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Block copolymer self assembly presents a method for patterning and 

templating applications on the 10-50 nm length scale, a smaller scale than can be 

easily achieved by photolithography.  Here we investigate the use of functionalized 

polar-nonpolar block copolymers both as photopatternable self-assembling materials 

and for selective infiltration of one block for patterning.  Block copolymer thin films 

with defect-free self-assembled morphology over large domains combined with 

careful control of the orientation of the morphology are critical for these patterning 

applications.   

Self assembly of block copolymers is facilitated by polymer chain mobility, 

commonly achieved by heating block copolymer films above the glass transition 

temperature of the blocks.  However, many block copolymer systems, including those 

discussed here, are thermally incompatible. Swelling in a solvent vapor, called solvent 

annealing, provides sufficient mobility for self assembly. Solvent annealing proved 

critical to forming ordered structures of functional polar-nonpolar block copolymer 

thin films. 

Thermal instability initially led to limited self assembly of combined top-

down/bottom-up block copolymer systems.  In this case, photolithographic 

functionality has been designed into block copolymers, allowing the majority 

component of a block copolymer to behave as a negative-tone photoresist.  Solvent 

vapor annealing has provided a simple and inexpensive method for allowing the 

bottom-up self assembly of these top-down photopatternable materials.  An additional 



 

benefit of solvent annealing is the ability to reversibly tune the morphology formed 

using the selectivity of different swelling solvents to the two blocks: that is, the choice 

of solvent for annealing directs the formation of different morphologies in the dried 

film, here spherical and cylindrical.  This behavior is reversible, alternating annealing 

sessions lead to switching of the morphology in the film. Secondary ordering 

techniques applied in tandem with solvent annealing can be used to further control the 

self assembly and give highly ordered block copolymer domains.  Here we 

demonstrate the use of graphoepitaxy to align block copolymer self assembly to 

patterns in substrates. 

The combination of block copolymer self assembly with lithographic 

crosslinking in films was initially pursued to allow precise location of assembled 

patterns.  Taking this behavior a step further, we combine solvent annealing, used to 

reversibly tune the self-assembled morphology, and lithographic patterning, used to 

prevent switching in exposed regions. This combined process has provided a method 

for selectively patterning 100 nm-wide domains of spherical morphology within 

regions of parallel-oriented cylindrical morphology. 

We also investigate solvent annealing of a block copolymer blended with a 

hydrogen bonding material that selectively segregates into the polar block. Blending 

provides a method of tuning the periodicity upon solvent annealing for self assembly, 

with morphology control again possible by solvent selectivity.  Selective extraction of 

the blended material forms voids displaying the tunable periodicity, and the pattern is 

then transferred by templating to inorganic materials. 
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CHAPTER 1 

 

BLOCK COPOLYMER SELF ASSEMBLY IN THIN FILMS: CONTROL OF 

SELF ASSEMBLY AND PATTERNING APPLICATIONS 

 



 2 

1.1 Block Copolymer Self Assembly for Patterning Applications 

Self-assembled materials, such as block copolymers, hold promise for 

patterning on length scales that are difficult to achieve by photolithography.  As 

described in further detail below, block copolymers can self-assemble into a variety of 

morphologies including those that are spherical, cylindrical, and lamellar. In order for 

block copolymer self assembly to be realistically applicable for templating 

applications in thin films, defect free self assembly must be obtained over large 

domains, in addition to control of the orientation of morphology formed in the thin 

films. 

Self assembly is facilitated by imparting mobility to polymer chains, either by 

heating films or by annealing in a solvent vapor.  Solvent vapor infiltrates block 

copolymers and induces mobility, but also alters the phase behavior of block 

copolymers from the neat state. This phase behavior alteration requires special 

attention, but it also provides a method for tuning phase behavior in films. Secondary 

ordering techniques such as graphoepitaxy and chemical epitaxy can be combined 

with polymer mobility techniques to cause defect-free ordering and to control 

orientation in thin films.  Pattern transfer of the ordered self-assembled pattern to a 

wide variety of other materials is achieved using a small number of methods.  Control 

of the location of self assembly is also possible using combined top-down/bottom-up 

patterning techniques by incorporating lithographic capabilities into block copolymer 

structures.  
 

1.2 Block Copolymer Phase Behavior 
 

1.2.1 Self Assembly in the Bulk 

Block copolymers are made up of two or more polymer segments covalently 

bound in a single chain.  The simplest and most studied set are linear diblock 
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copolymers, made up of two separate polymer species covalently bound in the center.1  

Self assembly of block copolymers only occurs when polymer chains are immiscible 

and have sufficient mobility, typically achieved by thermal annealing above the glass 

transition temperatures of the two blocks.   
 

1.2.1.1 Diblock Copolymers 

When sufficiently immiscible, linear block copolymers are known to form a 

variety of morphologies, commonly including those that are lamellar, cylindrical 

(hexagonal), and spherical (body-centered cubic); for a narrow range of parameters, 

they are also known to form gyroid morphologies.1 Schematics of these morphologies 

can be seen in Figure 1.1. Theoretical work intersecting with experimental studies 

have found that block copolymer phase behavior can be described by a small number 

of parameters.  In his mean field theory for weakly segregated block copolymers, 

Leibler found that phase behavior can be determined by the volume fraction of one of 

the blocks,  f,  and χABN, the product of the Flory-Huggins interaction parameter, χAB 

(a measure of the affinity, or lack thereof, of two blocks to each other) and the degree 

of polymerization N.2 This theory works well for describing self assembly of block 

copolymers in the weak field regime. 

Semenov created a phase diagram for strong segregation regimes, drawing a 

phase diagram using Liebler’s weak-field phase diagram and his own strong field 

phase diagram with dotted lines connecting the two theories.3 For strongly segregated 

polymers, in which the thickness of the interface is significantly less than the domain 

dimension, block copolymer morphology is largely determined by the volume fraction 

of the two blocks.4 These theoretical calculations agree with experimental data for 

polystyrene-block-polybutadiene showing spherical morphology for less than 25% and  
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Figure 1.1. Morphologies formed by phase-separating block copolymers: body-
centered cubic packed spheres (Sph), hexagonally packed cylinders (Cyl), double 
gyroid (Gyr), and lamellae (Lam). Inverse phases are not shown. Figure by Minqi Li, 
used with permission. 
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more than 85% PS, hexagonally-packed cylindrical morphology for 25 – 40% and 60-

85% PS, and lamellar morphology for 40-60% PS.  

With their self-consistent mean-field theory (also called self-consistent field 

theory or SCF theory), Matsen and Bates describe both the weak-field regime, where 

interfaces between morphologies curved in the phase diagram, as well as the strong 

segregation regime, where interfaces between morphologies run nearly vertical.5 Their 

theoretical phase diagram can be found in Figure 1.2.  In the case of symmetric block 

copolymers, phase separation occurs for χABN = 10.5, called the mean-field critical 

point. Further reading on this subject can be found in a number of excellent 

reviews.1,6,7  

Typical molecular weight ranges for self-assembling block copolymers are 20-

100 kg/mol, yielding typical periodicity of morphologies of 20-50 nm.8 The upper 

limit of spacing is due to the limited chain mobility caused by the high degree of 

entanglement in very large molecular weights, rendering self assembly on a practical 

time scale impossible. For the lower limit, the product of χABN becomes small for 

lower molecular weights (small N), and for lower molecular weights, the interaction is 

not sufficiently strong for self assembly to occur. 

The period spacing of lamellar morphology was found experimentally to scale 

with the 2/3 power of the molecular weight; i.e. for spatial period d and degree of 

polymerization N, d ~ N2/3.9 The 2/3 scaling law was confirmed in theoretical 

calculations in the strong segregation limit for lamellar, cylindrical, and spherical 

morphologies.4 Notably, though, the 2/3 power only holds in the strong segregation 

limit, where the interfacial width (which is dependent on χ, the Flory-Huggins 

interaction parameter) is significantly smaller than the domain spacing. In cases of 

weaker segregation, spacing is more closely related to the radius of gyration of the 

copolymer molecule, which scales with one half power N, such that d ~ RG ~ N1/2. 
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Figure 1.2. Phase diagram for diblock copolymer melts created using mean-field 
theory. Phases are labeled Lam (lamellar), Cyl (hexagonal cylinders), Gyr (double 
gyroid), Sph (bcc spheres), CPS (close-packed spheres), and DIS (disordered). Dashed 
lines denote extrapolated phase boundaries, and the dot denotes the mean-field critical 
point. Reprinted with permission from ref. 5, copyright 1996 American Chemical 
Society. 
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1.2.1.2 Triblock Copolymers 

The phase behavior of linear ABA triblock copolymers is similar to that of AB 

diblock copolymers.10,11 The same sequence of morphologies are expected for ABA 

triblocks as for AB diblocks, though some asymmetry in the phase diagram is 

expected, especially when the two A blocks in the ABA triblock possess different 

molecular weights.12,13 Matsen and Schick noted differences in domain spacing 

between AB and ABA block copolymers due to chain bridging in the triblocks.14 

Further calculation by Matsen & Thompson noted that ABA triblocks (with symmetric 

A) have nearly identical phase behavior to AB diblocks, as demonstrated by the 

overlaid phase diagrams (Figure 1.3).15 In the remainder of this review, ABA triblock 

copolymers will be discussed alongside AB diblock copolymers due to the similarity 

of their phase behavior. 

In the case of linear triblock copolymers (also called triblock terpolymers) with 

ABC structure, and even more so with higher-order block copolymers (4 blocks and 

higher), the additional complexity allows the formation of many more structures than 

diblocks.1 Many of the possible morphologies are displayed in Figure 1.4.  However, 

understanding this complex behavior is more difficult due to the increased number of 

parameters to consider.  First, there are significant structural differences depending on 

the ordering of the blocks, thus the structure of a triblock cppolymer, even with 

identical volume fractions, varies significantly for ABC, ACB, and BAC ordering.  

Furthermore, predicting the morphology in the case of triblocks requires accounting 

for the interactions of each block with the other two means must be considered, χAB, 

χAC, χBC, as well as knowing the volume fractions for two of the blocks, fA and fB.  

Finally, slow equilibration of ABC systems has been found to become even more 

complicated in the comparison of experimental studies with theoretical, making it  
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Figure 1.3. The mean-field phase diagram for an ABA triblock copolymer (solid 
curves) possesses very similar shape to one for an AB diblock copolymer (dashed 
curves). Reprinted with permission from ref. 15, copyright 1999, American Institute of 
Physics. 
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Figure 1.4. Examples of morphologies formed by ABC triblock copolymers16; gyroid 
morphologies have also been demonstrated (not shown here). Reprinted with 
permission from ref. 1, copyright 1995, American Chemical Society. 
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difficult to determine if structures formed in polymers are thermodynamically stable 

structures or simply metastable states.  Those studying triblock copolymer self 

assembly have often turned to using solvent evaporation or solvent annealing to gain 

long range ordering due to the slow thermal equilibrium problem, both in the bulk and 

in thin films. 

 

1.2.1.3 Nonlinear Architectures 

Phase behavior of nonlinear polymers also varies significantly from those of 

linear polymers.  Examples of nonlinear polymers are block copolymers in which one 

or more of the blocks are composed of star, comb, or dendrimer structures. While this 

subject is not covered in this work, more information can be found here.17 
 

1.2.1.4 Thermal Annealing 

Block copolymer self assembly, even when thermodynamically favorable, will 

only occur at an appreciable speed when the polymer chains are given sufficient 

mobility. Increased mobility is primarily achieved by heating to temperatures above 

the Tg for both polymers. This can become tricky when a block copolymer possesses 

both a high Tg and a low thermal degradation temperature.   

It is interesting to note that reversibly tunable morphologies are possible for a 

single molecular weight sample by heating the block copolymer.  The Flory-Huggins 

interaction parameter χ has an inverse-temperature component (χ = A/T + B), which 

allows downward vertical movement in the phase diagram with increased temperature; 

this movement is reversible with a lowering of temperature.  In symmetric block 

copolymers, the lamellar morphology shifts directly to a disordered state; in 

asymmetric polymers, for example those forming cylindrical morphologies, transitions 

from cylindrical to spherical morphology occur before the morphology becomes 
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disordered.  Sakurai et al. demonstrated a transition in polystyrene-block-polyisoprene 

(PS-b-PI), with total number-average molecular weight (Mn) 82 kg/mol and 16% 

polystyrene, from cylindrical morphology at 150˚C to spherical morphology at 

200˚C.18 Kimishima et al. similarly observed PS-b-PI with Mn 44 kg/mol and 20% PS, 

which underwent a transition from cylinders to spheres occurring 115-16.7˚C.19 

Hajduk et al. demonstrated a transition from lamellae to cylinders, evenly spaced, to 

hexagonally-packed cylinders upon heating slightly asymmetric polystyrene-block-

poly(ethene-co-butene).20 Thermoreversible order-order transitions are only possible 

for a narrow range of polymer compositions, for polymers with Flory-Huggins 

interaction parameter (χ) and correct molecular weight (N) such that the barrier 

between molecular weights occurs for a temperature that lies between the glass 

transition temperature and the thermal degradation temperature for a polymer.  This is, 

of course, only possible in the weak-field regime. 

In the strong segregation regime, however, the interfaces between 

morphologies are nearly vertical in the phase diagram, and thermally induced 

transitions are not possible. Tuning morphology must be achieved by horizontal 

movement in the phase diagram, one involving a change in the relative sizes of the 

blocks. This can be achieved by blending with homopolymers or other materials prior 

to bulk or film casting; it can also be achieved by annealing in a selective solvent.  

Solvent annealing is particularly attractive due to its in situ tunability after bulk or film 

casting.  The phase behavior of solvent and homopolymer blends are covered in more 

detail below (section 1.2.2). 
 

1.2.1.5 Self Assembly in Thin Films: Confinement Effects 

Many templating applications require patterning of block copolymer thin films.  

Block copolymer self assembly in thin films varies significantly from the bulk due to 
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interfacial interactions at the polymer-substrate and polymer-air interfaces. The 

important points are summarized below; for a more in-depth review of these materials, 

see Fasolka and Mayes.21 In this section, we focus on film thicknesses (h) equal to or 

larger than the bulk spacing d0. 
 

1.2.1.5.1 Between Two Hard Walls: Surface Neutrality vs. Orientation 

Russell et al. first observed the formation of multilayered parallel orientations 

of lamellae in films of symmetric polystyrene-block-poly(methyl methacrylate), (PS-

b-PMMA), on silicon, referred to as surface-induced ordering.22,23 No preferential 

orientation was observed in toluene-cast films, but parallel orientation was observed 

after thermal annealing.23 This was accompanied by film thickness forming in steps, 

also known as island & hole formation or terracing.  Parallel orientation from selective 

interactions with walls also occurs for films of cylinders.24 In all of these films, films 

were formed on surfaces with a preferential interaction with one of the blocks. 

Turner gave the first theoretical treatment of the equilibrium behavior of a 

symmetric block copolymer confined between two identical parallel plates with 

preferential attraction of the plates to one block of the polymer.25  For the symmetric 

system, he found the formation of n number (A-B, B-A) lamellar layers aligned 

parallel to the plates.  When the plate spacing corresponds to a half-odd integer 

number of layers, no frustration in spacing is observed.   

Walton et al. went on to study the orientation of block copolymers as a 

function of interaction with blocks; when walls are preferential for one of the blocks, 

parallel orientation forms.26 In the case of symmetric wetting of preferential walls, 

unfrustrated spacing occurs for wall spacing h, h = nd0, which is the bulk spatial 

period d0 multiplied by the number of layers n. Alternatively, for asymmetric 

preferential walls (the walls attract opposite blocks), the unfrustrated system forms 
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when the plate spacing corresponds with h = (n + ½)d0.  This behavior was confirmed 

experimentally with polystyrene-block-poly(methyl methacrylate) sandwiched 

between two walls treated with random copolymers of polystyrene-ran-poly(methyl 

methacrylate), or PS-r-PMMA, with varying composition and thus varying block 

interaction.27,28 

In thick films, i.e. h >> d0, with preferential walls, competing effects can lead 

to mixed orientations of the morphologies.  Konrad et al. studied polystyrene-block-

polybutadiene-block-polystyrene, or PS-b-PB-b-PS, films on silicon, and found 

parallel orientation near the substrate, but mixed perpendicular and parallel 

orientations at the air interface.29 Xu et al. studied thick films of PS-b-PMMA 

confined between two walls of PS-r-PMMA random copolymers of varying 

composition; they observed that parallel orientation occurs near the walls, and 

proceeds throughout the film thickness for thinner films.30 However, a mixed 

morphology is found for thicker films, with parallel orientation near the walls and 

perpendicular orientation far from the selective wall wetting influence.  

Walton et al. also found that for neutral walls, lamellar block copolymers are 

expected to form perpendicular orientations for any plate spacing.26 Pickett & Balasz 

found that for neutral walls, perpendicular morphology forms for all film thicknesses, 

and Monte Carlo simulations by Sommer et al. agree with this finding.31,32  Kellogg et 

al. confirmed this behavior experimentally with PS-b-PMMA sandwiched between 

two walls treated with random copolymer brushes: nearly neutral walls formed 

perpendicular morphology.28  

 

1.2.1.5.2 Substrate Surface Neutrality for Perpendicular Orientation 

Surface-neutralizing techniques have been used extensively to gain 

perpendicular orientation of both cylindrical and lamellar morphologies by eliminating 
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preferential attraction of one block. In the case of substrate-supported films, which for 

practical purposes are the most common, the polymer-substrate interface can be 

controlled, though the polymer-air interface cannot.  In some cases, however, the 

energy effect from the substrate neutralization is enough to induce perpendicular 

orientation, though this effect largely breaks down for h > d0. 

Manksy et al. systematically changed the substrate interactions with lamellar 

PS-b-PMMA using silicon to which PS-r-PMMA random copolymers with different 

compositions (fPS) were grafted.33 Neutral wetting conditions were acheived with 

random copolymer substrate treatment containing fraction of polystyrene, fPS, 0.5 < fPS 

< 0.65. for film thicknesses 2.5 to 3.5 times d0.  Lamellae near the substrate are 

oriented perpendicular, though lamellae at the air interface still have parallel 

orientation. Mansky et al. confirmed the same behavior for cylindrical PS-b-PMMA, 

and found that neutral wetting conditions were also possible.34  The surface tensions of 

PS and PMMA were found to be nearly equal at 225˚C, leading to neutral wetting at 

both the substrate and air interfaces.  

The exact composition of random copolymer graft for neutral wetting 

conditions was revisited recently, and was found to be slightly different for cylindrical 

and lamellar morphologies.35 In cylinder-forming PS-b-PMMA (Mn 88K, fPS 0.72), 

perpendicular orientations found for brushes with fPS 0.52 to 0.72, with the neutrality 

condition fPS 0.64.  On the other hand, lamellae-forming polymers (Mn 50K, fPS 0.5) 

became perpendicular for 0.48 to 0.78, with neutrality condition fPS 0.55. 

The initial, and still most commonly used, method for control surface wetting 

is the grafting of random copolymers of hydroxyl-terminated PS-r-PMMA to the 

native silicon oxide surface layer present on silicon wafers.36 This approach makes use 

of a hydroxyl-functionalized TEMPO initiator, which is then used to initiate the 

random copolymerization of styrene and methyl methacrylate by nitroxide-mediated 
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radical polymerization.  Each polymer chain has one hydroxyl functionality, necessary 

for surface grafting onto the silicon oxide surface layer on silicon with sufficient 

density for surface modification.   

Grafting is achieved by spin-coating a film of the hydroxyl-terminate random 

copolymer onto a silicon substrate with a native silicon oxide layer.  The film is heated 

to facilitate binding of the polymer to the substrate.  Before applying the block 

copolymer, any unbound material is rinsed away. 

A variety of other surface neutralization techniques for PS-b-PMMA films 

have been used, including the following: 

• Surface-tethered TEMPO initiators for random copolymerization of PS-r-

PMMA brushes37  

• Varying the grafting density of self-assembled monolayer films of non-polar 

octadecyltrichlorosilane to tune wetting on a polar silicon oxide substrate38  

• Modification of a silicon oxide surface with a self-assembled monolayer that is 

neutral to PS-b-PMMA, 3-(p-methoxyphenyl)propyltrichlorosilane39  

• Inclusion of crosslinkable benzocyclobutene monomer with the random 

copolymerization of styrene and methyl methacrylate initiated from 

unfunctionalized TEMPO; the benzocyclobutene component crosslinks with 

heat, rendering heated films insoluble.40,41  An advantage to this method is that 

bond-formation to the substrate is not required; therefore this technique can be 

extended to substrates other than silicon oxide.  Use of photolithographic 

techniques to pattern gold on top of this solvent-resistant neutral layer gives 

selective orientation control with resolution demonstrated to 6 µm.40  

• Inclusion of a small quantity of hydroxyethyl methacrylate (HEMA) monomer 

with the styrene and methyl methacrylate initiated from unfunctionalized 
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TEMPO; with inclusion of 1-2% HEMA, more than one hydroxyl group per 

polymer chain may be achieved, ensuring better surface adhesion.42,43  

• Blending of two different random copolymers (each PS-r-PMMA-r-

“monomer3”) which crosslink together into a mat upon UV exposure; the two 

additional monomers are methacrylates with acryloyl side chains and glycidyl 

side chains. Photopattern resolution of 100 µm was demonstrated.43,44  

• Blending hydroxyl-end-functionalized polymers of PMMA and PS.45  

• Inclusion of an azide-functionalized styrene monomer with the random 

copolymerization of styrene and methyl methacrylate initiated from 

unfunctionalized TEMPO; crosslinking of the films, which can be initiated 

using heat or UV, renders them insoluble with UV pattern resolution 

demonstrated to 7 µm.46 
 

Substrate modification has been demonstrated for a small number of other 

block copolymers. Use of tunable substrate surface energy from grafted PS-r-PMMA 

was studied for neutralization polystyrene-block-polyisoprene and polystyrene-block-

poly(n-butyl methacrylate).47 For a symmetric block copolymer of polystyrene-block-

poly(2-vinylpyridine), PS-b-P2VP, a random copolymer composed of PS-r-P2VP-r-

PHEMA (with PHEMA 2 mol % for substrate grafting) led to perpendicular 

orientations in thin films near the substrate.48 These were not able to overcome 

selective wetting interactions at the air interface, leading to parallel interactions near 

the film surface. PS-r-PMMA surface neutralization using hydroxyl-terminated PS-r-

PMMA caused perpendicular orientation of polystyrene-block-poly(ethylene oxide), 

PS-b-PEO, with PEO cylinders after solvent annealing in nonselective solvent benzene 

and water vapor.49  One final method for controlling interfacial interactions has been 

briefly demonstrated: blending a small quantity (2.5% or less) of hydroxyl-terminated 
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polystyrene was found to neutralize the air interface of PS-b-PEO, leading to 

perpendicular orientation of cylinders applied to an untreated substrate upon annealing 

in benzene. 
 

