cast L-BCP films. Since 

both toluene and THF evaporate rapidly after casting, the shrinkage in domain length 

occurs.73 Next, we focus on as-cast L-BCP films with added IL. Interesting, the addition 
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of IL result in increasingly well-ordered as-cast L-BCP film on bare Si surface which has 

not been shown before. Thus, the IL appears to act like a plasticizer that enables ordering 

of the film without thermal or DIA annealing. Notably, the domain length increased in IL 

added films more than theoretical domain length of 37 nm, due to the swelling of the 

polymer primarily induced by the IL.163 
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Figure 4.2: A) Line cut from GISAXS profile to show the in-plane qy structure. Addition of IL has 

significantly improved the perpendicular ordering with higher order peaks seen here B) 

Domain length using AFM and GISAXS. 

Fig. 4.2 shows that strong first order peaks in exist in IL containing films with 

existence of weak second order peaks. The peaks from IL containing films are sharp and 

have high intensity indicative of high degree of order, and the determined domain spacings 

are plotted in fig. 4.2B. It’s apparent from fig 4.2B that the domain length increases from 

30.3 nm to 47.2 nm when 4% IL is added, leveling out to 50.6 nm at higher IL 

concentrations. The domain length measured from the AFM surface structure almost 

closely matches with the domain from the GISAXS signifying that the statistical average 

A) B) 
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of domain length throughout the bulk of the film closely corresponds to the surface 

features.  

Assuming that the increases in domain length is purely due to the enhancement of 

χ , then χ increases from 0.042 to 0.26 which is almost a six-fold increase validating Tof-

SIMS results seen earlier.  Alternatively, this is a solvent swelling effect on domain size, 

by virtue of presence of IL as a selective good solvent or a combination of both. The effect 

of IL on ꭓps-pmma would then be reflected in the interfacial width. The IL enhances the Flory 

Huggins interaction parameter 𝜒, lowers glass transition temperature (Tg) of the polymer 

mixture, as well as lowers the surface tension of the polymer system.114 Lowering Tg means 

that ordering can be induced in the system at a faster pace, since the mobility of the polymer 

and segments goes up above the reduced Tg . On the other hand, increasing 𝜒 reduces the 

polymer block and segment diffusivity below Tg. The effects of the IL on 𝜒 is profound 

between the 0- 4 wt% IL, as can be confirmed from fig. 4.2B, since most of the domain 

swelling occur in this regime. We assume that a key observed phenomenon of domain 

swelling occurs only due to the enhancement of the 𝜒  parameter since the domain length 

in SSL. Assuming N and other correction factors remain the same, increase in domain 

length is driven by the increase in χ. As IL increases, ordering increases since χ increase. 

On the other hand the effect of IL to decrease Tg (of PMMA) changes steadily as the 

fraction of IL relative to the polymer increases.164 As such it’s understood that small change 

in IL added will have higher effect in lowering polymer diffusivity. As such clumps of 

polymer forms on the surface as in fig. 4.1, since in the as-cast films with low amount of 
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IL, the polymer does not have enough mobility to phase separate completely in the time 

available for reorganization after film is cast and solvent dries at  room temperature.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

While the addition of IL to as-cast films produced ordered and swollen domains, 

we next show the effect of further annealing-based processing methods on domain ordering 

and spacing. In fig. 4.3, the AFM surface morphology of the same type of as-cast films 

A)-Without IL 
B) A) 

C) D) 

Figure 4.3: AFM image of films dipped in a 3:1 Heptane to Toluene solvent for 30 minutes, 

without and with IL as the percentage of IL increases from A) 0% IL B) 4% IL C)8% 

IL to D) 12% IL in films of PS-b-PMMA 33k-33k of thickness of about 130 nm. Inset 

shows the GISAXS in-plane (qy) and out-of-plane (qz).  
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presented so far, were annealed by the method of Direct Immersion Annealing (DIA) 

developed previously in our group for BCP ordering. Fig. 4.3 shows the results by 

immersion in DIA solvent mixture of 3:1, heptane: toluene for 30 min. Clearly, the surface 

profile looks much more developed in terms of long-range order, characterized later in 

terms of orientational correlational length, from the AFM surface morphology images, with 

more sharp contrast between the phases and no presence of polymer particulates noticed in 

fig. 4.1. The sharp contrast comes from the fact that the PMMA block sub-domain is 

plasticized significantly more than the PS domain which remains glassy, so that the 

compliance contrast is greatly enhanced and observed by AFM phase imaging mode.  One 

explanation for increase in the phase contrast is due to the fact that the interfacial width, w 

may be expressed as 𝑤 =
2𝑎

√6𝜒
 in the SSL, and as such since IL increases the χ the interfacial 

width decreases and the phases become sharper in contrast. In the inset, the GISAXS 

profile shows that the perpendicular component of the peak has greatly enhanced even at 

no IL compared to fig. 4.1, which is reflected in the integrated line cut profile that shows 

that the first order peak after DIA is improved. At no IL the peak has not much evolved 

and stayed almost the same as earlier in the as cast films. However, with IL the first order 

peak and higher order peak is brighter as seen in the inset of fig. 4.3.      
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Figure 4.4: A) Line cut from GISAXS profile to show the in-plane qy structure. Although AFM 

image without IL shows no in-plane ordering in the surface, GISAXS of the entire bulk 

structure shows the presence of weak in-plane structure that is significantly contracted 

compared to the ordered structure in the presence of IL. B) Domain length from AFM 

and GISAXS. 

In fig. 4.4 B, the first order peak occurs at 30.2 nm for no IL and at 47.6 nm at 4%IL 

and 49.5 nm at 8% IL. The domain structures have shrunk a little compared to the as cast 

films. This can be explained by one of two possible reasons, either that the rapid 

evaporation of DIA solvents lead to chain shrinkage or that some IL is lost to the DIA 

solvent although the IL is insoluble in both toluene and heptane used in this solvent mixture 

at all proportions as per our observation. However, like the previous analysis it’s clear that 

the effect of IL in swelling of domains is also true of DIA annealed samples. The domain 

length from the surface AFM profile and the GISAXS bulk film measurement line-cuts are 

almost equivalent as in as-cast case. 

B) A) 
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Figure 4.5: A) Orientational Correlation length obtained from GISAXS of as cast and DIA films. B) Tof-SIMS profile of PS-
PMMA 33k-33k films of about 170 nm after DIA with 1:3 Toluene to heptane mixture with a) No IL C) With 
5% IL. It can be seen without IL the structure is not completely vertical and a small PS-PMMA domain 
segregation is apparent. It's however absent with IL. Near the surface there is slightly more PS in both case 
of about 6nm width which is the surface undulation that arises from PS-bumps above PMMA. This may 
purely be a surface roughness effect. 

The orientational correlation length ξ is a measure of the statistical robustness of 

the ordering obtained from the peak of the GISAXS. The Full width at Half Maximum 

(FWHM) of the peaks from the GISAXS line-cut profiles can be used to calculate ξ, to 

quantify the positional and orientational order, the Scherer analysis using equation 1 and 2 

is performed. 

 ξ =
2πk

∆q
, (4.1) 
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where, ∆q can be expressed as 

 ∆q =
4π

λ
cos(θ)

𝐵

2
, (4.2) 

where 2θ is the scattering angle, B is the width of Bragg peak (fwhm), λ is the wavelength 

of X- rays used (1.6868 Å) and K is the Scherrer constant (≈0.94). Fig. 4.5, show the ξ 

obtained using the as cast films and after DIA. It can be seen that overall the statistical and 

positional ordering of the DIA systems is higher than the as cast films. Large improvement 

in ξ is noticeable in the 4% and 8% IL systems after DIA.  

In order to further demonstrate that DIA with IL has specific advantage in the 

creation of the perpendicular orientation Tof-SIMS has been done on sample containing no 

IL or 4% IL. It can be seen from the Tof-SIMS profile in fig. 4.6, that near the substrate 

surface without IL there’s a half domain length layer of PMMA that’s absent in IL 

containing film. In fact, with IL, the profile is much more uniform throughout the entirety 

of the film and even in the air surface where there’s small PMMA hump after the PS surface 

roughness. 

According to Zeeman in the presence of solvent the value of the effective inter-

block interaction, 𝜒 can be expressed as  

 
𝜒12 =

(𝜒1𝑠 − 𝜒2𝑠)2

(𝛿1 + 𝛿2 − 2𝛿𝑠)2

𝑅𝑇

𝜈
, 

(4.3) 

where 𝛿1, 𝛿2, and 𝛿𝑠 are the solubility parameters of the block 1, block 2 and the solvent, 

𝑅 is universal gas constant and 𝜈 is molar volume73.  Small interaction of the solvents 

with blocks and the presence of Ionic liquid both can cause significant increases in 𝜒 and 
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as such result in a more rigid interface, w. This rigid interface coupled with the near 

neutral environment provided by the solvent environment results in an enhanced vertical 

structure that is manifested upon dipping in the solvent mixture. 

4.5 Conclusion 
In this chapter we have explored the ordering block copolymers (BCP) using rapid 

and reliable processing methods, with low defect density. It is important step forward to 

realizing their full potential for applications in nanotechnology ranging from nano-porous 

membranes for clean water and batteries to flexible electronics of the future and is the first 

solvent based study of its type to attain vertical ordering in Lamellar BCPS on bare Silicon 

surface. Solvent based direct immersion annealing (DIA), can alter thermodynamic 

properties of the block copolymer system while enhancing chain mobility. We have shown 

in this chapter how a creative binary solvent mixture design for DIA with EMIM TFSI, a 

common ionic liquid (IL), can rapidly induce vertical ordering in lamellae forming 

Polystyrene-Polymethylmethacrylate (PS-PMMA) block copolymer systems, validated 

using direct imaging and grazing scattering methods. The IL establishes synergy to the 

binary solvent mixture of toluene and heptane to create a neutral solvent environment for 

vertical microstructure of the BCP that can render them useful in applications such as 

nanolithography, energy storage etc.  
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5. Chapter V 

Selective DIA induced long range order with reduced interfacial width and domain 

structure in lamellar (1 Dimensional) BCP systems: 

5.1 Introduction 
The advantages of Ionic Liquid processing for BCP film has so far been established 

through earlier chapters. The enhancement of long-range order in thermal annealing due to 

enhanced Flory Huggins interaction parameter ꭓ and the reduced glass transition 

temperature (Tg) was developed in chapter three. Moreover, the enhancement of 

perpendicular ordering in as cast lamellar BCP films has also been established which 

coarsens with larger grain structure upon annealing in a neutral solvent environment of 

toluene and heptane, was established in chapter four. Here we want to explore, the 

advantages of solvent processing coupled with IL. It is known that solvent environment 

itself can alter BCP properties such as change in the interaction parameter ꭓ, surface 

energies, segmental mobility, interfacial properties and chain arrangements and structure. 

The type of solvent, their relative abundance, temperature and time of annealing can tune 

such parameters and allow attainment of new and interesting morphological structure that 

can have important industrial and commercial significance. To this scope, in this chapter 

we explore the enhancement of long-range order in DIA with solvents designed specifically 

to selectively interact with a block of the BCP in the presence of a common IL (EMIM 

TFSI]). Our findings include faster annealing time in BCP systems compared to thermal or 

solvent vapor annealing. With an in-depth real space chemical depth analysis using ToF-

SIMS and reflectivity techniques such as neutron reflectivity coupled with imaging 

techniques from AFM, we establish advantages of such processing. We also explore 
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quantification of the depth profile in terms of domain length, interfacial width and how 

they vary with molecular weight with and without the presence of the IL and how they 

compare to the theoretical approximations. DIA allowed for a reasonable decrease in 

domain length of up to 50% and reduction of interfacial width of up to 33%.    

5.2 Background 
A solvent annealing 

technique that uses a 

controlled quality solvent 

mixture, differing from more 

established solvent vapor 

annealing by using a direct 

immersion of the films in the 

solvent has been recently 

gained attention as a faster 

and convenient annealing method.73,109 The method allows for a roll to roll capable 

annealing technique with a careful solvent design, consisting of multiple solvents each 

playing a role in the annealing step and controlling morphology.165,166 In order to tune the 

solvent quality to prevent dissolution of the film, a large fraction of a very poor-quality 

solvent is generally used. Block selective solvents may be used to create a different 

segregation force near the interfaces. A good solvent/neutral solvent to the polymer may 

be used for this purpose and generally used in small fraction to the total solvent mixture 

since the solvents can allow for swelling in the films and too strong solvents can cause de-

Figure 5.1: Ternary phase diagram of solvent induced ordering of lamellar 
system with 10.5% gold nanoparticle. Reproduced with permission 
from Reference[5] 
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wetting due to enhanced mobility and affinity for solvent compared to the substrate. Poor 

solvents, however, can also cause small swelling however is generally not large enough to 

cause de-wetting. For the common PS-b-PMMA polymer an example of poor solvent is 

heptane, neutral but may be slightly more PS selective solvent is toluene, good solvent for 

both blocks but is PMMA selective is acetone.167 This ternary solvent mixture with a large 

volume fraction of heptane has been used earlier by several author to induce long range 

order with faster kinetics and reduced domain features without altering the BCP 

properties.167  

The annealing technique we call Direct Immersion Annealing (DIA), has been used 

by other authors but have used the term solvent immersion annealing/ solvent annealing 

for their convenience.168,169 Recent report on such annealing techniques include a study 

done by Park et al in 2014 to induce ordering in large χ BCPs such as PS-PDMS to have 

reduced BCP mobility, since segmental mobility can be expressed as 𝐷~ exp(−𝜒𝑁𝐴𝑁𝐵) 

where χ is the Flory-Huggins interaction parameter, NA is the degree of polymerization of 

one block and NB is the degree of polymerization of the other, required to prevent 

dissolution of the film.60,165,170,171 They have used a poor solvent like methanol and good 

solvent like toluene to attain ordering and has shown that depending on the fraction of good 

to poor solvent used the morphology of the dried film varies from spheres to cylinders to 

perforated lamellae.165 Compared to thermal annealing the process was also shown to 

demonstrate faster kinetics achieving complete ordering in about 8 hours at room 

temperature and in 5 minutes when temperature is increased to 85 ˚C. In a later study, they 

have shown that using an additive in the form of low molecular weight homopolymer can 
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wet a particular block allowing for changed segregation parameter and lower annealing 

time of about 1 minute.  

In an earlier study by Modi et al, demonstrated a clever solvent mixture of heptane 

and acetone to order low χ BCP- PS-PMMA and high χ BCP- PS-P2VP, to attain ordering 

in up to 20 h to attain morphologies such as spherical, cylindrical and lamellar. By varying 

amount of good solvents used they have found an optimal solvent fraction for attaining the 

correct amount of swelling to attain long-range order.72 In low fraction of good solvent, 

ordering is too slow and in high fraction the film de-wets. Increase in temperature resulted 

in a much faster kinetics of ordering with a lower activation energy quantified using the 

grain size coarsening time from AFM image. Later Longanacker et al, infused a third 

solvent toluene to the same annealing mixture and attained a much faster kinetics of 

ordering demonstrating ordering in as low as few minutes. They have also shown that 

interfacial width decreased by 27% and domain length decreased by up to 50 % in lamellar 

(1 Dimensional) PS-b-PMMA systems.167 Further they have demonstrated that solvent 

processing allows ordering to occur in BCP system with clay nanoparticles that can have a 

myriad of applications such as in barrier materials, energy storage etc. To our knowledge 

these are the only studies relating DIA processing explored by several authors.  

Compared to solvent vapor annealing, DIA clearly has several advantages in that 

they allow faster annealing time, is roll-to-roll capable, scalable , doesn’t require expensive 

ancillary equipment since controlling vapor pressure in SVA is non-trivial task. In 

comparison to thermal annealing, DIA is a much less energy intensive process, is more 

ecofriendly as small amount of solvents are required and they are readily recyclable. 
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Moreover, DIA allows for readily tuning of solvent and can tune interfacial properties of 

polymer at free surface and substrate surface and also tune the thermodynamic properties 

of the polymer by varying solvent composition and temperature. Such possibilities render 

DIA as viable cost-effective annealing techniques for large scale commercial applications.             

5.3 Experimental Methods 

5.3.1 Film Preparation:  

Block Co Polymer of PS-b-PMMA of lamellar and cylindrical morphology, were 

purchased from Polymer Source Inc as listed in Table 5.1. The as received polymers were 

measured using micro balance to make a solution of 4-8 wt% of polymer solution in 

Toluene as solvent. IL, 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl) imide 

([EMIM][TFSI]), purchased from TCI Chemicals was dissolved in THF. IL was dispensed 

using a micropipette to the polymer mixture relative to the polymer in appropriate weight 

fraction and the entire mixture was diluted to yield a final polymer IL solution of 2-4 wt%. 

Films were casted using a flow coating machine at a speed 1-5 cm/s to get a film of 

thickness of about 100-400 nm. The thickness of the as cast films was measured using Film 

metrics LSDT2 system, after drying for 24 hrs at 50 °C in a vacuum oven to remove 

residual solvent.  
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Table 5.1: The Molecular weight, PDI and BCP system investigated in this chapter and their given names for reference 
when they appear in the chapter. 