1.2.1.5.3 Incommensurate Thicknesses: Shift Happens 

As described above in section 1.2.1.5.1, parallel orientations of lamellar block 

copolymers form when sandwiched between walls that display either a symmetric or 

asymmetric preference for one of the blocks, as long as the wall spacing h matches the 

repeat distance of the polymer.  However, when h does not match the repeat distance 

of the polymer, the shifts in the self assembly from the bulk behavior can occur in 

order to minimize the strain within the polymer. These changes include shifting the 

polymer spacing d from the bulk value d0, formation of perpendicular orientation, and 

in films supported on one side only, the formation of discrete film thicknesses, called 

island and hole formation or terracing. 

Shull predicted that for lamellae-forming morphologies, domain spacing d 

would shift from the bulk value d0 for incommensurate wall spacing thicknesses, that 

is, h ≠ nd0 for symmetric wall wetting, or h = (n + ½)d0 for asymmetric wall wetting.50 

This behavior was first observed by Russell et al. in thin films of symmetric PS-b-

PMMA on silicon substrates.51  Lambooy et al. observed this experimentally for PS-b-

PMMA confined between two solid surfaces a shift in the parallel lamellae spacing d 

from the bulk value spacing d0. 27,52 This shift varied in a cyclic manner relative to the 

wall spacing h as it shifted between commensurate and incommensurate film 

thicknesses.  They also observe that the deviation from d0 decreases as h becomes 

much larger – an explanation that makes sense considering that the deviation would be 

distributed over a larger number of polymer chains. Koneripalli et al. also 

demonstrated this behavior for lamellar poly(ethylenepropylene)-block-
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poly(ethylethylene) (PEP-b-PEE) in confinement with PEE-selective walls.53  Knoll, 

Tsarkova & Krausch reported the same behavior for cylindrical morphology; using 

polystyrene-block-polybutadiene, PS-b-PB and PS-b-PB-b-PS, that form parallel 

cylinders of PS on silicon, d was found to vary cyclically with h.54 

In thin films supported by a substrate (that is, not sandwiched between two 

walls), an alternative method to subvert frustration from incommensurate thicknesses 

is discretization of the film thickness into islands or holes, sometimes also called 

terracing.23,55 Koneripalli et al. demonstrate the concept of island and hole formation 

nicely, as seen in Figure 1.5.53 Carvalho and Thomas demonstrated that terracing 

occurred for thin films of a variety of lamellae-forming block copolymers, including 

PS-b-PMMA, PS-b-P2VP, and PS-b-PB.56 

Several groups have predicted transitions in the orientation from strained 

parallel lamellae to distorted perpendicular lamellae in a symmetric block copolymer 

constrained between highly selective, symmetric wetting walls (i.e. walls made of the 

same material as one of the blocks) in the case of small, but incommensurate, wall 

spacing h.31,57-61 Suh et al. explain this behavior in terms of film thickness.61  The 

deviation to reach a full period thickness is the same value for thick and thin films; for 

thick films, however, this deviation is distributed over a larger number of layers so the 

compression or expansion of each layer is small.  In thin films, the deviation is very 

large.  For these thin films, the entropic cost of film chains stretching or compressing 

to adjust the film thickness in the parallel orientation can become larger than the cost 

of being oriented perpendicular to the walls.  Wang et al. use Monte Carlo simulations 

to further study this phenomenon, as reproduced in Figure 1.6.62 In experimental 

support of this behavior, Carvalho & Thomas both observed for some cases the 

formation of nonparallel orientation at edges between terrace steps.56  
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Figure 1.5. Schematic of island formation in a diblock copolymer film. The arrows 
indicate how material movement occurs as the flat, as-cast film with thickness h 
(incommensurate for discrete film thickness) forms the island. The height of the island 
is equal to the equilibrium domain thickness d0. Alternatively, hole formation occurs 
similarly. Reprinted with permission from ref. 53, copyright 1995, American 
Chemical Society. 
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Figure 1.6. Illustration of simulated morphology behavior of symmetric diblock 
copolymer thin films confined between two hard and homogeneous surfaces of 
varying degree of attraction (weakly and strongly preferential). Light regions represent 
A blocks and dark regions represent B blocks. When the wall spacing h is 
commensurate with bulk periodity d0, lamellae with parallel orientations form.  When 
film wall spacing is incommensurate with polymer periodicity, the lamellar orientation 
and periodicity (d) shift to relieve frustration (f). Reprinted with permission from ref. 
62, copyright 2000, American Institute of Physics. 
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Brown & Chakrabarti used a coarse-grained model to simulate self assembly of 

a symmetric block copolymer between walls, varying the wall attraction and 

separation.58 In the case of identical walls, either parallel or perpendicular orientation 

was found.  When the walls that attract opposite morphologies, termed asymmetric 

wetting, they also observe the formation of distorted lamellae, nicknamed “egg carton” 

and “twisted perpendicular,” in addition to the parallel and perpendicular orientations. 

Using self-consistent field theory, Matsen showed similar behavior for symmetric and 

asymmetric wetting, including the formation of a distorted morphology for 

asymmetric wetting of a symmetric block copolymer with high potentials (strong 

block attraction).59 This distorted morphology was described as being parallel at one 

wall and perpendicular at the other, identical to the morphology that Koneripalli found 

experimentally for h = d0 under asymmetric confinement.63  Russell et al. was the first 

to observe this mixed-phase morphology experimentally for very thin films, found in 

thin films of PS-b-PMMA on silicon.51  

Formation of perpendicular orientation was also shown experimentally for 

symmetric PS-b-PMMA with h ~ d0 supported on a substrate, rather than sandwiched 

between walls; this morphology is understood with parallel orientation of PMMA at 

the surface and slightly capped lamellae at the air interface.64 This behavior was 

studied in more detail both theoretically and experimentally by Fasolka et al., and they 

observed the formation of the hybrid structures not observed in the bulk for h ~ 

½d0,21,65 which can be seen in Figure 1.7.  Kim & Russell studied the behavior of thin 

films of bulk-cylinder forming PS-b-PMMA supported by a silicon substrate, a 

condition found to be only weakly attractive to the blocks; in addition to the possible 

parallel and perpendicular structures predicted by theory, a hybrid structure was 

observed of half-cylinders at the air surface possible with the surface energies of the 

two blocks is not too large.66  
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Figure 1.7.  a) Mean-field prediction of morphologies formed in films with thickness 
(t in figure, h elsewhere in text) approaching periodicity (L0 in figure, d0 elsewhere in 
text). Cross-section views of the following morphologies are observed: symmetric 
surface-parallel full lamella (FL), half-lamella (HL), symmetric hybrid structure (HY), 
and surface-perpendicular lamellae (PL).  b) An example of a phase diagram of the 
ratio of film thickness h to bulk periodity d0 versus R, the ratio of the preferential 

interaction strength of the top (S1) and bottom interfaces (S2):
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.  In this 

example, the degree of polymerization N is 200, and the Flory-Huggins interaction 
parameter χ is 0.1 Reprinted with permission from ref. 65, copyright 2000, American 
Chemical Society. 
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In the case of cylinder-forming polystyrene-block-polybutadiene-block-

polystyrene, a perpendicular orientation was observed for h < 2d0 and for 

incommensurate thicknesses for h < 2d0.24 Khanna et al. later compared AB diblock 

copolymers to ABA triblock copolymers in thin films; they found that AB diblocks 

form thickness-distorted parallel orientations, while ABA triblocks form perpendicular 

orientations.67 The difference in behavior is attributed to the entropic cost of looping 

chains in the ABA triblocks.  

Spherical morphologies also undergo thin film effects even for h > d0 despite 

the fact that spheres are anisotropic. Yokoyama et al. observed surface-induced 

ordering –the spherical morphology assembles into a body-centered cubic packing, 

which aligns to the substrate and and forms terracing, in this case for polystyrene-

block-poly(2-vinylpyridine) (PS-b-P2VP) with P2VP minor phase.68 Stein et al. later 

found that the packing of spherical morphology varies with film thickness.69,70 A 

body-centered cubic (bcc) lattice forms for film thickness greater than 23 layers, in 

agreement with the bulk structure.  Deformation from the bcc lattice is observed as the 

film becomes thinner, progressing from increasingly deformed face-centered 

orthorhombic (fco) between 23 and 4 layers, and below 4 layers, hexagonal close-

packed symmetry. 

 

1.2.1.5.4 Thin Film Formation: Modification of Tg, ODT, and OOT 

Huinink notes that all studies agree that in the case of selective wetting of 

block copolymers that form cylindrical morphology in the bulk, parallel cylinders 

form on selective substrates (those with a preferential interaction for one of the blocks) 

for all thicknesses higher than two repeat distances.71  For thinner films a variety of 

behavior has already been described by which films adjust to make up for strain 

caused by incommensurate film thicknesses. The physical properties of polymers, in 
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addition to the phase behavior of block copolymers, are also affected by the degree of 

attraction to wetting walls. 

Glass transition temperatures of polymer thin films with thickness near the 

radius of gyration of the polymer chains can be altered from the bulk values, largely 

due to confinement effects and interfacial attraction to substrates.72-75  In all of these 

examples, attraction of a thin film of a homopolymer to a substrate causes an increase 

in Tg in thin films, while the opposite occurs when polymer chains are repulsed by the 

surface. Tsui et al. used surface-grafted PS-r-PMMA with varying composition to 

modify the chain interactions of a thin layer of polystyrene toward the substrate, and 

found that the Tg of polystyrene could be effectively controlled.76  

Wall interfaces have also been found to alter the phase separation of nearby 

symmetric block copolymer chains.  Fredrickson used SCF theory to demonstrate that 

a block copolymer melt in the vicinity of a solid wall or free surface (one with 

selective attraction) possessed a modified Flory-Huggins interaction parameter.77 Due 

to the connectivity of the blocks and the incompressibility of the material (an 

assumption of the calculation), the calculated interaction parameters have an 

oscillatory component with period 2π/d0, normal to the wall plane, which decays 

exponentially from the interface. Milner and Morse also predicted this oscillatory 

profile normal to the surface for bulk-cylindrical morphology as well (corresponding 

to thickness commensurability), though they also observed that the decay length is 

longer closer to the mean-field critical point.78  

Foster et al. observed experimental evidence of alteration of χ in the vicinity of 

walls – for thin films of symmetric poly(ethylene-propylene)-block-

poly(ethylethylene) (PEP-b-PEE) in which the PEE block preferentially segregates to 

both the substrate and air interfaces, the polymer near the polymer/air interface and the 

polymer/substrate interfaces display induced microstructure while the center of the 
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film is disordered, indicating a shift in the order-disorder transition (ODT) near 

interfaces corresponding to an increase in the Flory-Huggins interaction parameter χ.79  

Theoretical studies predict that the modification of χ near interfaces can drive 

an order-order transition from cylindrical to lamellar morphologies in thin films in the 

case of asymmetric block copolymers (e.g. cylinder-forming in the bulk) in the weak 

segregation limit.80 Heckmann and Drossell also point out that the strong interaction of 

polymer chains toward walls leads to an increased wetting of one block at the wall, 

causing a shift in the available volume fraction near interfaces, shifting the 

morphology as well.81    

Huinink et al. modeled the behavior of bulk-cylindrical block copolymer films 

with bulk spatial period d0, confined between walls separated by a distance h, where d0 

< h < 2d0.71,82 They established a phase diagram dependent entirely on the distance 

between the walls and the strength of interaction of the blocks with the walls, 

demonstrating the formation of parallel cylinders, perpendicular cylinders, parallel 

lamellae, and parallel perforated lamellae. Yin et al. also used simulations to study 

asymmetric diblock copolymer films forming gyroid morphologies in the bulk.83 They 

observed multiple morphological transitions depending on the film thickness and 

polymer/wall interactions, including the formation of hybrid morphologies, as well as 

parallel cylinders, perforated lamellae and lamellae. 

Tsarkova et al. investigated this behavior experimentally with cylinder-forming 

polystyrene-block-polybutadiene, fPS 25.5% on weakly- and strongly- PB attractive 

substrates.84 On weakly interacting substrates, parallel cylinders form up to 5 layers 

thick, though the bottom layer is found to have half-cylinders stabilized at the 

substrate. Strongly interacting substrates lead to a transition from parallel cylinders to 

lamellae and perforated lamellae, depending on film thickness h. This behavior has 

also been studied for ABA triblocks 85-87 as well as ABC triblocks.88 
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Yang et al. used self-consistent field theory to study morphology formation of 

a bulk-cylindrical (f = 0.3) block copolymer while confined between symmetric walls 

with both weak and strong substrate preferences.89 They observed the existence of 

phases previously observed theoretically and experimentally, including parallel and 

perpendicular cylinders and parallel flat lamellae.  They also observed three new 

morphologies: undulated cylinders, undulated lamellae, and parallel cylinders with 

non-integer period (1.5C||, or 1.5 times the d0 for a parallel cylinder), none of which 

have been observed elsewhere.  These newly-observed morphologies are observed at 

specific film thicknesses h undergoing very strong polymer-substrate interaction; the 

1.5C|| forms with weak substrate preference for the long block and 1.6RG < h < 2.8RG.  

Under weak polymer-substrate preference, when the longer block preferentially wets 

the substrate, parallel and perpendicular cylinders alternate with changing thickness h, 

though when the minor phase selectively wets, parallel cylinders and lamellar phases 

alternate with h.   
 

1.2.2 Phase Behavior of Block Copolymer Blends 

Bulk block copolymer phase behavior may be tuned by blending block 

copolymers with other materials.  Common components are solvents (with selective or 

nonselective preference for the blocks) and homopolymers composed of one of the 

blocks. We primarily focus on blending with solvents due to their aid in understanding 

solvent annealing to gain long-range ordering in block copolymer thin films, which is 

discussed in section 1.2.3. Though beyond the scope of this work, it is worth noting 

that much interesting work in recent years has shown that blends of bulk block 

copolymers with metal oxide precursors90-94 and nanoparticles95-99 can modify the self 

assembly behavior of the block copolymers and form interesting composite and porous 

materials. 
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1.2.2.1 Nonselective Solvent Swelling: Vertical Phase Diagram Shift 

When swelling with nonselective solvents, those that are good solvents for all 

blocks in a block copolymer, theoretical studies have found little effect on the overall 

shape and structure of the phase diagram, as long as the effect of the dilution is 

factored into the χN y-axis of the phase diagram.  Helfand and Tagami first introduced 

the concept of the dilution approximation for the behavior of the order-disorder 

transition (ODT) as well as order-order transitions (OOT) in block copolymers.100 In 

unblended symmetric block copolymers, the order disorder transition occurs for the 

condition 
 
χABN = 10.5.  Eqn. 1.1 
 

for a block copolymer with Flory-Huggins interaction parameter χAB and degree of 

polymerization N. The dilution approximation describes the modification of the phase 

behavior upon blending with a nonselective good solvent with an additional factor, the 

polymer volume fraction in the polymer-solvent mixture, φp:  
 
χABNφp = 10.5. Eqn. 1.2 
 

The inverse temperature component of χAB means the order-disorder transition of a 

swollen block copolymer occurs at a lower temperature than that of a neat polymer. 

This behavior occurs because the solvent segregates at the interface between the two 

blocks, moderating the strength of their interaction. 

Whitmore and Noolandi studied the bulk behavior of symmetric block 

copolymers swollen with solvents, both by using self-consistent field (SCF) theory  

and by comparison to experimental results with polystyrene-block-polyisoprene (PS-b-

PI) plus neutral solvent toluene, confirming the dilution approximation for 

concentration solutions of lamellar morphology.102 Whitmore and Vavasour took this a 
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step further by establishing a phase diagram for a block copolymer and nonselective 

solvent blend using SCF theory of polymer blends.103 For the y-axis of the phase 

diagram, the χN component has been replaced with χNφp, but otherwise the shape and 

location of the transitions are similar to the solvent-free phase diagram.  Huang and 

Lodge confirm this behavior for neutral solvents by theoretical calculations, as seen in 

Figure 1.8.101  

Huang & Lodge also point out that it is possible to shift vertically through 

multiple morphologies of the phase diagram, much like for thermoreversible phase 

transitions (section 1.2.1.4), by increasing the concentration of a solvent blended with 

a block copolymer.101 In a simplification of the dilution approximation, this can be 

visualized as a downward vertical shift in the phase diagram for a neat polymer upon 

blending with solvent.  When a block copolymer possesses an asymmetric 

composition, this can lead to transitions between morphologies. 

The dilution approximation is expected to fail in two cases.  In the first, the use 

of a neutral, but poor solvent, leads to macrophase separation into solvent-rich and 

solvent-poor regions.104  In the second, Fredrickson and Liebler as well as Olvera de la 

Cruz observed that the dilution approximation requires modification in semidilute 

solutions due to chain swelling effects.105,106 Inhomogeneous solvent concentrations 

develop at interfaces between the blocks, and the solvent at the interfaces acts to 

screen unfavorable AB interactions.105 In this case, the concentration of block 

copolymer in the weak field regime at constant temperature is found to scale φp ~ N-

0.62 in good solvents and φp ~ N-0.5 in θ solvents, and φp is found in good solvents to 

have an exponent of 1.59, such that  
 
χABNφp

1.59 = 10.5.  Eqn. 1.3 
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Figure 1.8. a) Two-dimensional mean-field phase diagrams for a diblock copolymer 
swollen in a neutral good solvent with two different polymer volume fractions φp = 0.5 
& 0.9. b) The phase diagrams from (a) overlay perfectly with each other and with the 
melt when the dilution approximation is taken into account – that is, when ploted in 
terms of φpχABN. Reprinted with permission from ref. 101, copyright 1998, American 
Chemical Society.   
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Lodge et al. found the φp scaling factor disagreed somewhat with experimental results 

of lamellar polystyrene-block-polyisoprene (PS-b-PI) swollen with neutral solvent 

dioctylphthalate (DOP), regardless of dilution, and that the dilution approximation 

requires the addition of an exponent to properly describe the phase behavior. The 

experimentally-measured dilution factor for the order-disorder transition (ODT) scales 

with φp
1.6 for PS-b-PI swollen with toluene and DOP, but with φp

1.2 for poly(ethylene 

propylene)-block-poly(ethylethylene) (PEP-b-PEE) swollen with squalane.107 They 

later studied PS-b-PI in solution with nonselective toluene using SANS to study the 

solvent formed at the block interfaces; PS-b-PI swollen with toluene also displays the 

ODT shift that scales with φp
1.6.108 Lodge et al. went on to demonstrate experimentally 

with PS-b-PI with a variety of compositions in DOP that the dilution factor for order-

disorder transition (ODT) actually scales with φp
α, where α varies from 1.3 to 1.6, thus 

demonstrating that the dilution approximation fails for a variety of morphologies.109  

They also studied the dilution fluctuation with order-order transitions (OOT) 

between cylinder to sphere, gyroid to cylindrical, and lamellae to gyroid, and found 

that the effective Flory-Huggins parameter of the order-order transition scales with 

φp
1.0, as predicted theoretically.109 Thus, order-order transitions decrease less quickly 

than the order-disorder transition, indicating that experimental phase diagrams for 

swollen polymers would possess a shape that does not exactly map to the neat block 

copolymer phase diagram in the weak segregation regime. Certain ordered phases 

expected near the ODT are not present in the swollen state due to the differences in 

OOT and ODT shift with solvent.  In plotting the value of the exponent α with the 

degree of polymerization, they observe an increase in α with increasing N, which is 

opposite to the expectation that α should decrease to 1.0 as the separation increases. 

A summary of the phase behavior of a block copolymer swollen with a 

nonselective solvent follows: the dilution approximation says that interaction 
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parameter in a polymer scales with the volume fraction of the polymer in the solvent-

polymer blend.  This is attributed to the alteration of the interaction of the two blocks 

due to selective segregation of the solvent to the interface between the blocks. 

Comparison of this theory with experimental results for the shift in ODT has found 

that an exponent must be added to adjust for non-ideal behavior, such that χEFF = 

χABφP
α where α can be 1.2 to 1.6. The value of the exponent cannot be predicted, but 

depends on the solvent and block copolymer system.  This non-ideal behavior is only 

observed for order-disorder transitions; order-order transitions follow the dilution 

approximation with α equal to 1. 

 

1.2.2.2 Selective Solvent Swelling: Morphology Shift  by Solvent Partitioning 

Solvent selectivity also plays a very strong role in the morphology formed by 

solvent-swollen block copolymers.  For each block of a polymer, solvents may be 

good solvents, poor solvents (near θ conditions), or non-solvents.  Of course, if it is a 

non-solvent for both blocks, the solvent does not affect the film at all.  

When the two blocks are both soluble in a solvent, though to different degrees, 

shifts in the morphology in the swollen state occur due to unequal swelling of the 

blocks.  As such, the phase behavior not only depends the Flory-Huggins interaction 

parameter between the two blocks χAB, the degree of polymerization N and the 

polymer volume fraction φp, but it also depends on the interaction parameter between 

each of the blocks and the solvent, termed here χAS and χBS.101,110 Lai et al. suggested 

a clever method of determining solvent selectivity: measuring the glass transition 

temperature of the two blocks in a sealed cell (for example, by differential scanning 

calorimetry) can provide information on the degree of swelling of each block.111 The 

solvent behaves as a plasticizer, lowering its glass transition temperature, Tg.  The 

depression of the Tg in each block indicates the degree of swelling in each block. 
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Lodge et al. showed theoretically that for lamellar PS-b-PI swollen in PI-

selective cyclohexane, an increase in the degree of swelling of the PI block is 

observed.108 Cyclohexane is a good solvent for PI, but a θ solvent for PS at 34.5˚C.  

Thus, they calculate a strong temperature dependence on the preferential swelling, 

with a smaller preference above the θ temperature, though the preference is not 

completely eliminated.  

This selective partitioning can be expected to affect the volume fraction of the 

block copolymer, f.  Huang and Lodge studied the effect of solvent selectivity on 

phase formation using SCF theory.101 A two-dimensional phase diagram for a solvent-

swollen diblock copolymer is reproduced in Figure 1.9.  In this case, they chose φp of 

0.5 and χAS and χBS of 0.6 and 0.4, respectively, indicating a slight preference for the 

B block.  Consequently, the phase diagram of the solvent-swollen polymer shifts to 

the right.  Also, the shape of the solvent-swollen phase diagram is asymmetric, such 

that the location of the transitions do not map on top of a neat block copolymer phase 

diagram. 

Huang & Lodge also reported a change in the degree of stabilization of block 

copolymer morphology.101 In their SCF study, they held χBS at a constant value and 

varied χAS. There exists a critical value of 

! 

"
AS

*  that is determined by the intersection of 

the spinodal curves of χABN, χAS, and φp. For χAS > 

! 

"
AS

* , or weak selectivity, 

increasing φp causes the stable microphase separation region to become made smaller, 

which corresponds to narrower phase diagram, or a lower position on it. On the other 

hand, for χAS > 

! 