Molecular 

Weight 

(Kg/mol) 

PDI Polymer  Morphology  Given Name 

19.5-18.1 1.06 dPS-PMMA Lamellar Lam37.6k 

29.5-32.5 1.07 dPS-PMMA Lamellar Lam62k 

33-33 1.09 PS-PMMA Lamellar Lam66k 

47.5-51 1.12 dPS-PMMA Lamellar Lam98.5k 

65-62.5 1.09 PS-PMMA Lamellar Lam127.5k 

80-80 1.09 PS-PMMA Lamellar Lam160k 

55-22 1.07 PS-PMMA Cylindrical Cyl77k 

5.3.2 Direct Immersion Annealing (DIA): 

  DIA was performed in a toluene, acetone and heptane solvent mixture (mixed in 

5:25:75 volume fraction). Annealing was performed for 30 minutes-24 hrs DIA depending 

on polymer Mw and carefully removed from solvent without altering or touching the film 

surface. The substrate was held at an angle to rapidly evaporate any solvent at room 

temperature and heated rapidly for 15 mins at 60° C to remove residual solvents. 
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Figure 5.2: Schematic of the film casting and DIA process to attain ordering in a model lamellar system. 

5.3.3 Characterization:   

Topography image of the as cast and annealed samples were measured using AFM 

in the tapping mode. The Bruker AXS Dimension Icon was used in these measurements 

which is an in-lab state of the art dedicated instrument. National Institute of Standards and 

Technology Center for Neutron Research NG 7 reflectometer was used for the Neutron 

reflectivity measurements. The neutron beam was collimated to 4.76 Å wavelength at 

constant source and 0.18 Å of divergence was used in the emitter. The magnitude of the 

wave vector Qz, was calculated using Qz = 4 sin () / ,  is the wavelength and θ is the 

angle of incidence and had a range of 0.006 – 0.16 Å-1. The data was reduced using ReflRed 

software and analyzed and fit using the Reflpak software.96 

Positive high mass resolution depth profile was performed using a TOF-SIMS NCS 

instrument, which combines a TOF, SIMS5 instrument (ION-TOF GmbH, Münster, 

Germany) and an in-situ Scanning Probe Microscope (NanoScan, Switzerland).  A 

bunched 30 keV Bi3+ ions (with a measured current of 0.02 pA) was used as primary probe 

for analysis (scanned area 100 ×100 µm2), and sputtering was performed using Ar1500+ 

ions at 10 keV with a typical current around 0.3 nA, rastered area 500 × 500 µm2. The 
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beams were operated in non-interlaced mode, alternating 1 analysis cycle and 1 sputtering 

cycle (corresponding to 1.63s) followed by a pause of 3s for the charge compensation with 

an electron flood gun. An adjustment of the charge effects has been operated using a surface 

potential of -8V and an extraction bias of 0V. During the depth profiling, the cycle time 

was fixed to 200 µs (corresponding to m/z = 0 – 3644 a.m.u mass range).     

5.4 Results and discussion 
DIA with selective solvent in block copolymers containing IL is tricky since the 

selective solvent used in the ternary solvent, acetone is a very good solvent, for the IL 

([EMIM] [TFSI]) used in this process. As such it’s expected depending on the affinity from 

the polymer and the solvent an equilibrium will be formed where a substantial amount of 

IL will escape to the DIA mixture. Since the solvent used is in large amount thus it’s 

expected that increasing the amount of IL in the film has little utility since the equilibrium 

might favor only a small amount of IL to retain in polymer in the presence of the solvent 

mixture thus IL concentration was hold below 10 % in this part of the work as higher IL 

may cause dewetting. The entire chapter here used the same DIA mixture a 75:25:5 ratio 

of Heptane, Acetone and Toluene mixture.    

5.4.1 Tof-SIMS of lamellar DIA:  

It was shown earlier by our group that lamellar system when ordered using DIA 

exhibits interesting feature of reduced domain feature of about 50%  and reduced interfacial 

width of up to 27%. This is very interesting since it means that it allows packing up to 

twice as many alternating layers than thermal annealed lamellar polymers and has sharper 

interface to enhance any in block function. As such this system can allow more efficient 
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device applications such as in nano-electronic, energy systems, energy storage, flow cells, 

membranes, meta materials etc.9,172 Moreover, DIA has been previously shown to enhance 

the ordering in NP containing systems that wouldn’t order with TA.73 DIA can open new 

ordering systems that wouldn’t otherwise order, allowing enhanced kinetics due to the 

thermodynamic enhancement of polymer properties, including enhanced ꭓ, Tg and 

mobility.  

In this chapter we explore the combination of selective DIA with IL to attain 

enhanced ordering. Enhancement of lamellar ordering to attain better sinusoidal pattern 

with IL is first explored with ToF-SIMS. Different Mw films of thickness of few hundreds 

of nanometers were investigated using ToF-SIMS. The advantage of using IL in films and 

processed using DIA has been quantified and presented. 

5.4.1.1 Intermediate Mw Lam66k  
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Figure 5.3: The ToF-SIMS depth analysis of PS-b-PMMA 33k-33k (Lam 66k) processed with a heptane, acetone, toluene 
mixture in 5:25:75 volumetric ratio annealed for A) 1 hour B) 1 hour with 5% IL in films C) 4 hour D) 4 hour 
with 5% IL in films. 

Fig. 5.3 shows the positive ToF-SIMS profile from the polymer Lam66k. It’s 

understood that the thermodynamically stable structure for this polymer occurs at 37 nm 

using the SSL approximation when thermal annealed. Therefore, any deviation from this 

value will be counted as chain reorganization and not due to change in number of 

monomers (N) since the number of monomers in the polymer backbone is fixed. We have 

found that annealing one hour or four hours using DIA (fig. 5.3) allows for domain length 

to decrease to 20.6 nm ± 0.9 nm. Thus, this is a 44 % reduction in domain length without 

IL when compared to the theoretical domain length of 37 nm attained when annealed using 

thermal annealing. With 5% IL the domain length is reduced to 19.6 nm ± 1.36 nm, a 47% 

decrease. It’s understood that without IL these films of intermediate Mw, can’t form good 

order above thickness of six Lo.
9 When completely annealed using DIA the domain length 

should reduce by up to 50 %. Therefore, the higher the value is to 50% the higher is the 

degree of ordering. It can be consistently seen that IL films are better ordered compared to 

no IL since the profile is less flat. This is even clear from fig. 5.3, where ordering in IL 
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containing films (fig. 5.3 B,D) has been seen to propagate all the way to the substrate 

surface which is not as clear for no IL films (fig. 5.3 A, C). It must be mentioned that 

resolution of the Tof-SIMS chemical profile is reducing as etching depth increases since 

the non-uniformity from the ion bombardment of the polymer surface causes structural 

damage over the large analysis area causing tectonic shifts.      

5.4.1.2 High Mw Lam 98.5k  

 

  
Figure 5.4: Tof-SIMS profile of dPS-PMMA 47.5k-51 k of 200-220nm annealed in same DIA mixture for 3 hour with A) 

No IL B) 5% IL. The profile become more sinusoidal with the presence of IL. 

Fig 5.4 shows the positive ToF-SIMS profile from the polymer Lam98.5k. The 

thermodynamic stable structure for this polymer occurs at 47.4 nm using the SSL 

approximation when ordered using thermal annealing. Like earlier any deviation from this 

value will be counted as chain reorganization and not due to change in number of 

monomers since the number of monomers in the polymer backbone is fixed. We have found 

that annealing for three hour allows complete ordering in the 5 % IL containing polymer 

films. The sinusoidal pattern is all the way through in the films in the IL containing films 

(fig 5.4 B). However, there is no lamellar ordering in the middle of the film without IL (fig. 
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5.4 A), which clearly indicates that there is meandering of perpendicular lamellae inside 

the films. The domain length decreases to 33.4 nm ± 0.4 nm compared to the theoretical 

SSL length of 47.4 nm, which is a 29.5 % reduction in domain length without IL. This may 

not be as expected, probably because the ordering in this system has not gone to completion 

in this time frame of ordering as discussed earlier since the domain length reduction should 

be 50%. Thus, a substantial fraction of in-plane meandering persists without, and it’s 

known that in-plane domains don’t reduce in domain length in solvent processing due to 

the pinning effect, as such the domain reduction is not optimal. With IL however the 

domain length reduced to 31.8 nm ± 0.94 nm. This is a 33% decrease which is better than 

without IL. From the profile no in-plane meandering should be present in IL containing 

films in 5.4 B, as it’s completely sinusoidal, however, further annealing could allow more 

domain length reduction to happen  because this allows enough time for chain 

reorganization.  

5.4.1.3 Very High Mw Lam 127.5k 
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Figure 5.5: The ToF-SIMS depth analysis of PS-b-PMMA 65k-62.5k processed with a heptane, acetone toluene mixture 
in 5:25:75 volumetric ratio annealed for A) 4 hour B) 4 hour with 5% IL in films C) 10 hour D) 10 hour with 5% 
IL in films. 

Fig 5.5 shows the positive ToF-SIMS profile from the polymer Lam127.5k. The 

thermodynamic stable structure for this polymer occurs at 57.6 nm using the SSL 

approximation when ordered using thermal annealing. This polymer is considered one of 

the very high Mw BCP that is very difficult to order with thermal annealing. In fact, it was 

seen earlier in chapter 3, that this polymer doesn’t want to order to equilibrium morphology 

using thermal annealing without IL at all. With solvent annealing however we can see that 

the BCP has ordered in 10 hours of annealing. In 4 hours, there is large amount of in-plane 

meandering present without IL. With IL however, the entire film appears to have almost 

ordered in the first 4 hours of annealing itself (fig 5.5 B). The ordering in 10 hours is far 

better and very well developed for both with and without IL. The domain length for 10 

hours of annealing without IL is 37.7 nm ± 0.4 nm compared to the theoretical SSL length 

of 57.6 nm, which is a 34.5 % reduction in domain length. This is probably more 

shrinkable, if annealing is performed for a longer time interval. With IL however the 

domain length reduced to 33.5 nm ± 1.75 nm (fig. 5.5 D). This is a 42% decrease which is 

far better than without IL. This is remarkable and allows for attaining good order in 
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reasonable time with adequate chain contraction, while retaining many polymer intrinsic 

properties.  

5.4.1.4 Not orderable Lam160k: 

 
 

Figure 5.6: Tof-SIMS profile of dPS-PMMA 80k-80k of annealed in the same DIA mixture  for 24 hour with A) No IL B) 
5% IL. The profile is not very developed in both cases. 

Even higher Mw of Lam160k were tried, but they didn’t order as can be seen in fig. 

5.6. From fig. 5.6 without IL or with IL there is order only at the interfaces only. Other 

than that, there is no order in the bulk of the films. If the interface order is read from the 

profiles,  then the domain length without IL is 35.6 nm ± 2.6 nm and compared to 67 nm 

obtained using SSL approximation for this BCP system. For IL the domain length is 46.25 

nm±0.03 nm, thus revealing some swelling . However, these values can’t be trusted since 

ordering is partial and not very well developed. Also, the DIA was allowed for 24 hours 

only, however we believe, allowing DIA for longer time may reveal some higher level of 

ordering. Alternatively, solvents can be further tuned to see if ordering is possible, if at all 

using solvent based DIA, in this very high MW systems. 
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5.4.1.5 Scaling analysis based on MW 

  

Figure 5.7: Scaling relation derived from the domain length measurement from the ToF-SIMS profile for different MW 
A) without IL B) With IL 

The scaling relation for different MW were derived based on the formula 𝑁 = 𝐿𝑜
𝛼, 

where N is the number of total monomers in the BCP and Lo is the domain length and α is 

a scaling constant. Based on this rule for SSL BCPs should have a scaling constant of 0.7. 

The domain length in this part of the work were as determined from the ToF-SIMS profile 

by taking average of all the distance from peaks to peaks or trough to trough. It’s 

remarkable to see the amount of coherence in the domain structure whether taken from 

peak to peak or trough to trough, as was revealed by a very low standard deviation value. 

Since it was apparent from earlier findings that without IL the ordering is not very robust 

therefore it’s seen in fig 5.7A the scaling relations don’t follow a linear plot for log (N) vs 

log (Lo). However, it was seen earlier that Lam66k and Lam127.5 had complete ordering 

and therefor if these two values are used, the scaling constant is 0.48. This value is lower 

than the 0.7 using SSL as it’s seen earlier that DIA allows for lower domain length for the 

same N value in the 1-dimensional lamellar films, thus a lower scaling constant is attained  
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With IL however more robust ordering were formed at all Mw values. It’s seen that 

the graph for log (N) vs log (Lo) has a very linear profile and has a gradient of 0.50 which 

is almost like the value obtained without IL. Both values show that there is significant 

domain length contraction with DIA processing. DIA with IL has the advantage of faster 

reliable ordering with more pronounced domain structure as verified from the ToF-SIMS 

profile.   

5.4.2 NR Investigation of selective DIA with IL 

Neutron Reflectivity is a very useful technique as it can reveal information in the 

out-of-plane profile direction after reflecting and scattering from a BCP film with almost 

no damage to the film. It’s understood that the GISAXS/ X-Ray reflectivity is much more 

invasive techniques compared to NR since the X-ray radiation can do some significant 

damage to the film. Moreover, picking up domain information from the X-ray profile may 

require several data correction which may add some error due to inaccuracy in the model 

used for data extraction. However, NR profiles are more time consuming to collect and 

may take up to 4 hours to collect a profile for Q range of 0.005 to 0.01 Å-1. 

A generated NR profile can be very useful in that it can reveal the internal structure 

of a lamellar profile using a proper fitting technique after data reduction using REFLRED 

and REFLFIT developed by NIST. It can reveal the accurate domain structure and 

interfacial width by doing this data fitting. The PMMA has a SLD of 1.43x10-6 Å-2 and dPS 

has a SLD of 5.6x10-6 Å-2 . Thus, the contrast gives rise to the Bragg peak in lamellar 

orientation.   
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5.4.2.1 Low Mw: dPS-PMMA (19.5k-18.1k) 

  

 
 

Figure 5.8: NR profile of dPS-PMMA 19.5k-18.1 k of annealed in same DIA mixture  for 1 hour with A) No IL B) 5% IL. 
The profile without IL reflects the profile previously seen for Tof-SIMS profile without IL. 

In order to investigate the domain structure of the BCP ordered films we start with 

the low MW BCP that are very easy to order whether with thermal annealing or DIA. 

Earlier report on the same polymer suggests that the polymer had a 27% reduction in 

interfacial width and 50% reduction in domain width when ordered using DIA. We now 

add 5% IL to the same system and investigate the effect on the domain length and 

interfacial width. Our finding suggests a similar 48.5% reduction in domain length from 

27.6 nm to about 14.2 nm and interfacial width was reduced to 4.4 nm (fig. 5.8). Which is 

impressive but with 5% IL the domain length was reduced to13.8 nm and interfacial width 
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was reduced to 4.0 nm. This is an exact 50% reduction and a domain length and of 34.4% 

reduction in interfacial width. This is a great improvement in the domain feature using IL, 

since drive towards equilibrium domain length reduction is higher and so is attaining 

complete lamellar ordering. DIA with IL results in a change in ꭕ by 233% (χ=0.086, 

assuming 𝑤 =
2𝑎

√6𝜒
 ) over the normal χ of 0.037. This value is a confirmation that IL has 

significant processing advantage in the DIA mixture. In this part however it was not been 

possible to quantify, if any, the amount of IL that may have washed away from the film to 

the solution. However, a chemical identification through Tof-SIMS of the films before and 

after DIA could reveal some important information if the SIMS can pick up an IL peak 

reliably.     

5.4.2.2 Intermediate Mw: dPS-PMMA (29.5k-32.5k) 

 

 

 

 

 
Figure 5.9: NR profile of dPS-PMMA 29.5k-32k  of annealed in same DIA mixture  for 1  hours with A) No IL B) 5% IL. 
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To further investigate the domain structure of the DIA ordered BCP films, we move 

to the intermediate MW BCP that are relatively easy to order as well. Adding 5% IL to this 

system and we investigate the effect on the domain length and interfacial width. With this 

system we find that DIA without IL resulted in domain length of 18.6 nm and interfacial 

width of 4.79 nm. This is a 21% reduction in the interfacial width and 47.6% reduction in 

the domain length (fig 5.9). With SSL approximation the domain length for this polymer 

is 356 nm when ordered using Thermal Annealing. Moreover, with IL a further reduction 

in interfacial width was found although the domain length stayed almost same as earlier at 

18.1 nm. The interfacial width decreased to 4.0 nm and thus a 34.4% decrease. This is also 

a similar improvement in the domain feature as was seen earlier in low Mw systems using 

the NR measurements. Using IL, the χ value changed by 232% (χ=0.086) over the normal 

χ of 0.037 by using the reduced interfacial width 𝑤 =
2𝑎

√6𝜒
, the Helfand approximation32,173. 