"
AS

*  , corresponding to a strongly selective solvent, increasing φp has 

the opposite effect – the stable region becomes larger. 
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Figure 1.9. Two-dimensional phase diagram for a diblock copolymer swollen with a 
selective solvent.  The diagram displays a shift in the mean-field critical point and 
possesses an asymmetric shape. Reprinted with permission from ref. 101, copyright 
1998, American Chemical Society. 
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They further predict morphology tunability, forming multiple structures for 

high solvent selectivity, for example, χBS = 0.4 and χAS > 0.7 (solvent preference for 

the B block).  For a polymer that forms lamellar morphology in the melt, one would 

expect a morphology transition with increasing solvent volume in the B block to 

change the morphology from lamallae (L) to cylinders of block A (CA), to spheres 

(SA), and finally to disordered state, corresponding to a shift in f. This maybe be 

envisioned as a horizontal walk across the phase diagram.  Also, for a polymer with 

asymmetric morphology forming cylinders of block B (CB) in the melt, one could 

expect a shift through CB, L, CA, SA, micelles, and disordered state. 

This morphology-shifting behavior has been demonstrated experimentally in 

many cases.111-117 Hanley and Lodge report swelling of symmetric PS-b-PI in di-n-

butyl phthalate (DBP), slightly selective for PS.112  DPB is a θ solvent for PI around 

90˚C, and so it is selective below that temperature but negligibly selective above 

100˚C.  Varying both the selective solvent concentration and the temperature, they 

observed shifts that can be visualized a diagonal shift of position in the phase diagram, 

where the x-axis volume component is caused by the solvent selectivity and the y-axis 

shift is due to the inverse-temperature  component of χ. For example, for φp = 0.9, they 

observe shifts from lamellae (75˚C), perforated lamellae (100˚C, metastable state), 

gyroid (150˚C) and cylinders (180˚C).  They suggest swelling with a selective solvent 

is akin to a horizontal trajectory across the phase diagram, while combining solvent 

swelling with thermal annealing, as they do, corresponds with a diagonal trajectory. 

Hanley, Lodge & Huang go on to point out that asymmetric PS-b-PI swollen 

with DBP forms inverse versions of their morphology: L  Ginv  Cinv  Sinv, 

moving in the opposite direction as the thermoreversible morphology shift G  C  

Disordered.114  Swelling with tetradecane, selective for PI, allows access to the G  C 
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 D shift.  Lai et al. go on to show as many as five ordered phases for a single block 

copolymer by swelling PS-b-PI with tetradecane.111  

 

1.2.2.3 Solvent Blending Shifts Polymer Spacing  

Bulk blends of solvent and block copolymers not alter phase behavior from the 

neat block copolymer, but they also change the equilibrium spacing of the polymers.  

These changes in periodicity have been found to vary depending on solvent selectivity.  

Swelling with a solvent leads to a decrease in the periodicity of the block copolymer, 

though the degree varies depending on the solvent selectivity for the different blocks. 

Hashimoto et al. demonstrated this behavior experimentally with PS-b-PI 

swollen with nonselective solvent dioctyl phthalate (DOP).118 They observed changes 

in the periodicity d to vary with degree of polymerization N, the temperature T, and 

the polymer volume fraction φp according to 
 
d/b ~ N0.67 [φp/T]0.33 Eqn. 1.4 
 

where b is the statistical Kuhn length.   

Shibayama et al. also observe a critical [φp/T] value with different swelling 

behavior of PS-b-PI swollen with neutral solvents toluene and DOP.119,120 This value, 

approximately φp = 70%, separates two regimes of spacing.119 At dilute polymer 

concentrations φp < 70%, an increase in φp corresponds to a decrease in d, in 

agreement with spacing trends found previously. (Also of note – a homogenous 

solution is found for φp < 20%, indicating ODT suppression to room temperature.) 

Concentrated polymer solutions, φp > 70%, on the other hand, show the opposite trend.  

They go on to describe the dilute region as an equilibrium regime, one 

thermodynamically controlled; the other regime, where spacing increases with 

increasing solvent concentration, is found to be kinetically controlled.120 This 
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difference is evidence that the solvent is acting to lower the glass transition of the 

blocks (and especially that of PS, with its higher Tg) to below room temperature, 

allowing polymer mobility at room temperature at sufficiently high solvent 

concentration, thus sufficient mobility for self assembly is observed at higher swelling. 

Using self-consistent field theory, Whitmore and Noolandi modeled the 

behavior of symmetric polymers swollen by a nonselective good solvent.121  They 

found: 
 
d/b ∝ [χAB]p Nq [φp]r

 Eqn. 1.5 
 

where b is the statistical Kuhn length and the exponents p, q, and r vary depending on 

the segregation strength.  For weak segregation, p≈0.33, q≈0.8, and r≈0.4, while for 

strong segregation p≈0.2, q≈0.67, and r≈0.22. Between weak-field and strong-field 

extremes, the exponent r smoothly evolves between r = 0.33 in weak field segregation 

(up to χABNφp ≤ 15) and r = 0.2 for strong field segregation.  

This behavior of different scaling of d with strong and weak segregation has 

been observed experimentally with solvent-swollen melts.110,122 Whitmore & Noolandi 

point out that that as φp approaches 1 – that is, neat polymer without solvent – the 

equation collapses to an expression very similar to that by Helfand for unblended 

block copolymer self assembly.10  
 
d/b ≈ γ2/3 N9/14 Eqn. 1.6 
 

where γ is the interfacial tension, and γ ≈ [χAB]0.5 

 
d/b ≈ [χAB]0.14 N0.64 Eqn. 1.7 
 

Whitmore & Noolandi’s results are in agreement with those by Shibayama and 

Hashimoto, as long as the polymers are self-assembling in the thermodynamically-

directed ranges (that is, sufficient swelling for mobility at the experimental 
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temperature).  Lodge et al. also observed agreement of experimental results of PS-b-PI 

swollen with DOP, in which d scales with φp
0.33 independent of morphology.109  

Swelling with a nonselective solvent causes modification of d as well.  

Banaszak & Whitmore extended earlier self-consistent field theory studies to selective 

solvent swelling of symmetric block copolymers, assuming χAB = χSB and χSA = 0 

(non-interacting).110 They found the same basic relationships as for swelling with 

selective solvent, 
 
d/b ∝ [χAB]p Nq [φp]r

 Eqn. 1.8 
 

where for strong segregation p≈0.2, q≈0.7, and r≈0.2 (the almost identical to values 

for a nonselective solvent), and weak segregation, p≈0.5, q≈0.9, and r≈0.5.  

The weak field phase behavior was confirmed experimentally - d was found to 

scale with φp
0.5 in PS-b-PI swollen with di-n-butyl phthalate (DPB), slightly selective 

for PS.112  

Lai et al. experimentally studied the effect of solvent selectivity on the r 

exponent of d~φr, and found that the value decreases with increasing solvent 

selectivity, even into negative values.  Negative values of r indicate that the spacing 

increases with selective solvent blending, rather than decreasing as with a nonselective 

solvent. They conclude that r also varies with the block composition (f) and the 

mesophase formed upon swelling, and that it is not possible to make a simple sum of 

the contributions from these three related variables.123 

 

1.2.2.4 Mixed Solvents: Morphology Tuning and Phase Behavior 

It is not always possible to find good nonselective solvents for immiscible 

diblock copolymers, especially when they possess a large interaction parameter.  The 

ability to tune solvent morphology by swelling with a selective solvent is also 
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attractive, but the morphology formed is a function of the degree of selective attraction 

for the available solvents. Blending two different solvents, each completely selective 

for a different block, would allow tunability of selective swelling and thus the 

morphology formed, and even allow access to neutral swelling conditions at the 

correct solvent ratio.  

However, one must consider the interactions of each of the four materials in 

the system with each other.  In a neat block copolymer, phase separation is dictated by 

χAB, N, and f. When swollen with a single solvent, the behavior depends on N, f, and 

χAB as well as the interaction of the solvent with each block, χAS and χBS.  With the 

two-solvent system (we will call the solvents X and Y), we not only consider the 

volume fraction f, the degree of polymerization  N, and the Flory-Huggins interaction 

of the block copolymer χAB, but also the interaction of each solvent with each block 

(χAX, χAY, χBX & χBY) and the interaction of the two solvents, χXY.   

Alexandridis et al. swelled block copolymers made of poly(ethylene oxide) and 

poly(propylene oxide), PEO-b-PPO-b-PEO, often considered nonionic surfactants due 

to their oligomeric molecular weight, with blends of totally selective solvents.124   

Changing the overall concentrations of each of the solvents, PEO-selective water and 

PPO-selective p-xylene, allowed the formation of the entire range of morphologies 

expected for a block copolymer, including spherical, cylindrical, gyroid, and lamellar, 

as observed in Figure 1.10. 

Huang and Hsu used self-consistent mean-field theory to study the phase 

behavior of an AB block copolymer blended with two solvents, one a neutral solvent 

(X) and the other slightly B-selective (Y).125 They found that χXY caused an effect in 

the phase separation of the swollen diblock copolymer – if χXY is large (i.e. the 

solvents are highly immiscible), the preferentiality of the polymer is enhanced.  
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Figure 1.10. A phase diagram of PEO-b-PPO-b-PEO blended with PEO-selective 
water and PPO-selective p-xylene (“oil”) at 25 °C. The phase boundaries of the one-
phase regions are drawn with solid lines. I1, H1, V1, Lα, V2, H2, and I2 denote normal 
(oil-in-water) micellar cubic, normal hexagonal, normal bicontinuous cubic, lamellar, 
reverse (water-in-oil) bicontinuous cubic, reverse hexagonal, and reverse micellar 
cubic lyotropic liquid crystalline phases, respectively, while L1 and L2 denote water-
rich (normal micellar) and water-lean/oil-rich (reverse micellar) solutions. The 
concentrations are expressed in weight percent. The samples whose compositions fall 
outside the one-phase regions are dispersions of two or three (depending on the 
location in the phase diagram) different phases. The line along the copolymer−oil axis 
indicates incomplete miscibility between the copolymer and the oil. Schematics of the 
different modes of self-organization of the amphiphilic block copolymers in the 
presence of solvents (“water” and “oil”) are shown adjacent to the respective phases in 
the phase diagram. The amphiphiles are localized at the interfaces between the water 
and oil domains (denoted by dark grey and light grey, respectively). The gyroid 
minimal surface is used as a representation of the microstructure in the V1 and V2 
phases. Reprinted with permission from ref. 124, copyright 1998, American Chemical 
Society. 
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Huang, Chiou & Lan modeled the behavior of an AB block copolymer 126 swollen 

with solvents X and Y, each totally selective for a different block. They again found 

that increased χXY drives macrophase separation of the blocks, possibly acting as a 

method to drive phase separation of poorly-segregated polymers, as well as increasing 

the degree of dilution possible for phase separation to still occur.  Furthermore, they 

also observed the ability to tune the morphology formed by adjusting the ratio of the 

solvents. 

 

1.2.2.5 Block Copolymers Blended with Non-Solvents: Homopolymers 

Unlike solvent blending, which may be classified as selective or nonselective 

swelling, blending a block copolymer with a constituent homopolymer is classified as 

completely selective blending.  Like solvent blending, Blending block copolymers 

with homopolymers has been found to alter phase behavior, changing the block 

copolymer spatial period and causing order-order transitions from the neat polymer 

state. 

Zin and Roe observed PS-b-PB blended with PS with far lower molecular 

weight than the block copolymer.127,128   Using PS-b-PB with Mn 27K and fPS 0.27 

swollen with PS (Mn 2K), an increase in the ODT temperature was observed, 

combined with an increase in the spatial period d.  They also observed shifts in the 

morphology from spherical to lamellar morphology.   

Hashimoto et al. and Winey, Thomas, & Fetters studied symmetric PS-b-PI 

swollen with PS (and sometimes PI).129-133 They observed that low molecular weight 

PS molecules are distributed uniformly within the PS phase of lamellar PS-b-PI, and 

that the blending of PS can change the morphology formed.129 Holding the 

homopolymer volume fraction φHP constant, the spatial period d was found to increase 

as the molecular weight of the PS blend increased; likewise, the morphology shifted 
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further with increased molecular weight of the blended PS homopolymer.130 This was 

attributed to the miscibility of the PS homopolymer – as the molecular weight of the 

PS homopolymer increases, its miscibility with the PS block decreases, and the 

homopolymer segregates at the middle of the PS block domain, rather than distributing 

uniformly within the PS block domain.  

Observing the width of each block domain as the PS homopolymer volume 

fraction increases, the PS block domain becomes larger as the PI domain becomes 

thinner, and the area per junction (that is, the surface area at the block interface per 

polymer chain) increases when the molecular weight of the PS homopolymer is small 

and distributes evenly within the PS block domain.130  For constant PS homopolymer 

concentration, increasing the hompolymer molecular weight leads to increasing 

thickness in the PS and PI domains, and resulting from the selective partitioning of the 

homopolymer at the center, causing a decrease in the area per junction.  As the PS 

concentration increases or as the Mn of the PS homopolymer increases, the PS 

homopolymer preferentially segregates at the center of the PS block rather than 

blending with the block copolymer PS chains.  Observation of shifts in the 

morphology formed in blended films is observed – for example, for PS-b-PI 27K/22K 

(fPS 0.55), transitions from lamellar morphology to  bicontinuous double diamond, 

cylindrical, and spherical morphologies are observed, dictated not only by the overall 

PS volume fraction but also the Mn of the PS.131 Mayes et al. also demonstrated that 

PS and PMMA homopolymers segregate into the corresponding blocks of PS-b-

PMMA.  Decreasing the molecular weight of the PS homopolymer led to better 

incorporation into the PS block; when the Mn of the homopolymer is larger than the 

block molecular weight, the homopolymer does not at all segregate into the block 

domains, existing as separate layer.134 Thus for large homopolymer molecular weight, 
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the homopolymer causes a large increase in the periodicity, while a small 

homopolymer molecular weight causes little overall change in the periodicity.132  

The mechanism of order-order transitions due to homopolymer blending is 

summarized nicely by Torikai et al, “… microdomains are extended by uniform 

solubilization of the homopolymers with considerably low [Mn], and the extension of 

either one of the two microdomains along the interface leaving the other one 

unchanged is the driving force of the morphological transitions observed in the binary 

blends.”135 In other words, volume changes in the blends caused by homopolymer 

blending has an effect on morphological transitions, but the molecular weight of the 

homopolymers and the resulting intercalation with blocks or partitioning at the center 

of the blocks is a major driving force as well.  The biggest determining factor for 

morphology is the degree of curvature of the interface.  Banaszak and Whitmore used 

SCF theory to demonstrate all of these things – homopolymers penetrate the block 

copolymer chains and cause lateral swelling the degree of which depends on the 

molecular weight of the homopolymer.136  

Torikai also calculated the effect of block copolymer binary blends (A-b-B + 

A) versus ternary blends (A-b-B + A + B) on the periodicity d for the case of 

homopolymer completely segregated at the center of the block and for the case of 

homopolymer completely distributed within the blocks, and then compared the d 

spacing as molecular weight of the blending homopolymer was varied.135 A difference 

in the degree of localization was observed between binary and ternary blends – binary 

blends segregate to the centers far more than ternary ones.  Putting this behavior to 

practical use, Urbas et al. tuned domain spacing with ternary bends of PS-b-PI, PS and 

PI for photonic crystal applications, demonstrating an increase in spacing that nearly 

doubled while maintaining the lamellar morphology.137 
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1.2.3 Solvent Annealing 

Block copolymer self assembly requires polymer chain mobility, typically 

achieved by heating above the glass transition temperature, Tg, for the two blocks.  

Another method of achieving block copolymer mobility is to swell it with a plasticizer 

(solvent), lowering the Tg of the polymer to below room temperature (or to easily 

achievable temperatures). This is particularly useful for diblock copolymers 

possessing both high Tg and low degradation temperatures. It has also proven 

important for gaining long range ordering in triblock copolymers due to the difficulty 

in accessing thermodynamically stable morphologies via thermal annealing.1  

As described above in section 1.2.2.1, shifts in the phase behavior and 

periodicity of a block copolymer occur in the presence of a solvent.  While this phase 

behavior must be taken into account, and certainly increases the degree of 

complication of the system over thermal annealing, it also provides a useful tool for 

tuning morphology and periodicity, and also for accessing difficult-to-achieve 

morphologies. 

 

1.2.3.1 Polymer Mobility by Solvent Annealing Allows Self Assembly 

As discussed many times in previous sections, block copolymer self assembly 

is facilitated by allowing polymer chains sufficient mobility to phase-segregate.  For 

block copolymers with glass transition temerpatures (Tg) well above room 

temperature, heating the block copolymer above the blocks’ glass transition 

temperatures renders sufficient mobility for self assembly.  This is called thermal 

annealing.   

Alternatively, swelling a polymer with a plasticizer (e.g., a solvent) causes 

suppression of the Tg.138 If the polymer is swollen with sufficient material to lower the 

glass transition of the resulting material to below room temperature, the polymer 
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chains gain mobility, and in a block copolymer self assembly can occur.  This is 

referred to as solvent annealing.  The glass transition of a plasticized polymer is 

governed by: 
 

! 

Tg =
TgP + (KTgS "TgP )#S

1+ (K "1)#S
 Eqn. 1.9 

 

where TgP is the glass transition temperature of the polymer, TgS is the glass transition 

temperature of the solvent, φs is the volume fraction of solvent (plasticizer), and K is a 

constant with typical values between 1 and 3 governed by 
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where α1 is the volume coefficient of expansion above Tg, while αg is the volume 

coefficient of expansion below Tg. Reorganization of the equation for Tg of the 

plasticized polymer for the depression of Tg in the swollen film gives 
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where φP is the volume fraction of the polymer. Solvent TgS values are only known for 

a few solvents, but the relationship between the Tg and the melting temperature Tm 

found for polymers can also be used to predict the TgS from the freezing point of the 

solvent, TmS: 
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Tg
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 Eqn. 1.12 

 

Zielinksi & Duda used a free-volume diffusion model to predict diffusion 

constants for mixtures of common solvents and polymers,139 while Rauch & Köhler 
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carefully studied the interaction of polystyrene and toluene.140 Both demonstrated that 

polymer diffusion increases as the Tg decreases upon addition of solvent. In other 

words, polymer chains gain mobility at room temperature when swollen with 

sufficient quantities of solvent. Mori et al. demonstrated that addition of nonselective 

solvent toluene to polystyrene-block-polyisoprene led to depression of the polystyrene 

block’s Tg to below room temperature with 25% or more nonselective good solvent.141 

Elbs et al. introduced the concept of the vitrification concentration, the 

concentration of polymer in a solvent-polymer blend above which a polymer is glassy 

and mobility is no longer possible.142  Kim & Libera showed that PS-b-PB-b-PS (PS 

cylinders form by thermal annealing) forms parallel hexagonal cylinders when cast 

from solution and allowed to evaporate slowly.143,144 Compression in the direction of 

film thinkness indicates that the film further shrinks after the polymer film reaches the 

vitrification concentration. 

One final consideration is the efficacy of solvent annealing with selective 

solvents.  For phase-segregating block copolymers, each block possess a Tg.  Solvent 

annealing leads to self assembly when the ambient temperature is higher than the Tg of 

both blocks. For the sake of this description, we will discuss a block copolymer in 

which both blocks possess similar glass transition temperatures well above room 

temperature.  When swelling a block copolymer film with a nonselective good solvent, 

the Tg of both blocks are suppressed and mobility is easily achieved.  In the case of a 

block copolymer swollen with a completely selective solvent, only the soluble block 

experiences suppressed Tg, and so mobility for self assembly cannot be achieved at 

room temperature.  In the case of a solvent that dissolves both blocks but displays 

preferential swelling of one block, sufficient mobility for self assembly cannot occur 

until the less soluble block swells enough for its Tg to lower below room temperature.  

In principle, the combination of thermal and solvent annealing techniques could lead 
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to polymer mobility at moderate annealing temperatures.  This is not as useful in 

practice due to solvent flammability concerns. 
 

1.2.3.2 Solvent Annealing: Thin Film Effects 

In thin block copolymer films, solvent annealing in nonselective good solvents 

leads to self assembly behavior similar to that observed upon thermal annealing.  

Similar thin films effects are observed, including the formation of parallel orientation 

on preferentially-interacting substrates, island and hole formation, and occasionally 

perpendicular orientations at incommensurate film thicknesses.  Some examples of 

this behavior in the literature: 

• Terracing and formation of parallel cylinders were observed in PS-b-PB-b-PS 

(fPS 0.26) swollen in nonselective good solvent chloroform.145,146 Perpendicular 

orientations formed at incommensurate film thickness and stable non-bulk 

morphologies formed at thicknesses less than 1.5 domain spacings, including 

perforated lamellae.145 

• Annealing polystyrene-block-poly(D,L-lactide), PS-b-PLA, with PLA 

cylindrical phase, leads to parallel cylinders upon annealing in benzene.147  

• For poly(styrene)-block-poly(2-vinylpyridine)-block-poly(tert-butyl 

methacrylate), or PS-b-P2VP-b-PtBMA, terraces form upon annealing in 

chloroform.148  

• Dioxane annealing polystyrene-block-poly(4-vinylpyridine), PS-b-P4VP 

blended with P4VP-miscible 2-(4-hydroxyphenylazo)benzoic acid, or HABA 

leads to parallel cylinder formation.149,150 The block molecular weights of the 

PS-b-P4VP are 35.5 K for PS and 3.68 K for P4VP, which would be expected 

to form spherical morphology in the bulk (~10% P4VP by mass).  Addition of 

~18% HABA (1 mol HABA:1 mol P4VP subunits) lead to total polar 
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component 25.5% by mass.  Density value for HABA is unknown, but this is 

likely to correspond to formation of cylindrical morphology in the bulk.  

Annealing in nonselective good solvent dioxane lead to formation of parallel 

cylinders containing the polar blend after annealing in dioxane 

• Bosworth et al. observed parallel cylinder formation of poly(α-methylstyrene)-

block-poly(4-hydroxystyrene) with 33% by mass PαMS after annealing in 

good solvent THF.151  
 

1.2.3.3 Stability of Dried Films After Solvent Annealing 

As described previously (section 1.2.2), blending block copolymers with either 

nonselective or selective solvents alters the polymer phase behavior. Stated another 

way, the thermodynamically stable state of a solvent-swollen block copolymer is 

different from that of a neat block copolymer.  In the case of solvent annealing, the 

swollen state may be maintained upon evaporation of the solvent.  After solvent 

evaporation, the block copolymer is no longer in a thermodynamically-stable state.  

However, as long as the glass transition temperature of the two blocks is sufficiently 

higher than the temperature at which the film is kept (typically, room temperature), 

there is little effective mobility of the polymer chains – the morphology is kinetically 

trapped.  As discussed above, glass transition temperatures of polymer thin films can 

be altered from the bulk state strong interactions (attractive or unattractive) with the 

substrate (section 1.2.1.5.4).72-75 However, if the Tg is sufficiently above room 

temperature, little mobility would be expected even in the case of very thin films. 