Again, this is a confirmation that IL has significant processing advantage in the DIA 

mixture.  
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5.4.2.3 DIA with different MW 

 

 

Figure 5.10: A) NR profile of all DIA annealed films combined. First order peak shown in arrow B) Scaling relation 
derived for the different molecular weight films using NR data without IL. 
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Here we derive the scaling relation for different MW using the NR based domain 

length and the scaling approximation 𝑁 = 𝐿𝑜
𝛼, where N is the number of total monomers in 

the BCP and Lo is the domain length and α is a scaling constant. Based on SSL rule BCPs 

should have a scaling constant of 0.7. The domain length in this part of the work were as 

determined from the Bragg peak (fig. 5.10A) of the NR profile after fitting using a lamellar 

model. It’s quite interesting to notice that there is some deviation of the profile and domain 

structure attained from NR to the Tof-SIMS profile although the same films were used in 

both cases. This may be due to insufficient account of the interfacial width structure from 

the Tof-SIMS profile. In this part of the NR work we couldn’t attain enough data points 

with IL and as such a scaling relation with IL wasn’t possible. However, it is seen (fig 5.10) 

without IL we could collect domain structure values for three Mw which was adequate here 

to generate a scaling constant. Graph fitting reveals a value of 0.4 for scaling constant and 

this value is lower than the 0.7 value using SSL. As it’s seen earlier that DIA allows for 

lower domain length for the same N value in the 1-dimensional lamellar films. It’s seen 

that the value here is lower than as obtained earlier from Tof-SIMS. This may be since Tof-

SIMS can’t separate the interfacial width from the domain profile. As such a higher scaling 

constant value is obtained from the Tof-SIMS profile. Moreover, it’s also understood that 

the domain length feature obtained from Tof-SIMS profile has been converted from the 

time profile to length profile using films height obtained from the interferometer. There 

could be systematic error in the interferometer reading and also in the time reading from 

Tof-SIMS and as such the determination of film depth using To-SIMS time profile as well 

which could introduce error in scaling constant using Tof-SIMS.   
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5.4.3 DIA Soft shear using cylindrical films to obtain long-range order:  

The cylindrical morphology of PS-b-PMMA, Cyl77k can be ordered using DIA. 

It’s useful to note that the Cyl77k polymer is not easy to order since the molecular weight 

of PS is quite large at 55k. It’s discussed earlier that the entanglement molecular weight of 

PS is 13 k and our findings suggest that when Mw exceed four times the entanglement Mw 

the film is very difficult to order using thermal annealing specially to attain the equilibrium 

morphology. The equilibrium morphology of the cylindrical film is to attain a parallel 

morphology of cylinders lying flat on the Silicon surface with PMMA wetting the Silicon 

surface and PS wetting the free or solvent surface. In thermal annealing however, our 

findings suggests that the polymer gets locked in a metastable structure of perpendicular 

and parallel mixed cylinder state when ordered 17,70. Our finding also suggest that the 

metastable structure can be broken to attain complete parallel structure when thermally 

annealed using IL at elevated temperature and time. However, the time and temperature 

penalty may be too high for this to happen, rendering them economically unviable. 

Thus, a faster alternative to obtain order in this system is to do solvent processing. 

Since solvent processing allows for a large induction of segmental mobility thus processing 

above entanglement Mw is faster and at cases possible. In these films of 120nm, parallel 

hexagonal structure to the surface is obtained using DIA. It’s desired to have very long-

range order in these films and as such a combination of DIA with IL and soft shear was 

allowed in these films. In no IL films as seen in fig. 5.11A the parallel cylinder has very 

short-range order and is a meandering state. It can be seen however with 5% IL the range 

has been starting to improve. From FFT and color map diagram this improvement in long 
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range order is apparent. In 10% IL very long-range order is present and thus FFT has almost 

a single orientation and so is the color map diagram. It should be noted that higher the 

orientation of the film, the higher is the color map uniformity and alignment of the FFT 

towards  having a one directional orientation as seen in fig 5.11C inset. Such long-range 

order helps to make these films compatible for nanolithography, membrane and 

optoelectronic material application. 
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Si 
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Figure 5.11: The improvement of orientation resulting from soft shear from PDMS ordered using selective DIA in 
cylindrical PS-b-PMMA 55k-22k with A) 0%IL B)5% IL C)10% IL. 

5.5 Conclusion 
In this chapter the advantage of selective solvent processing coupled with IL has 

been explored. We report here faster annealing time of BCP systems compared to thermal 

or solvent vapor annealing. With an in-depth real space chemical depth analysis using ToF-

SIMS and reflectivity techniques such as neutron reflectivity coupled with imaging 

techniques, we establish advantages of such processing. Tof-SIMS profile at different Mw 

and time of annealing at different IL concentration were studied. The analysis presents big 

advantage of IL based DIA processing with improved long-range order and faster 

processing time. A scaling constant for the dependence of the domain length scale on Mw 

was determined. It was shown that a better scaling constant could be derived using IL since 

complete ordering was possible in this system as opposed to their non-IL counterparts.  

NR was used similarly at different Mw to study the reflectivity profile. Data fitting 

reveals quantification of the depth profile in terms of domain length and interfacial width 

and shows that IL has significant processing advantage. The achievement of such ordering 

was possible due to solvent environment and IL altering BCP properties interaction 

parameter ꭓ, surface energies, segmental mobility, interfacial properties and chain 

configuration. The type of solvent and IL, their relative abundance, temperature and time 

of annealing can tune such parameters and allow attainment of new and interesting 

morphological structure that can have important industrial and commercial significance. 
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Moreover, the enhancement of long-range order in cylindrical system using DIA and soft 

shear were seen, and a vast improvement of long-range order was apparent in these films 

with IL. These findings can make these films more appealing for large scale commercial 

applications where defects are a main problem in realizing their potential.  
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6. Chapter VI 

Solvent Vapor Annealing of PS-b-PMMA using IL for suppression of de-wetting and 

achievement of long-range order 

6.1 Introduction 
Solvent based annealing such as solvent vapor annealing (SVA) hold immense 

potential in the pursuit of attaining long range order as they can alter thermodynamic 

properties of the block copolymer system while enhancing chain mobility. In this chapter 

we demonstrate how a creative solvent mixture consisting of neutral and selective solvents 

with EMIM TFSI, a common Ionic Liquid (IL), can help attain long range order in 

cylinder and lamellae forming Polystyrene-Polymethylmethacrylate (PS-PMMA) block 

copolymer systems. In this chapter the results have been thoroughly validated using direct 

imaging, grazing scattering and reflectivity methods. The structures obtained here includes 

vertical ordering in the cylindrical systems using neutral solvents and parallel ordering in 

cylindrical (C-BCP) and lamellar (L-BCP) PS-b-PMMA of intermediate molecular weight 

using selective solvents. Large enhancement of vertical order has been achieved in C-BCP 

using neutral solvent. In this chapter, we also show for the first time that adding Ionic 

Liquids can help prevent de wetting phenomenon in low ꭓ PS-b-PMMA systems. To our 

knowledge, there has been a major problem for solvent annealing of low ꭓ polymers as 

they tend to dewet, before this report. We show how increasing ꭓ using IL reduces diffusive 

motion while allowing a defect free ordering in this system without dewetting of the BCP 

films. We also show the achievement of long-range order in the pure solvents using SVA 

and selective solvents. Moreover, through NR we show that the interfacial width decreases 

by 50% and the domain length decreases by up to 60 % in stable films annealed by selective 
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solvents with IL when compared with thermal annealing. These findings are the first of 

their kind and may help attain films for the applications in flexible electronic, 

nanolithography, photonics etc.   

6.2 Background 
Since the interaction of the solvents with the IL and the polymer is difficult to 

quantify or predict and the fact that immersion in solvent system entails large swelling and 

motion in the polymer chains therefore, solvent vapor annealing was an interesting avenue 

to explore. This is because in solvent vapor annealing the IL cannot be physically removed 

by dissolution from the film, and yet the film will absorb the equilibrium amount of solvent 

that can interact with the film. It’s notable that very few studies of the solvent vapor 

annealing of the PS-b-PMMA system has been explored in literature, probably due to the 

tendency of the films to easily dewet. Early study was performed by Peng et al with acetone 

vapor with symmetric PS-b-PMMA with PMMA homopolymer for limited time (< 5h) 

with SVA attained cylindrical domain on the surface with SEM174. Severe de-wetting of 

SVA of PS-b-PMMA films annealed with SVA using acetone on Silicon surface was also 

first noticed by Peng et al175. They subsequently investigated PS-b-PMMA SVA using 

neutral solvent THF, PS selective CS2 and PMMA selective acetone solvent with limited 

time annealing and found terraced structure in neutral solvent with no robust ordering, de-

wetting in PMMA selective solvent and PS selective solvent attained micellar structure that 

were disordered and microscopically flat 176. Gong et al also observed the rapid de-wetting 

of PS-b-PMMA film with THF solvent and combined SVA (for 1h)  to attain metastable 

structure followed by thermal annealing to attain better ordering177.   Thus, it is well 
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accepted that PS-b-PMMA films can easily de-wet when solvent vapors are absorbed in 

the film and annealing is continued for longer time (typically above three hours) to attain 

complete ordering.  This is because low χ polymers has higher mobility and tends to de-

wet in solvent environment since [𝐷~(−𝜒)]37. 