One case in the literature does describe mobility of a polymer after solvent 

annealing. Niu & Saraf describe surface reconstruction of polystyrene-block-

polyisoprene, PS-b-PI after solvent annealing in toluene, and this reconstruction is 

found to occur over a period of days after solvent annealing.152  They neglect, 
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however, to discuss the glass transition temperature of the two block components.  

While the Tg of PS synthesized by anionic polymerization is known to be 

approximately 100˚C,153 the Tg of PI is well below room temperature.  The Tg varies 

somewhat depending on synthesis conditions, but is -68˚C for high 1,4 content154  and 

well below room temperature for other PI compositions as well.  The 1,4-PI content is 

not specified by Niu & Saraf,152 but the surface reconstruction can be attributed to the 

mobility of the PI block at room temperature. 
 

1.2.3.4 Solvent Blend: Phase Behavior Effects 

As discussed in section 1.2.2.1, bulk block copolymer phase behavior is altered 

by blending with nonselective good solvents, effectively causing a vertical shift in the 

phase diagram.  The modified dilution approximation describes the effective Flory-

Huggins interaction parameter of the solvent-swollen block copolymer film such that 

χEFF = χABφp
α,  where χAB is the Flory-Huggins interaction parameter and φp is the 

polymer volume fraction, and the exponent α may be modified from its ideal value of 

one to describe real behavior.  As the examples in section 1.2.3.2, annealing block 

copolymers in nonselective good solvents yields similar behavior to that of thermally 

annealed polymers. 

Zhang et al. and Huang et al. attempted to use controlled solvent evaporation to 

kinetically trap different morphologies formed depending on χEFF.155,156 Swelling PS-

b-PB-b-PS with fPS 0.245 in nonselective solvent toluene, the slowest evaporation rate 

gives the phase expected from thermal annealing, while higher concentrations of 

solvent lead to inverted cylindrical and inverted spherical phases.155  They compared 

the same evaporation rate control with behavior of PS-b-PB block copolymers with fPS 

in same range, forming cylinders of PS by thermal annealing.  For fast evaporation 

rates, the diblock forms the same inverted sphere and cylinder morphologies 
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kinetically trapped from the swollen state.  In more slowly dried films, morphologies 

more similar to those found in the bulk are found, though the mixed orientations 

suggest a solvent evaporation gradient is controlling the morphology.  Inverted 

morphologies cannot be the thermodynamically stable state when swollen with a 

nonselective solvent (this is only possible for a selective solvent), and thus a gradient 

solvent evaporation effect must be driving non-thermodynamic structures.  Gradient 

evaporation effects will be discussed further in 1.2.3.6. 

 

1.2.3.5 Selective Solvent Anneal: Order-Order Transition 

In section 1.2.2.2, we showed blending bulk block copolymers with a solvent 

entirely selective for one block causes order-order transitions to different 

morphologies from the morphology of the neat polymer. This can be visualized as a 

horizontal shift in the phase diagram.  

In the case of solvent annealing block copolymer films, mobility must be 

achieved for both blocks in order for long range ordering to occur.  Thus, even for a 

selective solvent, a solvent must swell both blocks sufficiently to surpass the 

vitrification concentration in both blocks. For solvent annealing, a solvent may show a 

preference toward one block, but must be at least to some degree a solvent for both 

blocks in order to achieve mobility for self assembly.  This can be visualized as a 

diagonal shift in the phase diagram – selectivity shifts volume fraction (horizontal 

component), while solvent swelling causes a shift in χAB (vertical component) 

moderated by the dilution approximation. 

When swelling a film in a completely selective solvent (a good solvent for one 

block, a nonsolvent for the other), no shift in morphology is observed.  Immersion in 

completely selective solvents has been used to selectively swell the minor phase of 

polymers in thin films, causing partial pore formation, upon immersion in the 
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solvent.157-159 Due to insolubility of the undissolved block, no change in the structure 

of the undissolved block occurs. 

Order-order transitions have been observed in multiple block copolymer 

systems annealed in selective solvent vapor, including the following: 

• PS-b-P2VP with fPS 0.14 forms lamellar morphology swollen in THF and 

cylindrical in chloroform, despite volume fraction likely leading to spherical 

morphology in the bulk.142  

• PS-b-P4VP (Mn of PS 35.5 K and P4VP 3.68 K) is blended with 2-(4-

hydroxyphenylazo)benzoic acid, HABA, such that total polar component is 

25.5% by mass; annealing in chloroform or toluene, both selective for the PS 

majority component, leads to spherical morphology in swollen state.149,150  

They report a collapse to perpendicular cylinders upon evaporation, discussed 

in section 1.2.3.6 below. 

• Polystyrene-block-poly(ethylene-butylene)-block-polystyrene, or PS-b-PEB-b-

PS, with fPS 0.29-0.32, transition from ordered cylinders to spheres upon 

swelling in PEB-seletive cyclohexane.160  

• Bosworth et al. observed PαMS sphere formation of poly(α-methylstyrene)-

block-poly(4-hydroxystyrene) with 33% by mass PαMS after annealing in 

PHOST-selective solvent acetone.151 The spherical morphology is kinetically 

trapped upon evaporation. 
 

1.2.3.6 Solvent Evaporation Gradient Effects 

The gradient caused by solvent evaporating from a film can cause non-

equilibrium behavior in dried films.  This was first investigated by Kim & Libera, who 

controlled the evaporation rate of PS-b-PB-b-PS films cast from carbon tetrachloride 

and toluene.143 Deposition from carbon tetrachloride, which evaporates very quickly, 
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leads to a disordered morphology.  Varying the evaporation rate of toluene (which has 

a much lower vapor pressure) leads to control of orientation: under slow evaporation, 

it behaves similarly to thermally annealed thin films – parallel cylinders form.  Fast 

evaporation leads to perpendicular orientation of cylinders in these films, indicating a 

gradient evaporation effect.  Intermediate evaporation rates lead to mixed orientations 

of cylinders. Kim & Libera also demonstrated that PS-b-PB-b-PS with perpendicular 

orientations after solvent evaporation have no selective wetting layer at the air 

interface; if these same films are then thermally annealed, a wetting layer forms.144  

This behavior has been observed in other block copolymer systems. As 

mentioned in the section above, PS-b-P4VP which forms PVP spheres in the bulk is 

blended with sufficient HABA to gain 25.5% polar phase (by mass); annealing in 

chloroform forms spheres, which collapse to perpendicular cylinders upon 

evaporation.  The film thickness is 45 nm, while the spatial period of the cylinders is 

23 nm.149,150  

The evaporation gradient is found to cause ordering in a block copolymer to 

propagate from the top air interface. In PS-b-PEO (fPS 0.75) spin coated from benzene 

solution in benzene atmosphere (as well as benzene and water atmosphere), highly 

oriented arrays of perpendicular cylinders form upon evaporation.161 The lattice period 

is 32 nm, while the thickness is 255 nm. They note that upon solvent evaporation, a 

front with ordered morphology extents from the surface into the film; thus, the 

perpendicular ordering is found to be substrate independent.  A similar gradient with 

ordering beginning at the air interface is observed for polystyrene-block-poly(L-

lactide) swollen in dichloromethane.162  
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1.2.3.7 Modification of Surface Tension by Solvent Annealing 

Lin, Mueller and Binder used Monte Carlo simulations to study the air 

interface of a solvent-swollen polymer film, and found that the solvent modifies 

surface tensions.163 Lin et al. found that the solvent swollen polymer (polymer-liquid) 

coexists with a solvent vapor and a solvent-rich liquid.  This solvent-rich liquid, 

present at the air/solvent vapor interface, moderates the interaction with the air/solvent 

vapor. 

Cavicchi et al. observed orientation control in films of polyisoprene-block-

poly(D,L-lactide), PI-b-PLA with with fPI = 0.78, thus likely to form a PLA cylindrical 

minor phase.147,164 Annealing in benzene is found to cause sufficient mobility for 

parallel cylinders to form, but the parallel cylinders indicate that no surface energy 

mediation takes place in this system.  Chloroform not only causes sufficient mobility 

for long range ordering, but also controls interfacial interactions.  For commensurate 

film thicknesses, parallel orientations still form.  However, for incommensurate 

thicknesses, the neutral air interface a can overcome preferential interactions at the 

substrate, leading to perpendicular orientations. While benzene and chloroform are 

selective for the PS nonpolar phase, slight differences in the solubility account for the 

behavior difference. 
 

1.2.4 The Bag of Tricks: Controlling Self Assembly in Thin Films 

Very precise control of self-assembled patterns in thin films is required for 

many applications, but particularly so for device patterning.  The primary concerns are 

control of grain orientation and increasing grain size.  Self-assembled large grains with 

very few defects cannot be achieved by thermal or solvent annealing alone. 

Application of secondary techniques to direct the self assembly have been applied in 

conjunction with annealing for mobility.  The most commonly used techniques are 
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described below, including how the technique is applied and its corresponding 

advantages and disadvantages. Several review articles further summarize this subject 

matter.165-170  

Perpendicular orientations of cylindrical and lamellar morphologies are 

particularly attractive, as they can form high-aspect ratio templates. Several methods 

for gaining perpendicular orientations of morphologies have already been discussed 

above.  In thin films, preferential attraction of blocks to the substrate and air interfaces 

leads to parallel orientations of cylindrical and lamellar structures (section 1.2.1.5.1).  

Overcoming the tendency to orient parallel to the substrate has been the subject of 

significant work, as perpendicular orientations are particularly attractive for 

templating applications.  Substrate neutralization can overcome the preferential 

attraction of blocks at the air interface to create perpendicular orientations of thermally 

annealed PS-b-PMMA (section 1.2.1.5.2).  In solvent annealing, solvent evaporation 

gradients lead to perpendicular orientations of PS-b-PEO with PEO minor phase and 

PS-b-PLA (section 1.2.3.6). Also, air-interface neutralization by adsorbed solvent has 

been demonstrated for PI-b-PLA annealed in chloroform (section 1.2.3.7). 

Other methods have been used to control grain size and orientation.  

Graphoepitaxy and chemical epitaxy make use of patterned substrates to direct self 

assembly.  Other externally fields, such as shear forces and electric fields, can also 

direct alignment. While primarily used in conjunction with thermal annealing, many 

have been demonstrated with solvent annealing as well.  Several of these techniques 

have also shown the ability to cause perpendicular orientations of cylindrical and 

lamellar morphologies as well. 
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1.2.4.1 Graphoepitaxy 

Graphoepitaxy, also sometimes called self-aligned self assembly171  or 

templated self assembly,169 makes use of topographically patterned substrates.  Self-

assembling block copolymers can align parallel to the walls of the pattern, subdividing 

the larger pattern with a predictable number of repeat units.  The substrate patterns 

may be significantly larger than the patterns (commonly up to 1 µm wide), allowing 

them to be created by inexpensive and common photolithographic techniques. 

This behavior was first examined for spherical morphology alignment.  

Segalman et al. observed a lower number of defects extending 5 µm away from the 

wall as compared to a flat film of polystyrene-block-poly(2-vinylpyridine), PS-b-

P2VP, with P2VP spheres.172,173   As they describe, “the presence of a hard edge 

imparts translational order onto the hexatic, which has quasi-long range orientational 

order and short range translational order, and onto the liquid which has short-range 

translational and orientational order.”172  

Cheng et al., observing behavior of polsytyrene-block-poly(ferrocenyl 

dimethylsilane), PS-b-PFS, possessing PFS spheres in the bulk, forms a wetting layer 

of PFS on the substrate.174 They understand the domain ordering to be driven by this 

preferential wetting layer on the vertical sidewalls, citing similar behavior for 

directing behavior of spherical morphology on flat substrates into the film.68  

Studying the response of spherical PS-PFS ordering in response to the 

condition of the equilibrium period of the polymer not matching side wall width, they 

found that the period adjusts to match the width of the template – similar to behavior 

of thin films confined between two plates.175  The authors created a plot of the number 

of sphere rows observed versus the trench width, and compared that value to the free 

energy of the adjustment of the trench width, reproduced in Figure 1.11. 
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Figure 1.11. a) Plan-view scanning electron micrograph of ordered arrays of PFS 
spherical domains after calcining an assembled PS-b-PFS block copolymer confined 
to a trench in the substrate. Row width varies from 2 to 12 domains wide. b) The 
number of rows in the groove, N, plotted against confinement width, W, showing the 
widths at which arrays with N rows are stable. The confinement width (W) is 
expressed in terms of multiples of d, the equilibrium row spacing, which is 24.8 nm 
for this polymer. The open circles indicate the accessible states if a small energy 
fluctuation of 0.01kT per chain is available to the system. c) Energy vs. confinement 
width of block-copolymer system. The confined block-copolymer system, of a given 
W, will ideally select the value of N with the lowest free energy. A transition in the 
number of rows from N to N + 1 occurs when W = (N + 0.5)d, in agreement with the 
experimental data in (b). The free energy of the confined block copolymer (Fc) is 
presented relative to the free energy of the bulk block copolymer (F0). Reprinted by 
permission from Macmillan Publishers Ltd.: Nature Materials, ref. 175, copyright 
2004. 
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Bita et al. expanded the concept of graphoepitaxy to lithographically patterned 

posts, rather than trenches, which direct the assembly of spherical polystyrene-block-

poly(dimethylsiloxane), PS-b-PDMS. 176 The posts are attractive to the PDMS spheres 

and behave as surrogates for the PDMS domains. Defect-free single grain alignment of 

the PS-b-PDMS is observed when the hexagonal array of posts is commensurate with 

the block copolymer periodicity, observed for posts separated by up to four times the 

polymer spatial period. 

Extension of patterned substrates to cylindrical morphologies is also possible.  

Sundrani et al. observe that parallel cylinders align to parallel walls when confined to 

trench patterns, in this case using polystyrene-block-poly(ethylene-alt-propylene), PS-

b-PEP, forming PS cylinders.177,178 The end of the trench displays a curved shape, and 

the parallel cylinders were found to curve around this end, demonstrating alighment of 

parallel cylinders not only to straight walls.  Other cases of ring or curved structures 

have been demonstrated for parallel cylinders of PS-b-PMMA with PMMA 

cylinders.179,180  

Jung and Ross demonstrated differing alignment of PS-b-PDMS containing 

parallel cylinders of PDMS depending on surface treatment. In this case mobility was 

achieved by swelling in toluene, a good solvent for both blocks.181 Films aligned on 

native silicon oxide display mixed orientation of parallel and perpendicular cylinders, 

relative to the plane of the film.  Treatment of the substrate with grafted PS prior to 

block copolymer application leads to parallel orientation of the cylindrical domains, 

but alignment to the patterned substrate was not observed.  PDMS-grafted substrates 

also possess parallel cylinders, but alignment to the walls varies depending on mesa 

width and degree of solvent swelling (and thus polymer mobility).  Wider mesas 

combined with lower swelling ratios (less mobility) caused the parallel cylinders to 

align crosswise to the trench, perpendicular to the plane of the wall.  Larger swelling, 
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thus more mobility, led to alignment of the parallel cylinders parallel to the walls.  

This behavior is attributed to mobility of the polymer on the surface, termed substrate 

pinning.182 While the silicon oxide substrate does not impart significant mobility, 

PDMS leads to a high degree of mobility due to its low surface energy. Bosworth et al. 

observed similar behavior for cylindrical PαMS-b-PHOST upon annealing in good 

solvent THF: little alignment to silicon oxide trench walls is observed, but grafting a 

layer of PS to the substrate led to good alignment of the patterns.151  

Alignment of perpendicular cylinders has been achieved using two methods. 

Treatment of substrates with PS-r-PMMA random copolymers brushes to neutralize 

surface interactions allows formation of perpendicular cylinders of PS-b-PMMA 

(PMMA cylinders).183,184 Alternatively, block copolymers blended with 

homopolymers185  or other block copolymers186 are found to lead to perpendicular 

alignment for incommensurate film thicknesses; when confined in patterns on 

substrates further alignment of the perpendicular cylinders is observed. 

Perpendicular alignment of PS-b-PMMA lamellae within trenches has also 

been demonstrated using surface neutrality techniques, though careful consideration of 

wetting interactions must be made.187,188 If the random copolymer is on both the trench 

walls and bottom, lamellae perpendicular to the substrate occur, but these lamellae are 

also aligned perpendicular to the trench walls (crosswise alignment).  The combination 

of walls that preferentially attract one of the blocks with a neutral trench bottom lead 

to formation of parallel lamellae that are aligned perpendicular to the walls of the 

trench.  

 

1.2.4.2 Chemical Epitaxy 

Chemical epitaxy refers to the use of a patterns of different materials on a 

substrate to direct ordering in a block copolymer film applied on top: this is possible 
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when each of the two areas of the pattern selectively attract a block.  This results in the 

ability to control both the grain size and the orientation of BCP films.  Patterns on 

substrates typically have the same spacing as the block copolymer spatial period, and 

patterning on this length scale requires expensive and low throughput techniques such 

as electron-beam lithography; since the chemical pattern must be created using these 

techniques one cannot argue that this technique allows patterning smaller length 

scales.  The real application of this method is that these high-resolution patterning 

methods tend to have a large degree of defects, and the block copolymer applied on 

top is capable of healing these defects.189-191 Recent demonstration of subdivision of 

more sparse patterns has improved the prospects for using this technique for 

patterning.190,191  

Chemical epitaxy was first demonstrated to give perpendicular orientation of 

PS-b-PMMA lamellae using stripe patterns on substrates. This has been demonstrated 

using patterns of gold on silicon,192,193  self-assembled monolayers,194,195 polystyrene 

brushes on silicon oxide,196 and patterns of polystyrene brushes with patterned 

poly(methyl methacrylate) on top.189,197 Lamellae are found to align when the spatial 

period of the block copolymer matches the period of a striped chemical pattern. 

Lamellar PS-b-PMMA blended with corresponding homopolymers has also been 

demonstrated: redistribution of the homopolymer facilitates the defect-free assembly 

of the material when the spatial period does not match the period of the striped 

pattern.198 

A thin layer of crosslinked block copolymer can also act as a pattern upon 

which a thicker lamellar morphology can assemble perpendicularly.199,200 For the 

crosslinked underlayer, Park et al. used a monolayer of lamellar PS-b-PMMA oriented 

perpendicularly via a neutral substrate underlayer,199 while Ruiz et al. used parallel 

cylinders, which form larger grains than perpendicular lamellae, to direct a block 
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copolymer with perpendicular lamellae deposited on top to form with large grain 

size.200  

Expansion of chemical patterning for alignment of other morphologies was 

demonstrated later.  Cylindrical morphologies of PS-b-PMMA with parallel and 

perpendicular orientations can be formed using patterned stripes with different widths.  

Parallel cylinders form on stripes with the same periodicity as the polymer, and 

complex structures such as alternating stripes of parallel and perpendicular 

orientations are formed when the surface pattern width is incommensurate with the 

spatial period of the block copolymer.201  Perpendicular orientations of cylinders are 

also possible when the width of two materials in stripes are incommensurate with 

polymer periodicity.202  Perpendicular orientation of cylindrical PS-b-PMMA is also 

possible on chemical patterns consisting of hexagonal arrays of dots.203 Arrays of 

perpendicular morphologies with square, instead of hexagonal packing, are formed on 

chemical patterns of square array of dots.204  

Alignment of spherical morphology was first observed by aligning parallel 

cylinders of polystyrene-block-poly(tert-butyl acrylate), PS-b-PtBA, with PtBA 

cylinders, along a surface pattern of chemically-patterned stripes.205 Heating the PS-b-

PtBA films causes deprotection of the tert-butyl group, forming polystyrene-block-

poly(acrylic acid), PS-b-PAA.  Thermal cleavage of the tert-butyl group results in a 

volume decrease in the polar block, and thus a transition to spherical morphology in 

which the spheres remain aligned to the chemical stripes. Later investigation of 

spherical PS-b-PMMA (PMMA spheres) demonstrates alignment of spherical PS-b-

PMMA (PMMA spheres) on a striped chemical pattern with a hexagonal array of 

partial spherical domains.206  

Use of chemical epitaxy to obtain novel shapes holds promise for integrated 

circuit fabrication.207-209  A variety of different shapes needed for integrated circuit 



 60 

design have been created in PS-b-PMMA using chemical epitaxy, demonstrated in 

Figure 1.12. 

 

1.2.4.3 Electric Fields 

Application of external fields such as electric fields and shear forces cause 

alignment block copolymer morphologies, both in bulk and in thin films. Here we 

describe the use of electric fields on lamellar and cylindrical morphologies to align 

morphology and to induce perpendicular orientations in thin films. 

In the bulk, block copolymer morphologies align parallel to an applied electric 

field so long as the chains possess mobility (either above Tg or in solution) due to 

dielectric contrast between blocks of a block copolymer.210-213 The mechanism by 

which chains align varies depending on the degree of phase separation in the block 

copolymer.214,215 In strongly segregated block copolymers, alignment occurs by 

nucleation and growth of domains; in films near the order-disorder transition (weak 

segregation), alignment may also occur by grain rotation, leading to faster kinetics of 

ordering. 

Application of an electric field perpendicular to block copolymer thin films has 

been used to align morphologies perpendicular to the plane of the film.216,217 However, 

competing interfacial effects due to preferential surface wetting drive parallel 

alignment at film interfaces.218,219 In thick films, electric fields drive perpendicular 

alignment of cylindrical PS-b-PI-b-PS (with PS cylinders)218 and lamellar PS-b-

PMMA219 morphologies within the bulk of the film, but parallel orientations are still 

observed near the film surfaces.   

Thurn-Albrecht et al. observed a threshold electric field above which selective 
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Figure 1.12. Examples of shapes of self-assembled PS-b-PMMA that can be formed 
using chemical epitaxy.  The shapes correspond to the essential set of features required 
for integrated circuit fabrication. The PMMA domains are shown in dark gray, while 
the PS domains are shown in light gray or white. Adapted from refs. 207, 208. 
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 surface wetting effects are overcome, leading to cylindrical PS-b-PMMA oriented 

perpendicular to the plane of the field; below this threshold value, the two orientations 

coexist in films.217  Tsori & Andelman described two critical field values, E1 and E2 in 

the behavior of strongly segregated morphologies, in which E1 < E2.220 Below E1, only 

alignment parallel alignment is observed; above E1, parallel alignment is still observed 

at the film interface, while perpendicular orientations are observed in the center of the 

film.  Above E2, however, the interfacial energies are entirely overcome, leading to 

perpendicular alignment throughout the film.  

Several other methods have been used to further overcome interfacial effects, 

thus forming perpendicular morphologies in thin films. Surface neutralization by 

grafted random copolymers of PS-ran-PMMA mitigates preferential surface wetting 

of lamellar PS-b-PMMA.221 Surface neutralization techniques alone can only be used 

for monolayer-thickness films, typically less than 100 nm (see section 1.2.1.5.2). 