Moreover, it is technologically useful to order BCP films using a solvent system, 

since solvents can order BCPs faster with lower defect density57,65. In this context, longer 

annealing times can typically aid in yielding highly ordered and defect free self-assembly 

of the BCP which is very widely used in the industry and known for its easy processability. 

We report here in this chapter, for the first time, that IL can induce ordering in low χ 

polymer systems such as PS-b-PMMA, without de-wetting for longer annealing times 

using SVA, to attain complete ordering with very low defect density and long-range order. 

6.3 Materials and methods 

6.3.1 Film Preparation:  

Block Co Polymer of PS-b-PMMA of Mn=66k(33k-33k) [Lamellar BCP (L-BCP)], 

PDI=1.09 and Mn=77k (55k-22k) [Cylindrical BCP (C-BCP)], PDI=1.09 were purchased 

from Polymer Source Inc. The as received polymers were measured using micro balance 

to make a solution of 4-8 wt% in a solvent of Toluene. IL dissolved in THF was added to 

the mixture relative to the polymer in appropriate weight fraction and the entire mixture 

was diluted to yield a final polymer IL solution of 2-4 wt%. Films were casted using a flow 

coating machine at a speed 1-4 cm/s to get a film of thickness of about 100-250 nm. The 

thickness of the as cast films was measured using Film metrics LSDT2 system, after drying 

for 24 hrs at 50 °C in a vacuum oven to remove residual solvent.  
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6.3.2 Solvent Vapor Annealing: 

  SVA was performed in a toluene 

and Heptane solvent mixture mixed in a 

ratio of 1 to 3 by volume fraction or a pure 

solvent of toluene or acetone to test the 

effect of the pure solvent alone. It’s known 

that toluene is slightly PS selective and acetone is slightly PMMA selective. Annealing 

was performed for 6 to 24 hours (SVA) and carefully removed from solvent without 

touching the film surface. The substrate was held at an angle to rapidly evaporate any 

solvent at room temperature. The samples were then heated at 50°C for 24 h to remove 

residual solvent.  

6.3.3 Characterization:   

Topography image of the as cast and annealed samples were measured using AFM 

in the tapping mode. The Bruker AXS Dimension Icon was used in these measurements 

which is a in lab state of the art dedicated instrument . GISAXS was performed at the 

Advanced Photon Source of the Argonne National Lab, on beamline 8-ID-E40. X-ray with 

photon energy of 7.35 keV and wavelength of λ = 1.6868 Å was impinged on the sample 

at a grazing angle of 0.1 to 0.2. It’s known that the critical angle of film is 0.11 and for the 

silicon wafer is 0.16. Best intensity for through thickness penetration was found at an 

incident angle of 0.14 and it probes bulk of the film. The reflected waves were detected on 

a Dectris Pilatus 1 M pixel-array detector. An Argonne developed software called 

GIXSGUI was used to convert the data to q space and draw line-spaces to get I vs q 

curves92. National Institute of Standards and Technology Center for Neutron Research NG 

Solvent 

Figure 6.1: The set-up used for atmospheric pressure SVA. 
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7 reflectometer was used for the Neutron reflectivity measurements. The neutron beam was 

collimated to 4.76 Å wavelength at constant source and 0.18 Å of divergence was used in 

the emitter. The magnitude of the wave vector Qz, was calculated using Qz = 4 sin () / , 

 is the wavelength and θ is the angle of incidence and had a range of 0.006 – 0.16 Å-1. 

The data was reduced using ReflRed software and analyzed and fitted using the Reflpak 

software.96 

6.4 Results and Discussion 
Throughout this chapter two morphology of intermediate Mw films has been 

studied- the cylindrical and Lamellar morphology. It’s important to understand that 

morphology control  of the lamellar and cylindrical PS-b-PMMA on bare Silicon surface 

in single step is of paramount interest since additional processing steps to control 

morphology are a drawback for the industrial adoption of these films. It’s of interest to 

attain perpendicular features with low defect density. To this extent, IL should be very 

useful since it can help attain long-range order as was seen in earlier chapters. However, 

one problem with low ꭓ polymer is the fact that the films tend to dewet. Here for the first 

time in this chapter we demonstrate the suppression of the de-wetting phenomenon induced 

by IL. 

6.4.1 Suppression of dewetting: 

Solvent system can cause dewetting in solvent annealed films. To reduce the 

dewetting phenomenon several strategies can be adopted such as lowering the vapor 

pressure of the solvent, use of a non-solvent vapor such as heptane or nitrogen, reduction 
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of temperature, reduction of annealing time, angle of tilt of the substrate and polymer 

solvent interaction parameter expressed as  

 
𝜒𝑃−𝑆 =

𝑉𝑠

𝑅𝑇
 (𝛿𝑝 − 𝛿𝑠)

2
,  

(6.1) 

where ꭓP-S is the Flory interaction parameter for polymer and solvent and the difference 

between the solubility of the materials is expressed in  the bracket, Vs is the solvents molar 

volume and R is the gas constant. Using this equation, it can be calculated that acetone is 

more PMMA selective and toluene is slightly more PS selective. However, both the 

solvents are good solvents for the polymers and may result in significant dewetting in a 

few hours of annealing.  

 

Figure 6.2: A) Optical Microscopy image of SVA for 15 h in Toluene and Heptane mixture in PS-b-PMMA (55-22)  i) 
Highly de-wet with no IL ii) Stabilization with 5% IL and iii) better stabilization with 10% IL B) Optical 
microscopy image of SVA for 15 h  i) Highly de-wet PS-b-PMMA(55-22) film SVA using toluene ii) Stabilization 
using 10% IL  Toluene for SVA iii) Dewet using no IL using Acetone SVA iv) Stabilization using 10% IL using 
acetone for SVA.  

 
 

 

A) 

B) 

ii) 

 

iii) 

 

i) 

 

i) 

 

i) 

 

ii) 

 

iii) 

 

iv) 
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Fig. 6.2 shows the optical microscope image for films of PS-b-PMMA (55k-22k) 

with cylindrical morphological structure, thickness between 150-200 nm thicknesses on 

the surface of a silicon wafer after SVA with either neutral solvent mixture of toluene and 

heptane or pure solvents like toluene or acetone. The images clearly demonstrate that 

adding IL helps to suppress de-wetting in limit of longer annealing times to attain defect 

free robust self-assembled structure. It can be seen in fig. 6.2, A i-iii), that adding IL 

suppresses de-wetting when ordered using a neutral SVA solvent having a composition of 

3:1 heptane to toluene ratio. The SVA was performed in a closed chamber at room 

temperature using the normal vapor pressure of the solvent mixture. The vapor pressure of 

heptane at room temperature is 46 mmHg178 and that of toluene at room temperature is 28.4 

mmHg at 25° C.179 It’s however expected that despite toluene having a lower vapor 

pressure and composition in the solvent mixture, more toluene may be absorbed in the films 

compared to heptane since toluene is a good solvent for both the polymer blocks compared 

to Heptane which is a poor solvent. Our finding also suggest that the IL used in this study 

is completely insoluble in both toluene and heptane. Therefore, the affinity of the toluene 

solvent for PMMA block should decrease, since IL preferably interacts with PMMA block. 