When combined with electric fields, perpendicular alignment of films is observed for 

films approximately 1 µm thick, though some parallel alignment is still observed at the 

other (untreated) interface. 

When lithium chloride is added to PS-b-PMMA, the lithium ions selectively 

segregate to the PMMA block due to coordination with its carbonyl groups.222 

Perpendicular orientations are easily possible when electric fields are applied,222,223 

and this behavior has been attributed to an increase in dielectric contrast from ion 

complexation.224 
 

1.2.4.4 Shear Forces 

Shear forces are another type of external field that have been used to align 

block copolymer morphology.  In the bulk, elongational flow fields, often by roll 

casting, as well as large amplitude oscillatory shear, have been investigated. Large 
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amplitude oscillatory shear flow has been found to align bulk lamellar block 

copolymers of PS-b-PI, though the orientation of the alignment varies with the 

oscillatory frequency.225-228 At low and high flow frequencies, alignment parallel to 

the plane of the shear occurs, while alignment perpendicular the shear plane occurs at 

intermediate frequencies.225 

Bulk film studies with steady-shear elongational flow fields229  and roll-casting 

experiments230-233  have demonstrated that lamellar and cylindrical morphologies align 

parallel to the applied shear.  Observation of a spherical morphology by simulations 

and in experiment demonstrate that spherical morphologies maintain a body-centered-

cubic lattice at low stresses,234 but at higher stresses the spheres undergo 

morphological transitions.235-237 Sebastian et al. reports a critical shear stress similar to 

behavior of a block copolymer above its ODT temperature, suggesting a transition to 

disordered state.235 Park and el al. and Zvelindovsky and Sevink observe elongation of 

the spheres, which then coalesce into cylinders aligned parallel to the plane of the 

shear as the shear rate increases.236,237  

Thin films under steady shear have been investigated for alignment of block 

copolymer thin films. Shear-induced alignment of spherical domains has also been 

demonstrated, though alignment only occurs for thicknesses with 2 or more layers of 

spheres.238-240 While spherical bilayers are not so useful for templating applications, 

etching away the top layer reveals a more useful monolayer.241  

Parallel cylinders of polystyrene in a thin film polystyrene-block-

poly(ethylene-alt-propylene), PS-b-PEP, are aligned parallel to a shear applied to the 

top surface of the film.242 Use of a nonsolvent fluid to apply the strain allows 

alignment of the parallel cylinders within an arbitrary channel pattern in a 

polydimethylsiloxane pad applied to the polymer surface.243  
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1.2.4.5 Other External Alignment Methods 

Other methods have been used to further control orientation of domains as well 

as the size and location of ordered domains, including temperature gradients, 

directional crystallization of solvents, and nanoimprint lithography. A temperature 

gradient can be used to orient block copolymer domains in the bulk244  as well as in 

thin films.245,246  

Directional crystallization of a solvent has been demonstrated with multiple 

diblock copolymers.247-250 Combination of directional solvent solidification with a 

patterned substrate allows control of the thickness of the block copolymer forming 

between the two, and the thickness was found to direct orientation of cylinders of 

polystyrene-block-polyisoprene, PS-b-PI, with PI minor phase.  At the tops of mesas 

perpendicular cylinders formed, while thicker regions away from the mesas form 

cylinders align perpendicular to the plane of the film.251  

Nanoimprint lithography, sometimes called microembossing,  has been used in 

a method similar to graphoepitaxy.252-255 A patterned elastomeric mold is applied to a 

block copolymer solvent-swollen or melt film, and the block copolymer self assembly 

forms within trenches in the mold and aligns to the mold walls; after cooling or 

evaporating the solvent so that block copolymers no longer have mobility, the mold is 

removed. 
 

1.3 Block Copolymer Templates 

Block copolymer thin films have been used as structure-directing agents to 

pattern many different inorganic materials. Several reviews have created a 

comprehensive list of the resulting patterned materials and their applications.256-258 

While many different patterned inorganic materials have been formed, they have been 

created using only a few approaches to patterning. First, selective removal of one 
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block of a self-assembled diblock copolymer allows the remaining material to act as 

an etch resist or allows the voids to be filled with a new material. Alternatively, a 

foreign material infiltrated into a block copolymer thin film after self assembly of the 

block copolymer. A third method of directed assembly of inorganic materials is the 

self assembly of pre-blended block copolymer and inorganic metal oxide 

precurosors90-94 or nanoparticles.95-99 This has led to novel bulk composite materials 

and porous materials after removal of the block copolymer, often with the self 

assembly behavior tuned by the inorganic component. The “pre-blend, then self-

assemble” method has been used on occasion for thin film patterning (the few 

examples are included in section 1.3.1.1, as their selective removal in thin films allows 

formation of a patterned monolith), though assembly of these materials could provide 

another robust means of thin film patterning. 
 

1.3.1 Block Copolymer Lithography: Patterning After Selective Removal of a Block 

The term “block copolymer lithography” was coined to describe pattern 

transfer from a block copolymer to inorganic materials by the same methods used in 

photolithography.284 In photolithography, a photoresist is first selectively exposed and 

removed in a pattern using a light-induced solubility switch; this pattern is then 

transferred to a substrate material, primarily by dry etching methods or deposition plus 

lift-off techniques.259-262 For block copolymer lithography, the method of pattern 

transfer is also a two-step process: 1) one block is selectively removed from the self-

assembled block copolymer thin films, and 2) the resulting pattern is transferred either 

by use of the monolithic material as an etch resist or by backfilling the voids.  Ito 

comments that block copolymer patterning does not allow formation of arbitrary 

patterns like those possible by photolithography, but it is useful for patterning 

repeating pattern shapes.262  
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1.3.1.1 Selective Removal of a Block From Self-Assembled Block Copolymer Film 

Block copolymer lithography requires the selective removal of one block in an 

assembled block copolymer film in order to transfer the pattern to other materials. 

Four strategies for selective removal of one block from the self-assembled film are 

used, outlined below. 

The first strategy for creating monolithic films is the selective degradation of 

one block in a self-assembled block copolymer, which is possible by careful selection 

of block copolymer material.  The most common blocks for selective removal system 

are polyisoprene (or structurally similar polybutadiene) and poly(methyl 

methacrylate). Polyisoprene and polybutadiene components of polystyrene-block-

polyisoprene and polystyrene-block-polybutadiene can be degraded by treatment with 

ozone.263,264 Selective degradation of PMMA, most often from PS-b-PMMA, is 

achieved by its exposure to UV light followed by removal by acetic acid265  or by 

selective reactive ion etching.266,267 Some applications make use of these porous 

membranes without further modification after selective removal of one block, 

including for filtration applications268  and optical waveguides.269  

Several other block copolymer monoliths have been demonstrated. Selective 

degradation of polylactide from polystyrene-block-polylactide is possible by soaking 

in an aqueous solution of sodium hydroxide.270 Poly(ethylene oxide) can be selectively 

removed from a triblock of polystyrene-block-poly(methyl methacrylate)-block-

poly(ethylene oxide) in which the very small PMMA midblock can be selectively 

degraded, allowing the PMMA and PEO blocks to be washed away.271  

A second strategy is the formation of pores without selective block 

degradation. Pores in diblock copolymers may also be formed by assembling a 

supramolecular assembly of a diblock copolymer such as polystyrene-block-poly(4-

vinylpyridine) blended with a material that selectively segregates to the polar 
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block.149,150,272,273 Extraction of the segregating material leaves pores within the 

diblock copolymer.  Alternatively, partial pore formation in polystyrene-block-

poly(methyl methacrylate)157,158  and polystyrene-block-poly(4-vinylpyridine)159 have 

been demonstrated by rinsing films in a solvent that is completely selective for the 

polar minor phase of the assembled block copolymer.  

The third method for creating porous materials from self-assembled block 

copolymers is the use of polymers composed of inorganic materials such as silicon or 

iron in combination with an easily etched block such as PS, PI, or PMMA.  Upon 

calcination or reactive ion etching of self-assembled films, the organic component of 

the films is removed and etch-resistant inorganic oxides are formed.  Examples of 

some inorganic-containing etch-resistant blocks include: 

• Poly(pentamethyldisilylstyrene)274,275  

• Poly(ferrocenyldimethylsilane)276,277 and 

poly(ferrocenylethylmethylsilane)278,279  

• Poly(dimethylsiloxane)181  

• Poly(silsesquioxanes)280  
 

For the fourth method for patterning, a block copolymer is blended with a 

metal oxide precursor; upon self assembly in a thin film, the inorganic material 

selectively segregates into the polar block.  Removal of the polymer leads to 

monolithic metal oxides. Du et al. created thin films of polyisoprene-block-

poly(ethylene oxide) blended with an aluminum oxide precursor, leaving patterend 

aluminum oxide after calcination to remove the polymeric material.94 Thin films of 

polystyrene-block-poly(ethylene oxide) blended with an organosilicate polymer,281 an 

oligomeric titanate,282 or an titanium tetra-isopropoxide283 also self-assemble within 

the PEO block. Silicon oxide or titanium oxide patterns remain after removal of the 
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organic material, resulting in an etch-resistant oxide pattern similar to cases of blocks 

with silicon or iron-containing backbones. 

 

1.3.1.2 Monolithic Polymer Used as an Etch Resist 

Pattern transfer from the monolithic polymer film (described in section 1.3.3.1) 

to a variety of underlying substrate materials using etching techniques has been 

demonstrated; the following are examples of materials patterned by a monolithic etch 

resist: 

• Silicon nitride284,285  

• Silicon264 for semiconductor capacitor fabrication286-288  

• Germanium264  

• Cobalt magnetic dot arrays289  

• Nanotextured silver surfaces for enhanced Raman signals290  

• Patterned catalysts for carbon nanotube array growth291  

• Conducting polymer poly(3,4-ethylenedioxythiophane):poly(styrene-

sulfonate)292 

• Fabrication of a silicon field effect transistor.171 

 

1.3.1.3 Patterning by Deposition in Pores 

Back-filling pores formed by the selective removal of one block of an 

assembled block copolymer (described above) has also yielded a variety of patterned 

materials. All examples use one of the porous templates fabricated from self-

assembled block copolymer films described above in 1.3.1.1.  In some cases, the 

polymer template is subsequently removed; in other cases the polymer template is left 

in place 
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• Gallium arsenide nanostructures by metalorganic chemical vapor 

deposition293,294  

• Ferromagnetic cobalt nanowires electrodeposited in pores for ultrahigh-denisty 

storage media295,296  

• Gold deposited onto porous template by electron beam evaporation followed 

by lift-off of the remaining polymer, leaving gold nanoparticles297; the same 

method may be used to pattern chromium and layered gold and 

chromium.298,299  

• Silicon oxide posts by chemical deposition of silicon precursors into pores300  

• Cadmium selenide nanoparticles driven into pores by withdrawal of the 

patterned film from solutions containing particles301  and by using electric 

fields302  

• Poly(dimethylsiloxane) drawn into pores using an electric field303  

• Chromium oxide formed in pores by sputtering304  

• Metallic nickel nanowires embedded into pores both by washing in and by 

electrodeposition.305  

• High density conducting polypyrrole fabricated in pores by 

electropolymerization306  

 

1.3.2 Infiltration of a Self-Assembled Block Copolymer 

The use of self-assembled block copolymers as structure directing agents by 

selective infiltration of one block is typically limited to thin film applications, as 

diffusion of the patterning material deep into the block copolymer film is problematic.  

In this technique, one of the blocks of an assembled block copolymer film is infiltrated 

by metal or oxide precursor materials. 
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Two examples of selective metal deposition follow.  Parallel cylindrical 

polystyrene-block-poly(methyl methacrylate) is treated with a palladium colloid, 

which selectively deposits on top of the polystyrene domains.307 Electroless deposition 

of nickel then forms on the palladium particles. Alternatively, polystyrene-block-

poly(4-vinylpyridine) with cylindrical P4VP aligned parallel to the substrate is soaked 

in a weakly acidic aqueous solution of metal salts such as gold chloride, sodium 

tetrachloroplatinate and sodium tetrachloropalladate.308,309  A plasma etch removes the 

polymer film and reduces the metal patterned in the P4VP domains. 

Selective oxide formation within one domain follows similar methods. Kim et 

al. demonstrated titania and silica hybrid materials formed in self-assembled 

perpendicular cylinders of poly(ethylene oxide) in polystyrene-block-poly(ethylene 

oxide) upon exposure to titanium tetrachloride or silicon tetrachloride vapors.310 Pai et 

al. used humidified supercritical carbon dioxide to infiltrate metal alkoxides such as 

tetraethylorthosilicate into poly(ethylene oxide)-block-poly(propylene oxide)-block-

poly(ethylene oxide) and polyethylene-block-poly(ethylene oxide) containing trace 

amounts of para-toluenesulfonic acid.311 The acid catalyzes silicon oxide formation in 

the more polar PEO block, which is left behind after calcination, and the small 

dielectric constant of the resulting mesoporous silicate film holds promise for 

applications for low-k dielectrics.  Replacement of the para-toluenesulfonic acid in the 

film with a photoacid generator allows formation of the silicates only in UV-exposed 

regions.312 Hayward et al. demonstrated similar infiltration of the polar majority 

component of cylinder-forming polystyrene-block-poly(2-vinylpyridine) by soaking in 

aqueous silica and titania precursor solutions, and removal of the polymeric material is 

then achieved by treatment in a UV/ozone cleaner.313 Simple infusion of the 

assembled material with the precursor causes disruption in the ordered block 
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copolymer, which was ameliorated by crosslinking the P2VP component prior to 

swelling. 
 

1.4 The Intersection of Block Copolymer Self Assembly With Lithography 

The combination of top-down lithographic techniques with bottom-up block 

copolymer self assembly allows a single material to be patterned on two length scales.  

More specifically, lithographic patterning may precisely control the location of self-

assembled block copolymer thin film domains.  This combined patterning method 

requires careful choice of block copolymer materials that are also capable of 

lithographic patterning. Several reviews outline photoresist design and the 

development of photolithography for patterning down to the current state-of-the-art 30 

nm patterns.259-262  

An early example of combined patterning used polystyrene-block-poly(methyl 

methacrylate) with PMMA cylinders aligned perpendicular to the plane of a thin film 

by use of neutral substrates.314 Electron-beam patterning both crosslinks the PS 

majority component and degrades the PMMA block, causing formation of pores only 

in patterned regions after development in acetic acid.  Cobalt nanowires were then 

electrodeposited only in the porous regions. 

Electron beam lithography has also been used to control the location of a 

monolayer of polystyrene-block-poly(2-vinylpyridine) micelles loaded with metal 

precursors.315 An electron beam resist deposited on a substrate is patterned, and then 

the metal-loaded micelles are spin-coated on top on the patterned film. When the e-

beam resist is removed, micelles deposited on the resist are selectively removed, and 

then the remaining patterned micelles are etched away to leave behind patterned metal 

dots. Alternatively, the a monolayer of metal-loaded micelles can themselves be used 
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as a negative tone electron-beam resist, with written patterns only a few micelles wide, 

approximately 200 nm.316  

The design of a self-assembling block copolymer capable of behaving as a 

photoresist was previously reported by the Ober group.94,317 Poly(α-methylstyrene)-

block-poly(4-hydroxystyrene), PαMS-b-PHOST, self-assembles with perpendicular 

cylinders of PαMS upon spin coating from solution.  PHOST, the majority component 

here, is a component of all high-resolution chemically amplified photoresists used for 

248 nm lithography, whether they are positive tone (exposure induces solubility) or 

negative tone (exposure prevents solubility, often via crosslinking).261 Inclusion of 

trace quantities of photoacid generator and crosslinker allow behavior of the block 

copolymer as a negative-tone photoresist, and patterns with 450 nm features have been 

demonstrated.94,317 Selective removal of the PαMS block leads to the formation of 

pores in the crosslinked patterns, as demonstrated in Figure 1.13.   

Use of solvent annealing to gain further control over the self assembly of 

PαMS-b-PHOST has allowed formation of parallel cylindrical morphology by 

annealing in THF as well as a kinetically-trapped spherical morphology by annealing 

in the majority-selective solvent acetone.151 The morphology may be switched from 

spherical to cylindrical and vice versa using sequential solvent anneals in the two 

solvents.  When combined with lithographic crosslinking behavior, spherical domains 

less than 100 nm wide are formed within cylindrical morphology by patterning with 

electron-beam lithography prior to morphology switching.318 

The combined patterning technique can be extended to other block copolymer 

systems in which one block contains hydoxyl functionality. The critical components of 

photocrosslinking in a negative-tone photoresist are a) a photoacid generator, b) a 

crosslinker, and c) polymer with functional moiety capable of binding to crosslinker, 

most commonly a polymer containing hydroxyl groups.259  In commercial  
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Figure 1.13. Photopatterns of porous material were formed using films of PαMS-b-
PHOST on a silicon wafer.  PαMS-b-PHOST (containing photoacid generator and 
crosslinker) with perpendicular cylinders of PαMS is patterned using a 248 nm 
stepper.  Unexposed regions are developed away and then the PαMS is selectively 
removed to form pores in the photopatterned regions. (A) Film thickness is 39 nm, 
with (a) 2 and 1.5 µm lines shown. (b) A magnification of a 2 µm line. (c) A further 
magnification of the line. (d) A further magnification of the line. (B) Film thickness is 
127 nm, with (e) 2 and 1.5 µm lines and dots shown. (f) A magnification of a 2 µm 
line. (g) A further magnification of the line. Reprinted with permission from ref. 317, 
copyright 2004, American Chemical Society. 
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photoresists, the photocrosslinking most commonly occurs by a condensation reaction, 

as is the case with PαMS-b-PHOST blended with the crosslinker tetramethoxymethyl 

glycoluril.94,317 Alternatively, poly(hydroxyethyl methacrylate) is capable of behaving 

as a negative-tone photoresist with inclusion of the crosslinker tetramethoxymethyl 

glycoluril and a photoacid generator, 319,320 leading to another system capable of top-

down/bottom up patterning, of poly(methyl methacrylate)-block-poly(hydroxyethyl 

methacrylate).321  

La et al. studied a photopatternable block copolymer, polystyrene-block-

poly(tert-butyl acrylate), PS-b-PtBA, which is capable of undergoing acid-catalyzed 

deprotection to polystyrene-block-poly(acrylic acid), rendering it soluble in an 

aqueous base developer.322 When self-assembled films of PS-b-PtBA contain a 

photoacid generator, deprotection is catalyzed only in photopatterned regions, and the 

patterned regions containing PS-b-PAA are removed.  The line edge roughness of this 

pattern is correlated to the size of the self-assembled microdomains, giving a method 

of controlling line edge roughness in at the edges of patterned regions.  

 

1.5 Outlook and Summary 

A wide variety of functional nanostructures have been fabricated using block 

copolymer self assembly, and many of these applications require a large degree of 

ordering in the block copolymer template.  Self assembly of block copolymers is 

facilitated by polymer chain mobility, achieved by thermal or solvent annealing 

techniques.  Once mobility allows self assembly, further control of domain alignment 

and grain size is possible using secondary techniques such as surface neutralization, 

graphoepitaxy, chemical epitaxy, electric fields, and shear forces. 

Solvent annealing is particularly attractive for inducing ordering in block 

copolymer thin films as it allows them to self-assemble without risk of thermal 
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degradation.  The solvent further affects the phase behavior by mitigating the 

interaction of the two blocks and by causing shifts in relative volume fraction (and 

thus morphology formed) depending on the selectivity of the solvent for each block. 

These methods offer the ability to tune the morphology formed in the block 

copolymer.  Solvent annealing also leads to ordering mechanisms not available via 

thermal annealing techniques – gradient evaporation effects can cause perpendicular 

orientations, and the solvent can also moderate selective wetting of blocks at the air 

interface in films.   

Several unexplored aspects to self assembly by solvent annealing remain.  

First, predicting when secondary effects such as gradient and interface-neutralization 

will occur in novel block copolymer systems for annealing would be useful.  Second, 

an investigation of mixed solvent systems would provide a method not only for 

annealing block copolymers for which solvent common to the blocks are not found, 

but should also provide a method to continuously tune the selective-solvent induced 

morphology by altering the solvent mix. This complicated system requires extra 

consideration, since not only does the interaction between the two blocks have to be 

considered, but also the interaction of each solvent with each block (a total of 4 

interactions for a diblock!) as well as the interaction of the two solvents with each 

other.  However, this extra complication can be expected to yield rich control of self-

assembled behavior. 

Photolithography is used throughout the semiconductor industry to pattern 

inorganic components, but application for pattering polymeric components has been 

limited due to problems with solubility of underlying polymeric material during 

photoresist processing.323 Likewise, pattern transfer using BCP templates is largely 

limited to inorganic materials. Recent development of fluorinated photoresists that are 

processable in supercritical carbon dioxide and hydrofluoroethers allows deposition 
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and development of the photoresist without damaging underlying non-fluorinated 

polymeric materials, termed orthogonal processing.323-325 Orthogonal processing could 

be used to pattern a broad range of self-assembled block copolymer films, precisely 

controlling the location of the self-assembled pattern, without need to design 

photoresist capability into the assembling block copolymer. Alternatively, orthogonal 

processing capability could be incorporated into the design of a self-assembling block 

copolymer to allow pattern transfer to organic components. 
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2.1 Abstract 

Poly(α-methylstyrene)-block-poly(4-hydroxystyrene) acts as both a 

lithographic deep UV photoresist and a self-assembling material, making it ideal for 

patterning simultaneously by both top-down and bottom-up fabrication methods. 

Solvent vapor annealing improves the quality of the self-assembled patterns in this 

material without compromising its ability to function as a photoresist.  The choice of 

solvent used for annealing allows for control of the self-assembled pattern 

morphology.  Annealing in a nonselective solvent (tetrahydrofuran) results in parallel 

orientation of cylindrical domains, while a selective solvent (acetone) leads to 

formation of a trapped spherical morphology.  Finally, we have self-assembled both 

cylindrical and spherical phases within lithographically patterned features, 

demonstrating the ability to precisely control ordering.  Observing the time evolution 

of switching from cylindrical to spherical morphology within these features provides 

clues to the mechanism of ordering by selective solvent. 

 

2.2 Introduction 

Patterning the nanometer-scale dimensions of microelectronic integrated 

circuit (IC) elements continues to be a major technological barrier to realizing 

performance improvements.1 One proposed pathway to achieving patterning 

objectives for future IC generations involves designing increased functionality into the 

polymeric resist patterning materials.  For example, a single resist material that is 

patternable by both conventional deep UV lithography (i.e. a top-down method) as 

well as self assembly techniques (i.e. bottom-up methods) provides a vehicle for 

efficiently implementing both approaches within the technology infrastructure of 

advanced lithographic patterning.  
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The diblock copolymer poly(α-methylstyrene)-block-poly(4-hydroxystyrene)  

(PαMS-b-PHOST) is a distinctive material because it is patternable by both deep UV 

lithography and self assembly techniques.2, 3 This, along with the selective removal of 

the PαMS minor phase, allows for very precise location of the self-assembled block 

copolymer pattern that can be used for further patterning applications, especially when 

coupled with the selective removal of the PαMS minor phase. However, controlling 

the microphase separation, demonstrated in this work, is key for device applications. 