However, it’s known that the solvent system used here can swell the polymer films 

significantly and induce large enhancement of chain mobility that can potentially enable 

de-wetting in the films which is counteracted by the presence of IL due to enhancement χ 

and as such reduced mobility. 
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6.4.2 Morphology and long-range order in IL containing stable films 

  

 

 

Figure 6.3: AFM and GISAXS of  SVA using Toluene and Heptane for 15 h with i) 2% IL and ii) 10% IL. iii) SVA for 15 h in 
toluene with 10% IL iv) SVA using Acetone for 15 hrs with 10% IL 

Fig. 6.3 shows the AFM image of the SVA ordered films. Since the films without 

IL were dewet, therfore the AFM image of the films could not be collected.  In fig. 6.3 i) 

and ii) the BCP films were ordered using the neutral solvent mixture. The film in fig. 6.3i) 

contained 2% IL is stable, demonstrating that 2% IL is sufficient to suppress dewetting in 

15 h of SVA using the neutral heptane and toluene mixture. The order however is not very 

long range and there seems to be a lot of defect present in the film. The long range ordering 
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obtained using 10% IL (fig. 6.3 (ii)) compared to 2%IL is remarkable.The domain length 

in this films obtained from AFM is 36-38 nm and from GISAXS is about 36 nm. Since 

cylindrical films are arranged in a hexagonal pattern therefore there are two in plane length 

scales as can be seen in fig. 6.4 if vertical arrangement is assumed. It’s known that when 

films are arraged in a vertical perpendicular orientaion, the length scale obtained from first 

order peak has to be multiplied by 2/√3,180 to attain the true domain length, which is about 

41.6 nm in the 2% IL and about 43.9 nm in the 10% IL. This shows that the IL has caused 

some enhancement effects to the domain legth. It’s known from our earlier work that 

expansion of film in the in-pane direction to the Silicon substrate is not easy due to the 

pinning effect of the film. Therefore horizonatal swelling is very slight compared to vertical 

swelling since polymer chains can be ejected and rearranged in the vertical direction. Thus 

larger changes of domain size is possible in the out-of-plane direction then in the in-plane 

direction as seen earlier.   

 

𝑑2

𝑑1
=

2

√3
 

 

Figure 6.4: Arrangement of the 3D cylindrical structure with in-plane dimension d1 and planar dimension d2 when the 
films are arrangement parallel. 
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Table 6.1: Domain length from AFM and GISAXS and theoretical domain length obtained using SSL approximation 

Moreover, it can be seen from the GISAXS (fig. 6.3) that the first order peak and 

second order peak is present and becomes more oriented and intense from 10% IL 

compared to 2% IL. It should be noted that when a mixed morphology of perpendicular 

and parallel morphology is present the first order peak usually splits into two peaks100. 

However, this is not observed here, which suggests that the films cylindrical morphology 

is completely vertical. A sharp peak is present at around qy=0.02 and which we attribute to 

noise and not the films itself. As before, the bulk GISAXS and surface AFM domain 

structures mostly correspond well dimensionally to each other.  

It’s also quite interesting to notice that the films with IL were stable with toluene 

and heptane mixture for 15 hours SVA. Earlier we saw the films were even stable in DIA 

mixture for the same solvent for half an hour with or without IL. We have investigated that 

films containing IL stays stable up to 24 hrs and we do expect over longer DIA annealing 

times the films may remain stable with IL. It’s of no surprise that de-wetting phenomenon 

arise from the fact that the good solvents creates mobility in the polymer blocks and 

subsequently cause de-wetting when annealing is continued for longer time although in 

short time period films may be stable. This has to do with shorter time allowing only 

segments of polymer to relax and rearrange to a thermodynamically stable form and in 

 AFM GISAXS Theoretical 

Fig 6.3 i) 36-38 nm 35.7 nm 41 nm 

Fig. 6.3 ii) 38-41nm 38 nm 41 nm 

Fig. 6.4 i) 47 nm 47.6 nm 41 nm 

Fig. 6.4 ii) 65 nm 67.5 nm 41 nm 
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longer time the motion of the entire chain leads to de-wetting. Without IL the motion of 

the chains is too fast in presence of certain solvents leading to complete de-wetting before 

phase separation. However, with IL the motion of the polymer chains decreases 

significantly because of higher ꭓ, and forms highly ordered structure before de-wetting due 

to adequate segmental motions.  

Figure 6.5: AFM and GISAXS of  SVA using Toluene and Heptane using PS-PMMA 55k-22k i) for 15 h in toluene with 
10% IL iv) using Acetone for 15 hrs with 10% IL 

Since IL makes film more stable, we wanted to explore if pure solvent based SVA, 

like only toluene(almost neutral) or only acetone (PMMA selective), lead to de-wetting in 
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films containing IL. Without surprise after 15 hours of SVA we have noticed that the films 

containing no IL de-wets completely while the ones containing 10 % IL were stable. It 

should also be noted that films containing 2% and 5% IL also de-wets. We found that films 

containing 10% IL or higher up to 20 % tried here were stable. Also, the films demonstrated 

superior ordering, with lower defect density and long-range order as can be seen in the fig. 

6.5 i) and 6.5 ii). Fig. 6.5i) shows the AFM image of the cylindrical PS-b-PMMA with 

10% IL ordered using SVA of toluene for 15 hours. The very long-range order is observed 

here, and it can be noticed from the AFM image that whenever there is an elevation change 

in the films there is a change in the direction of the ordering propagation. This is very 

interesting to notice and very predictable since the height directly affects the 

commensurability condition in the films upon ordering. Fig. 6.5 ii) shows the AFM image 

of the SVA with acetone for the PS-b-PMMA cylindrical structure (55k-22k) with 10% IL. 

Again, at lower IL fractions the film de-wets for longer annealing time with acetone. It can 

be seen that cylinders arranged parallel to the substrate are obtained here with good 

ordering. The domain length from the AFM is 65 nm which is high compared to the 

thermodynamically stable 41 nm for this polymer without IL. It’s known that IL in this 

study is completely soluble in acetone and therefore this could be due to some retention of 

the solvent in the system even though films were dried. However, such large swelling 

indicates a big enhancement of the ꭓ parameter (𝐿0~𝜒
1

6). In fig. 6.4 the GISAXS 

corresponding to the toluene SVA is seen in fig. 6.5 i) and acetone SVA is seen in fig. 6.5 

ii). It can be seen that the first order peak is very strong suggesting the robust ordering 

present in the system. The AFM and GISAXS domain length mostly correspond here as 
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seen in Table 6.1. The √3 and √4 peaks present in cylindrical systems are also seen although 

√3 peak with acetone is not very clear. This suggests toluene is a better SVA solvent 

compared to acetone. Moreover, the single first order peak and the robustness of the 

ordering reveals that SVA with IL makes PS-b-PMMA more processible with higher range 

of ordering and improved thermodynamic properties for phase separation. 

6.4.3 Selective SVA and altered domain structure using NR 

 

Figure 6.6: NR profile of SVA of lamellar system of dPS-PMMA 29.5-32.5 k of thickness about 180-210 nm. 

From fig. 6.6, the SVA of the dPS-PMMA 29.5k-32.5k lamellar system with 

acetone vapor for 6 hours is seen. Without IL, no ordering is observed as no Bragg peak is 

present, also since these films had large amount of dewetting on the surface. At 4 % IL 

Bragg peak is present and the peak occurs at 0.033 (1/Å), which corresponds to a domain 

length of 22.44 nm and at 8% IL the peak occurs at 0.045 (1/Å), which corresponds to a 

domain length of 15.71 nm. The domain length was calculated using the formula: 
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𝐿𝑜 =

2𝜋

𝑞𝑧
∗ − 𝑞𝑖

, 
(6.2) 

where 𝑞𝑧
∗ − 𝑞𝑖 is the difference between the Bragg peak and the incident peak wave vector.  

The stable morphology of this polymer system using SSL is supposed to attain a domain 

length of 35.6 nm. Therefore, the SVA at 4% IL showed a domain length contraction of 

about 37% and at 8 % IL showed a domain length contraction of about 56 % and a half 

width of about 8 nm. This is interesting as attaining parallel structure of such dimensions 

has not been reported before. Next, we fit this profile using ReflFit software to reveal the 

internal structure. Fig. 6.7 shows the fit for the no IL and the one containing 8% IL. 

Although the films didn’t develop robust ordering as such attaining a robust fit for this 

system are tough.    
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Figure 6.7: Neutron reflectivity study of the SVA of dPS-b-PMMA 29.5k-32.5 k (L-BCP) using acetone for 6h A) with no 

IL, the film had a fair amount of de-wetting and didn’t order B) The film had significant better ordering than 
no IL and has 5 %IL in the film and shows no sign of dewetting. 

From fig. 6.7 A, it can be seen that there is almost no first order peak present in the 

reflectivity data and also no second order peak is also present. Earlier in fig. 6.6 it was seen 

that almost no first order peak is presnet when a linear intensity curve is considered. As 

such fitting this data is almost impossible. It’s known that PS has a SLD98 of dPS is 5.6x10-

6 and PMMA has a SLD of 1.43x10-6 . As such a sinusoidal profile is expected between 

this value if some level of ordering is present in the system. However from fig 6.6 A SLD 

curve it can be seen that the SLD value stays almost flat at 3.5x10-6. In fact it is known that 

a mixed morphology of dPS and PMMA BCP is supposed to have a SLD of 3.52x10-6 . As 

such it can be concluded that a mixed morphology is present  in this system with no 

oredering whatsoever.  

In fig. 6.7 B it can be seen a reasonable strength Bragg peak is present in the system 

with even the presence of the higher order, i.e. , second order peak. It should be noted that 

all readings were generated up to a Q value of 0.1 Å-1 due to the slow process of data count 

in NR study. In fact, to study a film up to that range can take up to 5 hours. Given the 

scarcity of time and the lack of such resources, higher q value to see the presence of even 
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higher order peaks couldn’t be done. However,  this regime is good enough to study the 

required q regime to attain the first and secnd order peaks. Although the fit in fig. 6.7 B is 

not very accurate but it follows the general trend. Which means if longer annealing is 

allowed the domains will get develop more and attain the fitted profile, given the films 

don’t dewet in that time. We assume the time required for such ordering can take up to 12-

24 hours and from earlier observation the films stay stable in this required time frame, 

when about 8% IL is added to the films for SVA with acetone vapors.  

Table 6.2: Interfacial width and Domain length comparison from SVA of PS-PMMA 29.5k-32.5k SVA with Acetone for 6 
hours. 

 Interfacial width Domain Length from Fitting 

dPS-PMMA-29.5k-32.5k- No IL 
SVA 

 Not readable Not readable 

dPS-PMMA-29.5k-32.5k- 4% IL 
SVA 

~3.0 nm 20.3 nm 

dPS-PMMA-29.5k-32.5k- 8% IL 
SVA 

~3.0 nm 14.6 nm 

Table 6.2 show the interfacial width and domain length obtained from fitting the 

graph. It can be seen that compared to the equlibrium domain length of 35.6 nm it’s a big 

decreaes even at 4%IL which is about 43% decrease in domain length and at 8% IL it is 

about a 59% decrease in domain length. Such magnitude of domain length decreaese is 

unparallel and has not been reported before. Previous study reported a decreae of up to 50 

%73. This amount of domain length shrinkage is possible only through large change in the 

polymer chain structure which will be discussed in section 6.4.4 (fig. 6.9) using a propsed 

model.  
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6.4.4 Comparison between TA, DIA and SVA: 

 

 

Figure 6.8: The comparison of NR study from the thermal, DIA and SVA annealing 
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The NR fitted profile of the IL films in the presence of the IL can be seen in the fig. 

6.8. The Bragg peak shift is very apparent. Thermal annealing has the lowest q value and 

SVA has highest. This is the indication of the large domain length reduction of the same 

BCP with different processing methods. One reason for such reduction is the rearrangement 

of polymer chains and shrinkage in the z direction. It could be ascertained that films are 

not able to swell in the in-plane direction because of the pinning effect of the films to the 

Silicon substrate. Thus, the only way the films can swell is through ejection of the chains 

in the z direction. The SLD profile in fig 6.8 shows domain structure. 
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Figure 6.9: : The pictorial depiction of the film structure obtained through A) TA, B) DIA and C) SVA. 
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In a neutral or slightly good selective solvent environment such as toluene or 

acetone the polymer chains get ejected in the out of plane direction and since the solvents 

are almost neutral the chain rearranges in the form as seen in fig 6.9 B when swelled. The 

films rearrange with PS alternating PMMA, by ejecting chain in the vertical direction and 

the chains rearranges to stay close to the opposite block as seen in the fig. 6.9 B due to the 

neutral environment. This in turn reduces domain length to half when the swelling is 

removed. This is what happens when the films are dried upon removal of solvents from the 

DIA solvents, domain length reduces by half. Moreover, it can be seen that further chain 

shrinkage is possible if solvent is removed very fast and chain can shrink further, as what 

happens during SVA and the chain structure is seen in fig. 6.9 C. In thermal annealing the 

domain length is 35.6 nm and has an interfacial width of about 6-7 nm for this BCP system. 

In the IL DIA environment, the domain length is about 18.6 nm and has an interfacial width 

of about 4nm. This about a 50% reduction of domain length and 33% reduction in 

interfacial width in the presence of IL. With SVA the domain length is 14.6 nm and 

interfacial width is 30 nm which is a 60% reduction in domain length and 50% reduction 

in interfacial width. These findings are unparallel and has not been reported before and 

shows the immense advantage that solvent processing with films containing IL can bring 

to the domain structures.    

6.5 Conclusion         
  We have thoroughly studied the vertical and parallel ordering in the PS-b-PMMA 

block-copolymers with IL and solvent based annealing technique- solvent vapor annealing 

(SVA) which is thought to be a very important type of annealing as they have advantage 
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of reducing defect density with thermodynamic equilibrium limited interaction with the 

BCP. Attaining highly oriented ordering in low ꭓ polymers, without dewetting the films is 

a non-trivial task and may open the door to attaining defect free highly ordered pattern for 

industrial applications and solving one of the biggest caveats of SVA processing in low ꭕ 

polymers. The solvent processing with IL allows for enhancing thermodynamic properties 

of the block copolymer system and retard chain mobility to an extent that can induce robust 

ordering before de-wetting can happen. We have thoroughly validated our finding using 

direct imaging, grazing scattering and neutron reflectivity techniques. Data fitting on the 

neutron data allowed the quantification of domain length and interfacial width. It was seen 

that SVA allows for the biggest shrinkage in domain length and interfacial width at 60% 

and 50% respectively compared to thermal annealing, DIA also allowed for a reasonable 

decrease in domain length of up to 50% and reduction of interfacial width of up to 33%. 

The reason for the reduction of domain features were explained using a chain 

rearrangement model. It was proposed that chain ejection in vertical direction during 

swelling and constraint of chain movement in the in-plane direction due to pinning effect 

coupled with the neutral solvent environment allows alternate PS and PMMA block 

arrangement, thus a 50% domain reduction typical in DIA. Moreover, the fast drying of 

solvents in SVA allows for even further shrinkage in the domain features in the z direction.  
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APPENDIX A: ABBREVIATIONS 
BCP: Block co polymer 

PS-b-PMMA: Poly(styrene-b-methyl methacrylate) 

DSA: Directed self-assembly 

IL: Ionic liquid 

Tg: Glass transition temperature 

ꭓ: Flory Huggins interaction parameter 

EMIM TFSI: 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

TA: Thermal annealing 

SVA: Solvent Vapor Annealing 

DIA: Direct immersion annealing 

GISAXS: Grazing Incidence small angle x-ray scattering 

SEM: Scanning electron microscopy 

NR: neutron Reflectivity 

FIB-SEM: Focused ion beam- Scanning electron microscopy 

ToF-SIMS: Time of flight- secondary ion mass spectroscopy 

Mw: Molecular Weight 

AFM: Atomic force microscopy 

WSL: Weak segregation limit 

SSL: Strong segregation limit 

ODT: Order-disorder transition temperature 

PS-b-PB-b-PS: poly(styrene-b-butadiene-b-styrene) 

SiN: Silicon Nitride 

RIE: Reactive ion etching 

PS-P2VP: Poly(styrene-b-2-vinyl pyridine) 

P2VP: Poly(2-vinyl Pyridine) 

Au: Gold 

Pd: Palladium 
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SAMS: Self-assembled monolayer  

PS-r-PMMA: poly(styrene) random poly(methyl methacrylate) 

UVO: Ultraviolet oxidation 

P2VP-PDMS: Poly(2-vinyl pyridine-b-dimethyl siloxane) 

PS: Poly (styrene) 

PDMS: Poly(dimethyl siloxane) 

PEO-PMMA: Poly(ethylene oxide-b-methyl methacrylate) 

PHEMA-b-PMMA: Poly (hydroxyl ethyl methacrylate-b- methyl methacrylate) 

PHEMA: Poly(hydroxyl ethyl methacrylate) 

PMMA: Poly(methyl methacrylate) 

PS-PDMS: Poly(styrene-b-dimethyl siloxane) 

PS-PI: Poly(styrene-b-isoprene) 

MEK: Methyl Ethyl Ketone 

PDMS: Poly (dimethyl siloxane) 

PS-PB: Poly (styrene-b-butadiene) 

PB: Poly (butadiene)  

PS-PLA: Poly (styrene-lactic acid) 

SBS: Poly(styrene-butadiene-styrene) 

THF: Tetrahydrofuran 

Ar+: Argon plasma 

Bi3+: Bismuth plasma 

SANS: Small-angle neutron scattering 

SAXS: Small-angle x-ray scattering 

dPS-PMMA: Poly(deuterated styrene-b-methyl methacrylate) 

Rg : Radius of gyration 

FWHM: full width half maximum 

SLD: Scattering length density 

NIST: National Institute of Standard and Technology 
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µs: microsecond 

a.m.u: atomic mass unit 

m/z: Mass over atomic number 

SiO2: Silicon di Oxide 

N2: Nitrogen gas 
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