PαMS-b-PHOST with overall molecular weight 21 kg/mol (Mw/Mn 1.10) and mass 

fraction of PαMS 33% forms disordered, though perpendicularly oriented, cylindrical 

domains upon spin casting from a solvent of propylene glycol methyl ether acetate 

(PGMEA) (Figure 2.1a), regardless of substrate, and for a wide range of film 

thicknesses. The observed behavior is consistent with reports that a solvent 

evaporation gradient across the polymer film can promote a perpendicular domain 

orientation with little hexagonal ordering.4 For PαMS-b-PHOST it is not possible to 

improve the quality of the self assembly process via a thermal treatment due to the low 

ceiling temperature5 and corresponding low decomposition temperature of PαMS, 

though it is this behavior that allows the selective removal of the PαMS block. We 

observe thermal degradation of PαMS at a temperature of 150˚C, while we measure 

the PHOST glass transition temperature of 180-190˚C by differential scanning 

calorimetry. 

Alternatively, solvent annealing has been shown to improve the spatial 

coherence of patterns in other polymer systems.6-10 This occurs because the solvent 

imparts increased polymer chain mobility by acting as a plasticizer, thus effectively 

lowering the glass transition temperature, Tg, and increasing the mobility of the 

polymer chains.11 Additionally, the selectivity of the solvent for the two block allows 
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further control of the morphology formed by the polymer upon swelling and locked in 

upon rapid evaporation. 

Further control of morphology location is necessary for patterning 

applications. Additional techniques can be in conjunction with polymer mobility 

techniques (either thermal or solvent annealing) in order to gain further control of 

morphology, including electric fields,12-14 shear,15-17 chemically-patterned substrates,18, 

19 and graphoepitaxy.8, 20-23 Graphoepitaxy, or self-aligned self assembly, is 

particularly interesting because the polymer morphology can subdivide a much larger 

feature created by traditional photolithographic techniques. 

 

2.3 Methods 

 

2.3.1 Synthesis.  

Poly(α-methyl styrene)-block-poly(tert-butoxystyrene), PαMS-b-PtBuOS, was 

synthesized via sequential anionic polymerization and subsequently deprotected to 

form PαMS-b-PHOST, as described elsewhere.2 GPC indicates a total number average 

molecular weight for PαMS-b-PtBuOS of 28 kg/mol, 25% by mass PαMS, and with 

Mw/Mn 1.10. Thus, deprotected PαMS-b-PHOST has Mn of 21 kg/mol, 33% PαMS.  

Complete deprotection was confirmed by FTIR.  Polystyrene for surface treatment 

was synthesized via nitroxide mediated controlled free radical polymerization using 

TEMPO (2,2,6,6-Tetramethylpiperidine 1-oxyl, Aldrich) and benzoyl peroxide 

(Aldrich) under nitrogen without hydroxyl termination.34 While hydroxyl-terminated 

brushes for surface treatment were found to work even better than non-functionalized 

PS, the non-functionalized PS was sufficient grafting to the substrate for this purpose. 

The resulting polymer samples have Mn 12.7 kg/mol and Mw/Mn 1.30 according to 

GPC. 
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2.3.2 Film Preparation.  

Solutions of 1% and 5% (w/v) PαMS-b-PHOST in PGMEA (Aldrich) were 

spin-coated onto silicon wafers with native oxide or onto silicon oxide substrates with 

30 nm deep patterns prepared by lithography and etching techniques. Brush treatment 

consists of a 1% (w/v) solution of polystyrene spin-coated and baked at 195˚C for 2.5 

hours. Immediately before spin coating with PαMS-b-PHOST, excess PS was 

removed by rinsing with toluene. Solvent vapor treatment with THF or acetone was 

carried out in a closed jar containing a solvent reservoir.  Times for solvent annealing 

leading to the most ordered films were determined for each solvent and for both thick 

and thin film thicknesses. Films annealed in THF require partial development for both 

AFM and SEM imaging; this is achieved by treatment with an oxygen plasma etch, for 

9 seconds at 50 watts, 100 mTorr, and 30 sccm oxygen using a PlasmaTherm 72 

reactive ion etcher. For imaging as-spun and acetone-annealed films by SEM, partial 

removal of the PαMS block is achieved by heating in a vacuum oven at 165˚C for 30 

minutes is sufficient, though the brief oxygen plasma etch is also sufficient; for these 

films no special treatment is required for AFM imaging.  

The photoacid generator triphenyl sulfonium triflate (TPST, Aldrich), and the 

crosslinker tetramethoxymethyl glycoluril (TMMGU, “Powderlink 1174,” Cytec 

Industries) were added to the 5% polymer solution in amounts of 5% or less (w/w) 

relative to the polymer.  Films were spin-coated and solvent-annealed, and exposures 

made through a quartz mask using a Hybrid Technology Group system III-HR contact 

mask aligner with deep UV exposure. A post expose bake of 115˚C 

 

2.3.3 Characterization.  

GPC of THF solutions of polymers (1 mg/mL) was carried out using four 

Waters Styragel HT columns operating at 40 ˚C and Waters 490 ultraviolet (254 nm 
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wavelength) and Waters 410 refractive index detectors. Scanning electron microscopy 

is performed on a LEO 1550 FE-SEM, and atomic force microscopy is performed on a 

Veeco Dimension 3100.  Differential scanning calorimetry was performed on a TA 

Instruments Q1000. Ellipsometry was performed on a Woollam M-2000, and 

profilometry was performed on scored films using a Tencor P-10 Surface Profiler. The 

grazing incidence small angle x-ray scattering (GISAXS) image in this paper was 

taken at the G1 line at the Cornell High Energy Synchrotron Source (CHESS).  

Additional GISAXS has been performed at the D1 beamline at CHESS and at 

beamline 8-ID-E of the Advanced Photon Source. 

 

2.4 Results & Discussion 

 

2.4.1 Solvent Swelling Imparts Mobility and Morphology Control.  

Because of the difficulties associated with thermal treatments, we have instead used 

solvent vapor annealing to promote uniform self assembly of PαMS-b-PHOST thin 

films. We observe parallel cylinder domain orientation when polymer chains gain 

mobility due to swelling in tetrahydrofuran (THF) (Figure 2.1b), a good solvent for 

both polymer blocks.24 In this case, preferential surface wetting by the PHOST block 

drives parallel domain orientation. We measure the cylinder center-to-center distance 

of 22 nm by atomic force microscopy (AFM) and film thickness of 16 nm by 

ellipsometry and 14 nm by profilometry; the same annealing behavior is observed for 

thicker films (127 nm by profilometry) as well. In the case of PαMS-b-PHOST 

annealed in THF, sufficient contrast for AFM imaging is achieved by a brief exposure 

to a gentle oxygen plasma to remove the top few nm of film; no treatment is necessary 

for as-spun and acetone-annealed films.25 The presence of a top uniform polymer 

surface layer indicates a preferential block affinity for the polymer-air interface.  
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Figure 2.1. Atomic force height micrographs of PαMS-b-PHOST films with 16nm 
thickness.  (a) As cast, perpendicularly oriented cylindrical phase. (b) Parallel-oriented 
cylinders after annealing in THF. (c) Hexagonally packed dot pattern after acetone 
anneal.  In AFM, PαMS appears as the lighter color.  
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A unique advantage of solvent annealing over thermal treatments is the ability 

to control block copolymer domain morphology through choice of solvent. Annealing 

in acetone causes the diblock copolymer film to assemble into a hexagonal array of 

dots (Figure 2.1c), with improved order as compared to the as-deposited films (Figure 

2.1a).  These top-down images are consistent with either perpendicularly-oriented 

cylindrical domains or a spherical morphology. Acetone is not a good solvent for 

PαMS,24 though we have found it to be a good solvent for the PHOST homopolymer. 

Thus, we expect acetone to preferentially swell the PHOST block, inducing an order-

order transition from cylindrical to spherical morphology in the swollen state, which 

may be kinetically trapped in the dried state. It is difficult to distinguish a 

perpendicular cylinder morphology from a spherical phase in film thicknesses equal to 

or less than a single morphology period.  Thicker films (127 nm) that have been 

annealed in acetone also display the same ordered arrays of dots in AFM images of the 

top surface (Figure 2.2a). 

 

2.4.2 Selective Solvent Anneal Yields Spherical Morphology  

Grazing incidence small angle X-ray scattering (GISAXS) is a probe well-

suited for studying the polymer film interior, used here to determine the interior 

structure of the dried films after annealing in acetone.  The GISAXS image in Figure 

2.2b prominently features a sharp Bragg reflection at non-zero wavevector (parallel 

component q|| = 0.0279 Å-1, perpendicular component qz = 0.0595 Å-1) indicative of 

three-dimensional organization inside the film. Additionally, there are two peaks in the 

Yoneda band between the critical angles of the substrate and film, whose q|| values of 

0.0327 Å-1 and 0.0455 Å-1 differ from the first reflection. Moreover, the image does 

not show the familiar diffuse Bragg rods characteristic of perpendicular cylinders,2, 3, 

26, 27 and thus we conclude that the film does not possess that morphology.  
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Figure 2.2. (a) AFM phase image of thick PαMS-b-PHOST film after annealing in 
acetone vapor.  (b) Corresponding GISAXS image, demonstrating a face-centered 
orthorhombic (fco) lattice in the dried state. (c) Schematic phase diagram of χN vs. 
fαMS.  The solid arrow represents behavior of THF solvent annealing, while the dotted 
arrow represents acetone annealing. The effective χN parameter of the blocks is 
modified by the solvent uptake during swelling in both solvents (vertical component 
of lines). Acetone annealing swells the PHOST block selectively, and thus also shifts 
the volume ratio fαMS, while THF swells both blocks equally. 
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We expect a (110) oriented body centered cubic (bcc), rather than a 

hexagonally close-packed lattice of spheres, in the swollen state of these multilayer 

polymer film samples comprising several layers of spheres.28 Our data indicates that 

the rapid evaporation of the solvent from the film upon removal from the chamber 

kinetically traps the spherical morphology, and the deswelling affects the spacing of 

the spheres in the direction perpendicular to the surface, resulting in a distorted bcc 

lattice. 

A bcc lattice with the (110) plane parallel to the substrate was used in a first 

attempt to model the observed peak positions.  From the lateral peaks in the Yoneda 

band we calculate a lattice parameter of 27.5 nm, which corresponds to a spacing of 

spheres on the top (surface) plane of 24 nm, in reasonable accordance with AFM 

measurements. However, the observed qz value of the 3D Bragg reflection suggests 

film shrinkage in the z-direction. Redefining the (110) oriented bcc lattice to a face-

centered orthorhombic (fco) surface lattice allows modeling of the distorted system, 

while maintaining the highest possible lattice symmetry. The resulting theoretical peak 

positions agree well with the GISAXS measurements – clear evidence that the film 

transitioned to a bcc spherical morphology in the swollen state, which was then 

kinetically trapped and deformed in the vertical direction to an fco spherical 

morphology upon drying. In the dried state the fco lattice constant perpendicular to the 

substrate is found to be 16.5 nm, indicating that it has been reduced to 42 % of the 

original value (38.9 nm) in the bcc phase of the swollen film. Further explanation of 

the analysis of this data may be found in the supporting information (section 2.6). 

The effects of solvent annealing can be visualized in a hypothetical χN vs. 

fPαMS phase diagram, where χ is the Flory-Huggins interaction parameter, N is the 

degree of polymerization, and fPαMS is the volume fraction of PαMS in the block 

copolymer (Figure 2.2c).9, 10 A good solvent for both copolymer blocks (such as THF) 
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is uniformly incorporated by the polymer film and imparts chain mobility by acting as 

a plasticizer.  Such behavior is comparable to a downward vertical shift in χN as fPαMS 

remains constant.  Acetone annealing involves the additional variable of preferential 

solubility PHOST (over PαMS) in the solvent. An affinity of the solvent for one block 

changes the volume ratio of the two copolymer blocks comprising the film, such that 

swelling in a selective solvent changes not just the vertical position in the χN vs. fPαMS 

phase diagram, but the horizontal position as well. In this case, the majority 

component (PHOST) swells more, causing an order-order transition from cylindrical 

to spherical morphology as the increased PHOST volume changes the diblock 

copolymer volume fraction of the swollen state so that it assumes the bcc-packed 

structure. This state remains trapped in the spherical morphology upon rapid drying, 

though it changes to an fco lattice when the film shrinks. Previous experiments on 

other block copolymer systems have reported the collapse of spherical morphology to 

a perpendicularly-oriented cylindrical phase upon evaporation of a selective solvent8-10 

in contrast to our observations of PαMS-b-PHOST via GISAXS. This unidirectional 

contraction of a bcc lattice into an fco lattice has been observed elsewhere in the case 

of a Pluronics surfactant upon evaporation of water vapor.29 

 

2.4.3 Effect of Solvent on Photoresist Behavior.   

The photoresist properties of PαMS-b-PHOST do not alter or interfere with the 

self assembly of PαMS-b-PHOST polymer films in solvent vapor. The photoacid 

generator triphenylsulfonium trifluoromethanesulfonate (TPST) and the crosslinker 

tetramethoxymethyl glycolunil (TMMGU), in quantities 5% w/w or less, are both 

necessary for the PαMS-b-PHOST to function as a resist.2 These small quantities have 

no discernable affect on ordering via solvent annealing, as long as the film is not 

exposed to solvent vapor (Figure 2.3a). The photopatterns were exposed in both as- 
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Figure 2.3. Scanning electron micrograph of photolithographic patterns of PαMS-b-
PHOST. Films containing TPST photoacid generator and TMMGU crosslinker were 
exposed (a) as spun, and (b) after THF solvent annealing. Dark regions are lines of 
crosslinked polymer left behind after post-exposure bake and development in solvent. 
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spun and THF-annealed PαMS-b-PHOST films using 248 nm light, a post exposure 

bake of 115˚C for 60 seconds (insufficient time for significant PαMS damage), and 

mixed solvent development with cyclohexanone and isopropanol (1:2 v/v), and the 

pattern resolution is nearly identical. PαMS-b-PHOST films annealed in acetone (not 

shown) have similar lithographic resolution. This indicates that the photoacid 

generator and crosslinker do not selectively partition into the PαMS phase in either of 

the solvent annealed films, just as they do not in the as-spun films. 

 

2.4.4 Graphoepitaxy.  

High-resolution lithography applications of self-assembled diblock copolymer 

films would ultimately require both polymer domain registration and ordering, and we 

have demonstrated registration of PαMS-b-PHOST films to topographic features by 

solvent annealing. For our experiments we prepared 30 nm deep topographic features 

in silicon dioxide (SiO2) using conventional deep UV lithography and plasma etching 

techniques.30 We pretreat the patterned SiO2 substrates with a PS brush prior to 

PαMS-b-PHOST deposition in order to achieve preferential wetting by the PαMS 

minority block,31, 32 as the minority block must preferentially wet the substrate in order 

to avoid pinning effects.33 The same solution and spin speed that formed 16nm thick 

films on flat substrates were used here. We observe registration of parallel-oriented 

cylinder domains upon annealing in THF (Figure 2.4a), while films deposited on 

untreated silicon oxide do not self-align to the patterned substrate upon THF annealing 

(Figure 2.4b). Sufficient contrast for SEM imaging is achieved by partial development 

of PαMS for SEM imaging; in the case of THF-annealed films, films are briefly 

exposed to a gentle oxygen plasma,25 while acetone-annealed films need only to be 

heated briefly. Cross-sectional SEM revealed film thicknesses of 20 nm within 

trenches, consistent with a single-morphology thickness. We have achieved defect-free  
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Figure 2.4. Self aligned  PαMS -b-PHOST patterns on lithographically patterned 
substrates. (a) On PS brush-treated substrates, annealing in THF leads to self-aligned 
parallel cylinder domains. (b) On SiO2 substrate without PS brush treatment, 
annealing in THF does not lead to pattern registration. (c) On SiO2 substrates without 
PS brush treatment, annealing in acetone leads to aligned hexagonal dot pattern.  In 
SEM images, darker regions are the PαMS phase. 
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domain alignment of parallel cylinders with 23 nm pitch across trench widths of 840 

nm.  As the figure shows, the 37 cylindrical domains run distances of over 2 µm 

without defects. 

Solvent annealing PαMS-b-PHOST in acetone rather than THF results in 

aligned hexagonal arrays of dots (Figure 2.4c).  We observe this alignment regardless 

of substrate treatment, i.e. for both native SiO2 (PHOST preferential surface) and for 

PS-treated (PαMS preferential) substrates. Figure 2.4c shows registration of self-

assembled patterns to a lithographically-patterned (and untreated) SiO2 trench after 

acetone annealing, and we have observed similar results for patterned substrates 

treated with PS brushes.  We measure the sphere center-to-center spacing to be 23 nm 

via SEM.  

Sequential annealing of aligned PαMS -b-PHOST films first in non-

preferential (THF) and then preferential (acetone) solvents allows us to switch from 

parallel cylinder to spherical morphology, a useful experimental lever for observing 

the process by which the transition takes place. We have observed by SEM the time 

evolution of the order-order transition to spherical morphology by acetone annealing 

an aligned film with parallel cylinder orientation. The initial sample contains oriented 

parallel cylinder domains spanning a 175 nm wide trench treated with a PS brush 

(Figure 2.5a). At intermediate anneal times during the transition, we observe mixed 

morphology of lines and dots, further supporting that an order-order transition from, in 

this case, parallel cylindrical to spherical morphology, occurs in the swollen film. 

After 3 hours of acetone annealing, independent spheres have begun to form within 

the trench-aligned pattern (Figure 2.5b).  Note that in the thinner film areas outside the 

lithographic trench, complete morphology changes are already completed. After 3.5 

hours of annealing, patches of spheres disrupt the parallel cylinders (Figure 2.5c), and  
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Figure 2.5. Time evolution of acetone anneal of aligned cylinder pattern on PS-treated 
substrate.  (a) Prior to acetone anneal. (b) 3 hour acetone anneal. (c) 3.5 hour acetone 
anneal. (d) 5 hour acetone anneal. 
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after 5 hours of annealing, we observe complete hexagonal packing of spheres within 

the trench region (Figure 2.5d). 

 

2.5 Conclusions 

We have demonstrated for the first time control of self assembly in registration 

with predefined structures and with choice of morphology in PαMS-b-PHOST diblock 

copolymer films, a material well-suited to applications because of its patternability by 

both lithographic and self assembly approaches. The control provided by reversible 

solvent annealing processes allows us a window to understanding the fundamental 

mechanisms of morphology change – in this case a transition from cylindrical to a 

trapped spherical phase. The demonstration of development of long range ordering 

and control of morphology by solvent annealing in combination with the precise 

orientation of grains via graphoepitaxy are the critical steps needed for application to 

device fabrication. 
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2.7 Supporting Information 

The GISAXS image shown in Figure 2.2b was taken slightly above the critical 

angle of the film at αi = 0.125°.  The incident x-ray wavelength was set at 9.97 keV.   

In other polymer systems, thin films with spherical morphology display a 

hexagonally close-packed (HCP) structure. An HCP sphere model is not an accurate 

model of this polymer thin film system.  An HCP sphere system would yield a 

GISAXS map with a Bragg reflection at a nonzero wavevector stacked vertically 

above the one of the peaks on the Yoneda band, not seen here.   

A bcc lattice was then used to model the thin film since the (110) plane looks 

very similar to the HCP (001) plane.  We defined the real space bcc lattice vectors as: 
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We then rotated our coordinate system so that the (110) plane would be 

parallel to the substrate.  Doing this yielded the following rotated reciprocal lattice 

vectors (assuming a = 275 Å-1): 
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Using this model, we get scattering from particular planes at the following 

positions on the GISAXS image: 
 
Table 2.1 

Scattering Planes q|| qz 
(1 -1 0) 0.0323119 0.0220456502 
(1 0 1) 0.0279829 0.0382015502 
(1 -1 2) 0.0456959 0.0220456502 

 

The qz position of the scattering from the (1 0 1) planes is found to be 

somewhat altered, after comparing with the experimental GISAXS map.  This can be 

explained using the reasoning that in the swelled state, the polymer thin film 

morphology is bcc spheres. But after drying, the film shrinks in the z direction.   

This changes the morphology from bcc to bct spheres, or face centered 

orthorhombic. By introducing a convenient surface unit cell, we can model this 

shrinking in the z direction of the film while maintaining an orthogonal lattice: 
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 giving the following reciprocal lattice vectors: 
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Figure 2.6.  The fco lattice derived from the original bcc lattice before shrinkage in 
the a3 direction.  Note that once the bcc lattice is rotated so the (110) plane is parallel 
to the surface, the (100) plane of the fco lattice lies parallel to the surface.  
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Unlike before, it is not necessary that we rotate the coordinate system so that 

the (110) plane is parallel to the substrate surface.  Using this lattice definition, the 

(100) plane of the fco lattice should lie parallel to the surface as seen in Figure 2.2b. 

Since we are using a face centered crystal structure, the allowed peaks should 

correspond to h,k,l being all even or all odd.  With this model, we should get 

scattering from particular planes at the following positions on the GISAXS image: 
 
Table 2.2 

Scattering Planes q|| qz 
(2 0 0) 0.0323119 0.0220456502 
(0 2 0) 0.0456959 0.0220456502 
(1 1 1) 0.0279829 0.0601255502 

 

The experimental peak positions, shown below, correspond well to the 

predicted values: 

 
Table 2.3 

q|| qz 
0.032728 0.021705 
0.045519 0.021705 
0.027924 0.0594705 

 

Thus, the theoretical model matches the observed GISAXS pattern. 
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3.1 Abstract 

We leverage distinctive chemical properties of the diblock copolymer poly(α-

methylstyrene)-block-poly(4-hydroxystyrene) in order to create for the first time high-

resolution selective-area regions of two different block copolymer phase 

morphologies. Exposure of thin films of poly(α-methylstyrene)-block-poly(4-

hydroxystyrene) to non-selective or block-selective solvent vapors results in polymer 

phase separation and self assembly of patterns of cylindrical-phase or kinetically 

trapped spherical-phases, respectively. Poly(4-hydroxystyrene) acts as a high-

resolution negative-tone photoresist in the presence of small amounts of a photoacid 

generator and crosslinker, undergoing radiation-induced crosslinking upon exposure to 

ultraviolet light or an electron beam. We use lithographic exposure to lock one self-

assembled phase morphology in specific sample areas as small as 100 nm in width 

prior to film exposure to a subsequent solvent vapor in order to form a second self-

assembled morphology in unexposed wafer areas. 

 

3.2 Introduction 

While block copolymer self assembly holds much promise as a lithography 

alternative for critical high-resolution patterning of future microelectronic devices,1 a 

real limitation of this approach compared to traditional lithography is that self-

assembled patterns consist of only a single phase morphology (for example, spheres, 

cylinders, or lamellae).2 This is because block copolymer patterns form by phase 

separation into domain morphologies determined by the constituent polymer block 

volume fractions, which are constant for a given material.   

Here we demonstrate for the first time the ability to selectively pattern the 

phase morphology of a self-assembled block copolymer thin film – an attractive 

prospect for high-resolution templating applications requiring precise control of the 
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locations of more than one type of self-assembled pattern.  Our process is enabled by 

distinctive properties of the block copolymer poly(α-methylstyrene)-block-poly(4-

hydroxystyrene) (PαMS-b-PHOST), which behaves as a chemically-amplified 

negative-tone photoresist when combined with small amounts of a photoacid generator 

(e.g., triphenylsulfonium triflate, TPST) and a crosslinker (e.g., tetramethoxymethyl 

glycoluril, TMMGU).3, 4   

We have previously demonstrated control of the self-assembled pattern 

morphology in PαMS-b-PHOST films by exposure to suitable solvent vapor.5 

Exposure of a 33% PαMS polymer film to tetrahydrofuran (THF), a good solvent for 

both PαMS and PHOST blocks, results in phase separation into a cylindrical film 

morphology.  Annealing in acetone, a solvent selective for the PHOST majority 

component, causes an order-order transition in the swollen state to spherical 

morphology, which is kinetically trapped upon drying.  

We can use sequential solvent vapor treatments to reversibly switch between 

PαMS-b-PHOST film phase morphologies. However, crosslinked PHOST domains 

remain fixed and do not change morphology upon exposure to subsequent solvent, 

allowing the selective formation of regions of two different morphologies within a 

single PαMS-b-PHOST film.  A different self-assembling block copolymer system 

with photoresist behavior, polystyrene-block-poly(tert-butylacrylate), was shown to 

behave as a positive-tone photoresist with ~400 nm resolution upon inclusion of a 

photoacid generator, in which the acid formed upon UV exposure catalyzes 

deprotection of the poly(tert-butyl acrylate) block.6 The mass loss from block 

deprotection can also cause an order-order transition in polymer films, inducing a shift 

from cylindrical polystyrene-block-poly(tert-butyl acrylate) to spherical polystyrene-

block-poly(acrylic acid), although there have been no attempts to achieve multiple 

phase morphologies in a single polymer film using this approach.7  Here, we have 
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demonstrated the resolution of our selective-area PαMS-b-PHOST patterning 

approach to be less than 100 nanometers.   

Although until now there have been no demonstrations of selective-area 

patterning of two self-assembled phase morphologies within a single block copolymer 

film, there have been several demonstrations showing control of two domain 

orientations within a block copolymer film composed of a single phase morphology. 

Surface-neutralizing techniques have been used extensively to gain perpendicular 

orientation of both cylindrical and lamellar morphologies of polystyrene-block-

poly(methyl methacrylate) (PS-b-PMMA).8-14 Patternable surface neutralization 

materials have been demonstrated to form perpendicular orientations on within neutral 

surface patterns and parallel orientations on untreated areas, although the patterned 

regions are limited to micrometer-scale resolution.11-14 Alternatively, chemical 

epitaxy, in which chemical patterns on a substrate having a length scale similar to the 

block copolymer can induce alignment in block copolymer film, both by aligning the 

morphology and controlling the orientation of cylindrical and lamellar domains in 

films of PS-b-PMMA in select wafer areas.15-19 An advantage to the crosslinking-

induced patterning of PαMS-b-PHOST demonstrated here is the ability to directly-

write the high-resolution morphology pattern.  Using the selective-crosslinking 

method demonstrated here, large defect-free patterns can in principle be achieved by 

combining lithographic exposure with established methods of inducing order in block 

copolymer films, including not only chemical epitaxy, but also graphopitaxy,5, 20-23 

electric fields,24-27 and shear forces.28-31 

 

3.3 Methods 

The PαMS-b-PHOST block copolymer material used here has total Mn 21 

kg/mol, 33% PαMS by mass, and distribution 1.10, as described previously;5 synthesis 
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by sequential anionic polymerization of poly(α-methylstyrene)-block-poly(tert-

butoxystyrene) and subsequent deprotection to PαMS-b-PHOST have also been 

described previously.3 Films were spin coated from propylene glycol methyl ether 

acetate (Aldrich, 1% w/v) with spin speed previously determined to yield single 

morphology thickness films, measured here to be 20 nm by ellipsometry.5 Spinning 

solution also contained 1.5% (w/w relative to PαMS-b-PHOST) triphenylsulfonium 

triflate (TPST, Aldrich) photoacid generator and 4%  (w/w relative to PαMS-b-

PHOST) tetramethoxymethyl glycoluril (TMMGU, “Powderlink 1174,” Cytec 

Industries) crosslinker. These small quantities of TPST and TMMGU do not to affect 

the self assembly of the PαMS-b-PHOST, as long as films are not exposed to UV.  

Spin coating and solvent vapor annealing with acetone (Aldrich) and 

tetrahydrofuran (THF, Aldrich) (in a sealed 1L jar with solvent reservoir, 6 mL for 

THF and 4 mL for acetone) are performed under yellow light conditions to prevent 

photoacid generator exposure. Atomic force microscopy (AFM) is performed on a 

Veeco Dimension 3100 in tapping mode.  In Figure 3.6, partial removal of the PαMS 

was achieved by heating films on a hotplate at 115˚C for 15 minutes in air, aiding 

AFM imaging. 

In the case of UV-exposed films, an HTG mask aligner with 254 nm exposure 

was used to blanket-expose films; output was measured to be 2.6 mW/cm2.  Post 

exposure bake in all cases was 115˚C for 60 seconds.  Solvent develop conditions 

determined previously3 were used again here, involving 1:2 cyclohexanone and 

isopropanol (v/v) mixture for 1 minute, followed by 1 minute in isopropanol, and 

nitrogen dry.  Electron beam lithography was written using an NPGS on a Helios 

Nanolab (FEI) with exposures at 30 kV.  Films used for e-beam patterning contain 

TPST and TMMGU, but no post-expose bake step is applied after e-beam patterning.  

Film thicknesses were measured with a Nanofilm EP3 imaging ellipsometer. 
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3.4 Results & Discussion 

The key to using PαMS-b-PHOST for this combined patterning method is that 

the presence of the photoacid generator TPST and crosslinker TMMGU (necessary for 

the material to act as a negative-tone photoresist) do not interfere with the solvent 

vapor-induced self assembly processes.  Sequential exposure of 20nm thick PαMS-b-

PHOST films containing 1.5% w/w TPST and 4% w/w TMMGU to different solvent 

vapor environments results in self-assembled patterns corresponding to the final 

solvent vapor treatment (Figure 3.1). The pattern self assembly process is not only 

unaffected by inclusion of small quantities of photoactive compounds, but the solvent 

anneal history does not play a role in the pattern morphology.  PαMS-b-PHOST films 

annealed in non-selective THF form the fingerprint pattern consistent with parallel-

oriented cylindrical phase morphology (Figure 3.1a), while films exposed to acetone 

vapor (selective for the PHOST block) form spherical-phase patterns of hexagonally-

arranged dots (Figure 3.1b).  Subsequent exposure of the cylindrical-phase 

morphology (Figure 3.1a) to acetone converts the fingerprint pattern to hexagonal dots 

(Figure 3.1c) that are indistinguishable from films annealed singly in acetone (Figure 

3.1b).  As well, spherical dot patterns are completely converted to cylindrical 

morphology by further annealing in THF (Figure 1d). We have avoided possible film 

crosslinking from ambient light exposure by performing all experiments entirely under 

yellow light conditions.  

We can prevent phase-separated PαMS-b-PHOST films from switching 

morphology upon subsequent solvent vapor annealing by inducing a sufficient 

crosslink density in the film through controlled exposure to ultraviolet (UV) light 

(Figure 3.2). In traditional photolithography, film crosslinking further prevents  
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Figure 3.1.  AFM height images of self-assembled PαMS-b-PHOST films annealed in 
different solvent vapor environments. (a) Annealed in THF (b) Annealed in acetone. 
(c) Annealed first in THF and then annealed for a second time in acetone (d) Annealed 
in acetone followed by THF. The height scale for all images is 10 nm. 
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Figure 3.2 AFM height images of self-assembled PαMS-b-PHOST films exposed to 
UV followed by a post-exposure bake prior to the second solvent vapor treatment.  (a) 
A PαMS-b-PHOST film annealed in acetone, UV exposed and annealed in THF 
remains in a spherical morphology; (b) a film annealed first in THF and exposed to 
UV, then annealed in acetone maintains the cylindrical morphology of a THF anneal. 
The height scale for both images is 10 nm. 
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dissolution of the polymer upon developing in a solvent or aqueous base.  PαMS-b-

PHOST films annealed in a first solvent (in the dark) and subsequently exposed to a 

sufficient dose of UV light and post-exposure baked (115˚C, 60 seconds) before 

exposure to a second solvent vapor all maintain the phase morphology from their first 

anneal, demonstrating that film crosslinking prevents morphology switching. Films 

annealed first in acetone before UV exposure and then THF solvent vapor remain 

locked in a spherical-phase dot pattern (Figure 3.2a), while films annealed first in 

THF, crosslinked with UV light, and then exposed to acetone vapor show the 

cylindrical pattern morphology of the fingerprint pattern (Figure 3.2b).  We observe 

significant pattern degradation only in films first annealed in THF prior to crosslinking 

and subsequent acetone exposure (Figure 3.2b).  

We have measured the UV exposure dose required to lock a self-assembled 

morphology and prevent switching during subsequent exposure to a second solvent 

vapor; the exposure dosage necessary to lock a spherical morphology is shown in 

Figure 3.3. Films initially annealed in acetone form a spherical morphology (Figure 

3.1b), and UV exposure of at least 10.4 mJ/cm2 is enough to preserve the hexagonal 

dot pattern structure upon further annealing in THF (Figure 3.3d; also the dotted 

exposure range in Figure 3a), indicating the introduction of sufficient crosslink density 

to lock the spherical morphology.  Films exposed to lower doses show either a 

complete switch to cylindrical phase (diagonal striped range in Figure 3.3a) or a mixed 

cylinder/sphere morphology (Figure 3.3c; also the grey range in Figure 3.3a) after a 

similar second THF treatment.   

We can similarly lock a self-assembled cylindrical phase morphology by 

exposure to sufficient UV light (Figure 3.4), although this case requires a larger 

minimum exposure dose (increased from 10.4 mJ/cm2 to 15.6 mJ/cm2) necessary to 

prevent switching to a cylindrical phase upon a second anneal in acetone (Figure 3.4d; 



 126 

 

 
 

Figure 3.3.  UV exposure dose required to lock the spherical film morphology.  (a) 
UV dose range and resulting block copolymer film morphology after subsequent 
solvent vapor treatment in THF.  The black dots correspond to exposures tested, and 
the background indicates morphology observed; the interfaces between the 
morphologies are not known, but for clarity is indicated at the midpoints. AFM height 
images of PαMS-b-PHOST films having UV exposure doses of (b) 0 mJ/cm2, (c) 7.8 
mJ/cm2, (d) 10.4 mJ/cm2, and (e) 26 mJ/cm2. The height scale for (b) is 10 nm, and the 
scale is 5 nm for (c-e). 
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Figure 3.4.  UV exposure dose required to lock the cylindrical film morphology.  (a) 
UV dose range and resulting block copolymer film morphology after subsequent 
solvent vapor treatment in acetone.  AFM height images of PαMS-b-PHOST films 
having UV exposure doses of (b) 0 mJ/cm2, (c) 7.8 mJ/cm2, (d) 15.6 mJ/cm2, and (e) 
26 mJ/cm2.  The height scale for images (b-e) is 10 nm. 
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also the diagonal stripe range in Figure 3.4a).  Cylindrical patterns receiving lower UV 

exposure doses either switch to spherical morphology upon annealing in acetone (the 

dotted range in Figure 3.4a) or form a mixed cylinder sphere pattern (Figure 3.4c; also 

the grey range in Figure 3.4a).  Our observations are consistent with PαMS-b-PHOST 

films requiring a higher degree of swelling in acetone (compared to THF) in order to 

gain sufficient mobility for pattern formation.  Because acetone is a selective solvent 

for PHOST, the less-soluble PαMS block crosses the swelling threshold for polymer 

mobility, and thus self assembly, at a larger overall swell ratio than in the case of 

annealing in a nonselective solvent such as THF.  We believe that the higher film 

swelling condition required for pattern formation in acetone interferes with the 

morphology of the crosslinked film, thereby resulting in a higher exposure dose 

required to prevent morphology switching (Figure 3.4a) as well as larger film 

roughness (Figure 3.4d-e) for PαMS-b-PHOST films annealed in acetone after 

crosslinking.  

We have also measured the PαMS-b-PHOST photoresist sensitivity by UV 

exposure to a range of doses, followed by a post-exposure bake and immersion in a 

solvent developer (1:2 cyclohexanone/isopropanol). The resulting contrast curve 

shows the normalized remaining film thickness after development versus the UV 

exposure dose (Figure 3.5).  For a negative-tone photoresist material, the sensitivity is 

defined by the dose at which 50% of original film thickness remains in the UV 

exposed regions – in this case, ~6mJ/cm2, though typically the exposure dose for 

patterning is chosen between this value and the exposure dose that gives nearly 100% 

of the original PαMS-b-PHOST resist thickness (here approximately 10.4 mJ/cm2), 

thereby limiting the line broadening that occurs upon overexposure.32 The required 

exposure dose to prevent film dissolution (10.4 mJ/cm2) (Figure 3.5) is the same as the 



 129 

dose to prevent morphology switching in an acetone-to-THF annealing sequence 

(Figure 3), indicating that the overall resolution for this order of solvent vapor  

 

 
 

Figure 5.  Normalized PαMS-b-PHOST film thickness after UV exposure and solvent 
develop versus UV exposure dose. 
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exposures will have a higher resolution than a THF-to-acetone sequence (Figure 3.4), 

which has a minimum exposure dose to lock in phase morphology of 15.6 mJ/cm2. 

We combine the UV sensitivity of PαMS-b-PHOST together with its solvent 

vapor processability in order to form high-resolution patterns of two different block 

copolymer phases within select wafer areas. We have employed electron-beam (e-

beam) lithography in order to investigate the smallest achievable length scales, even 

though this exposure method requires recalibrating the resist sensitivity for electron-

beam doses because there is no direct correlation between UV and e-beam sensitivity.  

We focus on the solvent vapor sequence of first forming a spherical morphology by 

annealing in acetone and then annealing in THF after e-beam exposure in order to 

maximize the patterned film spatial resolution.   

Film exposure to a range of e-beam doses reveals optimal high-resolution 

patterns of spherical morphology within a field of cylindrical-phase morphology 

(Figure 3.6). PαMS-b-PHOST films containing the photoacid generator TPST and the 

crosslinker TMMGU are annealed first in acetone to form a spherical-phase dot 

pattern (Figure 3.1b), and next patterned by e-beam exposure of a series of lines 

having 1:4 spacing, leading to crosslinking in the exposed regions. The exposed films 

are next annealed in THF to switch the unexposed regions to a cylindrical 

morphology.  Unlike photolithography, e-beam-exposed PαMS-b-PHOST films do 

not require a post-expose bake prior to solvent annealing, as this was found to increase 

line broadening. Even without a resist post-expose bake, the optimal exposure dose 

needed to lock the self-assembled morphology is 5 times smaller for films containing 

TPST and TMMGU (100 µC/cm2 for films containing TPST and TMMGU, and 500 

µC/cm2 for neat PαMS-b-PHOST films - not shown).  
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Figure 3.6.  AFM phase images demonstrate a single PαMS-b-PHOST film having both 
regions of spherical morphology and regions of cylindrical morphology.  The electron-
beam exposure doses used are a) 100 µC/cm2, b) 200 µC/cm2, c) 400 µC/cm2. White 
overlaid lines indicate where e-beam exposed lines were written, and the scale 
underneath indicates the morphology observed. The phase scale for all images is 6˚. 
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PαMS-PHOST films patterned with a 100 µC/cm2 e-beam exposure dose 

showed 200 nm wide lines having spherical morphology within a field of cylindrical 

morphology without significant line broadening (Figure 3.6a).  Written line widths 

smaller than 200 nm failed to sufficiently crosslink in order to prevent switching in 

exposed regions.  Unexposed film regions switch to cylindrical morphology during the 

second solvent vapor treatment, while the exposed regions show a mixed 

cylinder/sphere morphology, albeit one with minimal line broadening. 

Writing a series of 75nm wide lines with 1:4 spacing using the optimal 

electron-beam dose of 200 µC/cm2 locks the spherical morphology in regions 

approximately 4 spheres wide (or ~95nm, based on the measured 24nm sphere repeat 

distance), meaning that this dose produces ~20nm of line broadening (Figure 3.6b).  

We measure a film thickness decrease of  ~5 nm in the exposed regions (from an 

original film thickness of 20 nm) by atomic force microscopy (images not shown).   

Higher electron-beam exposure doses (Figure 3.6c) leave the exposed 

spherical-phase areas unaffected although we observe a significant increase in line 

broadening. Over-exposure also negatively affects self assembly of cylindrical phase 

regions in nominally unexposed areas as crosslinks are introduced into these film areas 

from proximity effects. With lower exposure doses (100 µC/cm2), we observe 

virtually no line broadening, but the ultimate achievable resolution for the spherical-

morphology crosslinked region is worse (Figure 3.6a, 200 nm lines).  The optimum 

dose is achieved with 200 µC/cm2 exposure (Figure 3.6b): little crosslinking occurs 

outside of the exposed region and we observe only a narrow band of mixed-phase 

morphology (less than a single 24 nm domain repeat-unit in width) between exposed 

and unexposed areas, demonstrating high-resolution and high-contrast patterning of 

block copolymer film morphologies.   
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We have demonstrated here that PαMS-b-PHOST film morphology can be 

switched by sequential annealing in solvent vapors having different block selectivities, 

enabling formation of either spherical or cylindrical morphologies.  We can prevent 

morphology switching in select wafer regions by selective radiation-induced 

crosslinking using either UV light or an electron-beam prior to film exposure to a 

second solvent vapor environment.  By combining electron-beam-induced crosslinking 

and solvent induced morphology switching, we have shown for the first time selective 

high-resolution patterning of a single block copolymer film into ~100nm regions of 

two different self-assembled phase morphologies. 
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4.1 Abstract 

A combined top-down/bottom up patternable block copolymer, poly(methyl 

methacrylate)-block-poly(hydroxyethyl methacrylate), or PMMA-b-PHEMA, is 

presented.  The majority component, PHEMA, can act as a negative-tone photoresist 

upon addition of a photoacid generator and crosslinker.  Control of self assembly has 

been demonstrated by annealing in a vapor of 2-methoxyethanol. Morphology tuning 

is possible by controlling the degree of swelling: annealing for moderate times leads to 

formation of hexagonally packed parallel cylinders, and we observe a transition to 

spherical morphology upon further swelling. 
 

4.2 Introduction 

As photolithography approaches limitations for achieving small resolution 

requirements for patterning, block copolymer self assembly has received attention for 

future patterning applications.  Block copolymer self assembly holds promise for 

patterning length scales in the sub-30 nm region, smaller than is possible today by 

high volume photolithography.  Block copolymers self-assemble into a variety of 

morphologies, typically including spherical, cylindrical, and lamellar morphologies1 

each of which offers new possibilities for high-resolution patterning.  Utility for 

applications requires long-range ordering combined with secondary ordering 

techniques to gain long-range ordering and to further control orientation of anisotropic 

morphologies, and good progress is being made in these areas.   

We have previously demonstrated combined top-down/bottom-up patterning 

with the block copolymer poly(α-methylstyrene)-block-poly(4-hydroxystyrene), or 

PαMS-b-PHOST, with 33% PαMS minor phase.2,3 PHOST is a well known deep-UV 

negative-tone photoresist when combined with small quantities of a photoacid 
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generator and crosslinker and in block copolymer form has a resolution of 450 nm. 

This combined system allows not only self assembly of sub-50 nm features but also 

the very precise placement of the self-assembled block copolymer itself in an arbitrary 

pattern. 

Here we introduce a new block copolymer capable of patterning by combined 

top-down/bottom-up techniques, poly(methyl methacrylate)-block-poly(hydroxyethyl 

methacrylate), or PMMA-b-PHEMA.  Like PHOST, PHEMA can be photocrosslinked 

upon addition of a photoacid generator and crosslinker.4,5 PMMA is an easily 

synthesized and easily removed block, even more readily removed than poly(α-

methylstyrene).  For example, in the commonly used polystyrene-block-poly(methyl 

methacrylate) system, the PMMA block has proven easy to remove by UV exposure 

followed by selective solvent washing.6 An earlier attempt to use poly(4-

hydroxystyrene)-block-poly(methyl methacrylate) for combined patterning was 

unsuccessful, as the PMMA and PHOST blocks were found to be miscible even with 

large molecular weight.7 In contrast, PMMA-b-PHEMA has been found here to phase 

separate cleanly in addition to being photopatternable, making it a good candidate for 

combined patterning. 

Patterning applications require a high degree of precision; block copolymers 

used for these applications must self-assemble with a high degree of order, often 

requiring control of both the size and the orientation of self-assembled domains as 

well as orientation control.  Secondary ordering techniques have been used to further 

control ordering of thin films, including use of neutral substrates,8-11 graphoepitaxy,12-

17 chemical epitaxy,18-22 electric fields,23-26 and shear forces.27-29 However, these 

secondary techniques must be used in tandem with processes that allow self assembly 

to occur, all of which enable enhanced polymer chain mobility. 
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Formation of long-range ordering of self-assembled patterns in block 

copolymers is made possible by providing polymer chain mobility.  Many common 

block copolymer components have glass transition temperatures (Tg) well above room 

temperature, and the most common method for achieving self assembly is to heat the 

block copolymer above the Tg of the blocks. Alternatively, mobility of the block 

copolymer is achieved by swelling the block copolymer in a solvent vapor and 

lowering the effective Tg,30-32 providing another method of gaining long-range 

ordering in thin films.33-37  For example, in the case of PαMS-b-PHOST, solvent 

swelling provides sufficient mobility for long range ordering to occur, and solvent 

selectivity dictates the morphology formed.37 Annealing in tetrahydrofuran (THF), a 

nonselective good solvent for both blocks, leads to parallel cylinders of PαMS, an 

expected morphology given the PαMS mass fraction of 33%. Thus solvent annealing 

is particularly useful for gaining self assembly in block copolymers that undergo 

thermal degradation at temperatures below the Tg of the blocks, as is the case for 

PαMS-b-PHOST. Another advantage is the ability to tune morphology in the swollen 

state. Annealing in a selective solvent, can cause order-order transitions in the swollen 

state.33,34 In PαMS-b-PHOST we observe this when annealing in acetone, selective for 

the PHOST majority component, which leads to a formation of spherical morphology 

in the swollen state, and the spherical morphology is then kinetically trapped in the 

dried state.37  

Observation of the order-order transition upon selective solvent swelling 

reminds us that not only does the solvent afford polymer mobility, but it also has an 

effect on the phase behavior in the swollen state.  Bulk studies of the blending of a 

block copolymer that is completely selective for one block – that is, a solvent for one 

block and a nonsolvent for the other – leads to order-order transitions to other 
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morphologies.38-40  This can be visualized as a horizontal shift in the phase diagram of 

the neat polymer, as demonstrated in Scheme 4.1.   

Alteration of the phase behavior is also observed in bulk studies of block 

copolymers blended with nonselective good solvents.41-43 The dilution approximation 

states that an effective Flory-Huggins interaction parameter, χEFF, for the swollen 

diblock copolymer is found to be lower than that of the neat block copolymer, χAB.  

This occurs because the solvent selectively segregates at the interface of the two 

blocks in the assembled polymer, decreasing the interaction between the two blocks. 

The degree of this depression, χEFF, is given by χEFF = χABφP
α, where χAB is the 

interaction parameter for the diblock copolymer, φP is the concentration of polymer in 

the blended material, and α is an exponent to reflect non-ideal behavior observed in 

experiments (the dilution theory states that α = 1).  Experimentally, values of α are 

typically 1.0 for order-order transitions and 1.3 to 1.6 for the order-disorder transition, 

and the values vary depending on the solvent and block copolymer system.42 This 

overall behavior can be visualized as a downward vertical shift in the phase diagram 

(Scheme 4.1). 

In the case of solvent annealing thin films, plasticization by the swelling 

solvent leads to depression of the Tg below room temperature;32 phase behavior effects 

are secondary.  In bulk studies of the phase behavior of block copolymers blended 

with either selective or nonselective solvents, mobility in both blocks is still achieved 

by thermal annealing. In the case of thin films processed using solvent annealing, 

however, mobility must be achieved by plasticization in both blocks for self assembly 

to occur, and thus both blocks must be swollen sufficiently to decrease their respective 

glass transition temperatures below room temperature.  This is easily achieved when 

swelling in a nonselective good solvent, but becomes more complicated in the case of 

a selective solvent. If a block copolymer film is subjected to a solvent that is selective 
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Scheme 4.1. Block copolymer morphology behavior upon blending with a solvent, as 
understood in a hypothetical phase diagram. The location of the white asterisk 
indicates the position in the phase diagram of an unswollen block copolymer alone.  a) 
Adding a solvent completely selective for one block (and a nonsolvent for the other) 
can cause a shift in the relative volume fraction of the blocks, corresponding to 
horizontal shifts (blue arrow). b) Blending a nonselective good solvent for both blocks 
depresses the Flory-Huggins interaction parameter χ, visualized as a downward shift 
in the phase diagram (red arrow). This can also cause morphological transitions if the 
volume fraction of the initial block copolymer is asymmetric. c) In the case of solvent 
annealing a glassy block polymer, both blocks must be swollen in order to depress the 
Tg of each block to allow mobility. Thus, in the case of solvent annealing with a 
selective block, the two components of annealing (horizontal shift due to solvent 
preference, vertical shift due to alteration of χ) visualized as a diagonal movement 
(purple arrows) 
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for only one block, no annealing effects are observed in the unswollen block.  

Immersion into such a solvent can lead to partial pore formation in the dissolved 

block, especially if the undissolved block is the majority component and anchors the 

material to the substrate.44  Thus, in order to gain long range order when annealing 

with a selective solvent, even the less soluble block must be somewhat soluble in order 

for its Tg to be depressed.  If we visualize a shift in the phase diagram upon annealing 

in a selective solvent, we expect there to be a selective volume shift in the polymer 

(horizontal component to shift) as well as alteration of the Flory-Huggins interaction 

parameter (downward vertical component to shift): the overall effect is a diagonal shift 

in the phase diagram (Scheme 4.1).37  

The evaporation of solvent from films has been demonstrated in other systems 

to control orientation of cylindrical morphologies. Stamm et al. observed different 

behavior upon evaporation of a bulk-cylinder forming block copolymer swollen to 

spherical morphology: collapse to perpendicular orientation is observed.33,34 

Formation of perpendicular orientations under controlled evaporation conditions has 

been demonstrated for other block copolymer systems as well.45-48 Thus, in the case of 

solvent annealed films in particular, it is very important to distinguish perpendicular 

cylindrical morphologies from spherical, which can appear the same in surface 

techniques.  This requires observation of morphology throughout the films. 

Solvent annealing has proven useful for enabling long range ordering in 

PMMA-b-PHEMA and is reported here.  This polymer has demonstrated interesting 

solvent behavior upon annealing in a vapor of 2-methoxyethanol (2MOE), chosen 

because of its nonselectivity for the two blocks.49  Sufficient mobility for self 

assembly is demonstrated for moderate swelling, in which parallel cylinders of 

PMMA are formed in agreement with the volume fraction of the block copolymer.  At 

higher swelling ratios, however, an order-order transition to spherical morphology is 
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observed.  This provides a method for tuning morphology formed using degree of 

solvent swelling, proving again that solvent annealing has advantages over thermal 

annealing. In contrast, thermal crosslinking of PMMA-b-PHEMA occurs upon heating 

above the Tg for the blocks, rendering thermal annealing incapable of producing such 

long range ordering. 
 

4.3 Methods  
 

The synthesis of PMMA-b-PHEMA follows previously published 

procedures.50-52  
 

4.3.1 Materials. 

Chemicals were obtained from Aldrich and used without further purification, 

unless otherwise noted. Methyl methacrylate (MMA) and 2-(trimethylsilyloxy)ethyl 

methacrylate (TMS-HEMA) monomers were each placed in a flamed flask outfitted 

with outfitted with a Rotoflo valve and were degassed repeatedly (freeze, pump, 

thaw). Trioctylaluminum (25% in hexanes) was added dropwise until a faint yellow 

color persisted. The monomers were then distilled under high vacuum prior to use. 

1,1-Diphenylethylene was purified in the same manner, using n-butyl lithium (2.5 M 

in hexanes) instead of trioctylaluminum. 

Tetrahydrofuran was refluxed under nitrogen for 3 days with calcium hydride, 

and then distilled under vacuum to a flask containing sodium and benzophenone.  The 

THF was degassed repeatedly until a purple color persisted. Lithium chloride (LiCl, 

anhydrous, ≥98%, Fluka) was dried in high vacuum at 300 ˚C for 3 days and stored 

under nitrogen. A 10x molar excess (with respect to the initiator) of dry LiCl (240 mg) 

was added to the reaction vessel outfitted with a Rotoflo valve and attached to the 

vacuum line. The flask containing LiCl was flamed and then left under vacuum 
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overnight until ready for use. Immediately before polymerization, THF was distilled 

into the flask containing dry LiCl. 

 

4.3.2 Polymer Synthesis.  

The synthesis strategy of PMMA-b-PHEMA is shown in Scheme 4.2. 

Poly(methyl methacrylate)-block-poly(2-(trimethylsilyloxy)ethyl methacrylate) was 

synthesized by sequential living anionic polymerization in THF (600 mL) at -78˚C. 

1,1-diphenyl-3-methylpentyllithium (DPHLi) was used as an initiator for the anionic 

polymerization and was generated in situ by the reaction of sec-butyllithium (1.4M 

solution in cyclohexane) with an excess of 1,1-diphenylethylene (0.4 mL, 10x excess 

to initiator) in THF at -78 °C. MMA (5 mL) was polymerized first for 65 min and a 

small aliquot of PMMA was terminated with degassed methanol. 18 mL of TMS-

HEMA was introduced to the reactor and the reaction was terminated with degassed 

methanol after 85 min. An aliquot of was precipitated into cold water and dried 

overnight under vacuum for molecular weight characterization by GPC in THF. The 

transparent solution of the PMMA-b-P(TMS-HEMA) diblock copolymer in THF 

became opalescent by addition of 10 mL of concentrated hydrochloric acid and 

changed to a white emulsion when the reaction was completed. The PMMA-b-

PHEMA was precipitated into a large excess of cold water, filtered and dried under 

vacuum until constant mass. 

 

4.3.3 Polymer Purification & Characterization  

Three dissolve/precipitate cycles further purified the polymer using a 1:1 

mixture of methanol and THF to dissolve the polymer and diethyl ether to precipitate 

the polymer. Complete deprotection was confirmed using FTIR. Gel permeation 

chromatography indicated the number average molecular weight of PMMA to be 11 
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Scheme 4.2. Synthesis of PMMA-b-PHEMA. 
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kg/mol, molecular weight distribution (D) 1.06; the Mn of the PMMA-b-PHEMA 

diblock copolymer is 34 kg/mol with D 1.15 indicating the PHEMA block Mn is 23 

kg/mol. The density of PMMA is known to be 1.17 g/cm3, and the PHEMA density 

was calculated to be 1.43 g/cm3.53 This corresponds to a PMMA volume fraction of 

fPMMA 0.37.  While the accuracy of the additive Fedor estimation of PHEMA density is 

unknown, the volume fraction suggests formation of either cylindrical or lamellar 

morphology. 

 

4.3.4 Film Preparation & Solvent Annealing  

Three film thickness ranges were prepared.  A 5% PMMA-b-PHEMA solution 

in pyridine spin coated at 2000 RPM yielded thickness 257 nm.  5% solutions in ethyl 

lactate yielded thickness of 132 nm after spin coating at 1750 RPM; 2% in ethyl 

lactate, 42 nm at 1750 RPM.  2-methoxyethanol was chosen as a nonselective solvent 

for annealing.  Annealing takes place in a closed container containing a monomer 

reservoir. 

 

4.3.5 Photopatterning  

To a 2% (w/v) solution of PMMA-b-PHEMA in ethyl lactate, 1.5% 

triphenylsulfonium triflate (TPST) and 4% tetramethoxymethyl glycoluril (TMMGU, 

“Powderlink 1174,” Cytec Industries) relative to the block copolymer (w/w); the 

solution is filtered through 0.2 µm nylon syringe prior to spin coating at 1750 RPM. 

After spin coating, an ABM High Resolution Mask Aligner with 254 nm exposure is 

used for photopatterning.  A post expose bake of 115˚C for 60 seconds is followed by 

development for 5 minutes in THF.  The optimum exposure time is 6 seconds, 

corresponding to an exposure dose of approximately 39 J/cm2. 
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4.3.6 Characterization.  

Complete deprotection to PMMA-b-PHEMA was confirmed using FTIR. Gel 

permeation chromatography of THF solutions of polymers (1 mg/mL) was carried out 

using four Waters Styragel HT columns operating at 40 ˚C and Waters 410 refractive 

index detector. Thermogravimetric analysis (TGA) was carried out on a TA 

Instruments Q500 and differential scanning calorimetry (DSC) was carried out on a 

TA instruments Q1000, both using 10˚C scan rates.  Grazing incidence small-angle X-

ray scattering (GISAXS) experiments were carried out at the Cornell High Energy 

Synchrotron Source (CHESS) G1 line, and collected images were processed using the 

FIT2D program. Polymer film self assembly was observed using scanning electron 

microscopy (SEM, LEO 1550 FESEM) and atomic force microscopy (AFM, Veeco 

Dimension 3100). The spatial period was calculated using the power spectral density 

feature in Veeco Nanoscope version 5.3, with results accurate within ~5%. 

Alternatively, spatial period calculated by analysis of GISAXS is more precise. Film 

thickness was measured using a Filmetrics F20 reflectometer for films thicker than 

100 nm (accuracy better than 5% for thickness greater than 50 nm), and a Nanofilm 

EP3 imaging ellipsometer for films 100 nm or less gives very high accuracy (± 1 nm 

or less). 
 

4.4 Results & Discussion 

PMMA-b-PHEMA is of interest for its ability to produce both self-assembled 

block copolymer films and its ability to undergo photopatterning, which enables 

precise location control of self-assembled structures.  Here we discuss both 

characteristics of this polymer and focus initially on the use of solvent annealing to 

produce a self-assembled structure. 
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Long-range order formation of PMMA-b-PHEMA was observed after 

annealing in 2-methoxyethanol vapor (2MOE).  We chose 2MOE because it has been 

demonstrated to be largely nonselective for PMMA-b-PHEMA.49  Calculation of its 

selectivity for PMMA-b-PHEMA was unsuccessful due to the wide range of solubility 

parameters determined experimentally for PMMA (see supporting information 4.7.1).  

In this case, we have chosen films with thickness of 257 nm, well above the 

periodicity of the polymer in order to clearly distinguish perpendicular cylindrical 

morphologies from spherical ones. 

PMMA-b-PHEMA annealing was carried out in a sealed jar containing a small 

monomer reservoir. As the solvent vapor increased concentration within the jar and 

reached equilibration, the degree of swelling increased.  Thus, a longer period of time 

in the jar corresponds with a larger swelling ratio.  We observed the development of 

morphology over time in films annealing in 2MOE, as seen in by atomic force 

microscopy images in Figure 4.1.  Upon spin coating from 2MOE, films are largely 

featureless.  After annealing for 5 hours, films clearly display some phase separation, 

but no long range ordering is observed; spatial period of 25 nm is observed.  After 45 

hours, we observe a fingerprint pattern consistent with parallel cylinder formation; 

periodicity of 26 nm is observed.  After 72 hours, we see near-complete 

transformation from the fingerprint pattern to a hexagonal array of dots; spacing has 

decreased to 20 nm.  This pattern could be consistent with transformation to 

perpendicular cylinders or to spherical morphology. 

Grazing incidence small angle X-ray scattering, GISAXS, was used to probe 

the interior of the films (Figure 4.2), and results are found to be in strong agreement 

with the observation of the surface structures by AFM.  The angle of incidence was 

chosen slightly above the critical angle of the films not only to maximize the signal, 

but also to probe the entire thickness of the film; the critical angle is 0.145, and the 



 150 

 

 

 
 
Figure 4.1. PMMA-b-PHEMA films 257 nm thick after spin coating (a-b), and after 
annealing in 2MOE for 5 hours (c-d), 45 hours (e-f), and 72 hours (g-h).  Left column 
of images are atomic force microscopy height images; right column are the 
corresponding phase images. 
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Figure 4.2. GISAXS images of PMMA-b-PHEMA after annealing in 2MOE for 
a) 5 hours, (disordered morphology), b) 45 hours (parallel cylinders), and c) 72 
hours (mixed parallel cylinders and spheres). 
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incident angle used here is 0.150. Films annealed for 5 hours possessed a ring 

structure in the GISAXS image (Figure 4.2a). The ring structure indicates a disordered 

morphology, consistent with AFM in Figure 4.2b. We used the peaks along the 

Yoneda band to characterize the spacing of this sample. The Yoneda band is defined 

as the bright horizontal band appearing near the bottom of the image; it results from an 

enhancement of scattered intensity due to the Vineyard effect when the exit angle of 

the scattered beam is between the critical angles of the sample film and the substrate.54 

In Figure 4.2a, the appearance of Bragg rods perpendicular to the surface indicates a 

standing cylinder morphology. However, no higher order Bragg rods are seen – this 

indicates that there is only short range order in the packing of the cylinders.  In order 

to calculate the nearest-neighbor spacing of the cylinders we model the system as 

hexagonally-packed cylinders.  The resulting spacing of 26 nm is in good agreement 

with the 25 nm spacing observed in the AFM. 

The elongation of the ring in the vertical direction, compared to a perfect 

hemisphere, is consistent with a contraction in the morphology due to evaporation of 

the solvent, and a 14.5%  contraction from the swollen film value is calculated. 

Contraction of film morphology perpendicular to the plane of the film has been 

observed in other solvent annealed systems as well.37,45  

According to the GISAXS results, films annealed for 45 hours display parallel 

cylindrical morphology with hexagonal packing, indicated by the off-specular first 

order peak and the second order peak located at the Yoneda band (Figure 4.2b). By 

modeling the system as hexagonally packed parallel cylinders, the peak positions 

correlate to a nearest neighbor period of 25 nm, in agreement with the 26 nm from the 

AFM image. The off-specular location of the first order peaks again are located in a 

different position than expected for perfect hexagonal packing of cylinders; thus 

contraction effects due to evaporation again seem to have occurred. A contraction of 
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32% of the swollen film value was calculated for this sample, consistent with a higher 

swelling ratio after the longer anneal time.  

After annealing for 72 hours, the peaks from the 45 hour GISAXS image are 

maintained, but an additional peak at the Yoneda band and first-order Bragg rods 

appear.  The additional peak at the Yoneda band is consistent with a face-centered 

orthorhombic (fco) spherical morphology.  The two peaks for hexagonally-packed 

parallel cylindrical morphology, observed to a small degree in the AFM, overlap with 

the fco peaks and cannot be distinguished.  The observed mixed morphology indicates 

that we are very near the solvent-induced order-order transition for this system.  

Further swelling would be expected to allow full transformation to spherical 

morphology. The spatial period of the lateral spacing is found to be 21 nm, in 

agreement with the 20 nm spacing observed in the AFM. 

The weak Bragg rod above this peak is consistent with partial collapse of the 

spherical morphology to a perpendicular cylindrical morphology, observed in several 

other block copolymer systems due to gradient solvent evaporation effects.33,34,45 The 

weakness of the Bragg rods indicate that this is only observed to a small degree here. 

To summarize these results: we gain mobility with sufficient swelling (45 

hours), which allows the cylindrical morphology, a likely bulk structure of PMMA-b-

PHEMA, to form.  At longer anneal times, an order-order transition to spherical 

morphology is observed.  The decrease in periodicity from 26 nm (5 hours) to 25 nm 

(45 hours) and 21 nm (72 hours) is consistent with literature indicating a decrease of 

block copolymer periodicity with increased blending of a nonselective solvent,55,56 

indicating that polymer films swell more at longer anneal times. Larger swelling at 

longer anneal times is also observed in the increased contraction of films at 45 hours 

of annealing than for 5 hours of annealing. Thus we conclude that the order-order 
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transition observed in films swelled for longer period of time is due to more solvent in 

the swollen film. 

We can understand this behavior in terms of a hypothetical phase diagram, 

Scheme 4.3. Due to the mass fraction composition of the studied PMMA-b-PHEMA  

block copolymer, we would expect a cylindrical or lamellar morphology to form in the 

bulk, given sufficient mobility. Two different scenarios can explain the behavior of the 

order-order transition demonstrated using GISAXS.  If 2MOE is completely 

nonselective for the two blocks, we would observe a downward vertical shift in the 

location in the phase diagram upon swelling, forming cylinders in 2MOE and then 

transitioning to spherical morphology in the weak-field regime.  Alternatively, even a 

small degree of selectivity can lead to a shift in relative volume fractions at very high 

swell ratios, leading to an order-order transition in a more strongly-segregating region 

of the phase diagram. The estimation of Flory-Huggins interaction parameters of the 

solvent with PMMA and PHEMA are demonstrated in the supporting information 

(section 4.7), though they cannot be estimated with any degree of accuracy due to the 

wide range of solubility parameters demonstrated for PMMA. They do indicate, 

however, that 2MOE may be nonselective to PMMA and PHEMA or it may be 

selective for PHEMA, supporting both of these scenarios.  

We chose thick films for initial solvent annealing tests, but this behavior has 

also been observed for thinner films as well (Figure 4.3).  Here we demonstrate 

cylindrical morphology of 132 nm and 42 nm thickness films by AFM.  Similar 

morphology transition behavior from cylindrical to spherical morphology is also 

observed using AFM, but is not demonstrated here. 

An important aspect of our selection of PMMA-b-PHEMA is its ability to 

undergo lithographic patterning. A photopattern of a film of PMMA-b-PHEMA with 

trace quantities of TPST photoacid generator and TMMGU crosslinker can be 
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Scheme 4.3. A hypothetical phase diagram indicating two scenarios to explain the 
shift in morphology due to solvent swelling of PMMA-b-PHEMA with 2MOE. The 
white star indicates a possible position of the neat PMMA-b-PHEMA in the phase 
diagram. It is placed in agreement with fPMMA of 0.37 calculated for this sample; the 
χN value cannot be calculated with accuracy, and so the placement of * is arbitrary in 
the y axis. The transition from cylindrical to spherical morphology could occur both 
for nonselective (red, vertical) and selective swelling (blue, diagonal).  
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Figure 4.3. AFM images of thinner films with different thickness display 
cylindrical morphology upon annealing. Films 132 nm thick (a-b) and 42 nm 
thick (c-d) display fingerprint pattern, though grain sizes differ. Height images are 
shown on the left, phase images are shown on the right. 
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produced after exposure and development in THF. As shown in Figure 4.4, patterns 

with resolution of 1 µm have been demonstrated.  This resolution is consistent with 

our use of a mask aligner. A higher resolution would be expected for patterning with a 

DUV stepper or another high-resolution patterning technique. Use of a mask aligner 

demonstrates proof of patternability of the diblock copolymer has been demonstrated.  

Two important considerations are the impact of the photoacid generator and 

crosslinker inclusion on the self assembly and the effect that solvent annealing has on 

subsequent photopatterning. These films were not solvent annealed prior to 

photopatterning, but we have previously demonstrated little impact on photopatterning 

after solvent annealing in other block copolymers.37 We have also shown here that 

small quantities (less than 5% w/w relative to block copolymer) of photoacid 

generator triphenylsulfonium triflate (TPST) and crosslinker 

tetramethoxymethylglycoluril (TMMGU) do not interfere with self assembly of other 

polymer systems, as long as solvent annealing occurs under dark conditions. 

PHEMA-b-PMMA was originally intended to be used as a thermally stable 

block copolymer capable of gaining long range ordering via thermal annealing. We 

now believe this is not the case. The Tg of the block copolymer was found to be 119˚C 

by DSC (Figure 4.5); the observation of only a single Tg for the system is most likely 

due to the very similar glass transition temperatures of PMMA and PHEMA.  

We also observe the onset of decomposition at approximately 300˚C by 

thermogravimetric analysis, indicating that thermal decomposition occurs well above 

the Tg of the block copolymer. Films thermally annealed in a vacuum oven for 24 

hours at 180˚C are featureless in the AFM (Figure 4.6a). There are several possible 

explanations for why we do not observe morphology in thermally annealed films. The 

first possibility is that a parallel lamellar morphology forms upon annealing, which 
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Figure 4.4. The dark lines seen in SEM are crosslinked PMMA-b-PHEMA 
photopatterns after development in THF. A) Numbers represent the line width in µm; 
B) 1 µm line width are near the resolution limit for patterning with a mask aligner.  
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Figure 4.5.  Thermal analysis of PMMA-b-PHEMA.  A) Differential scanning 
calorimetry (DSC) indicating a glass transition 119˚C, according to midpoint of 
second heat scan. B) Thermogravimetric analysis (TGA) showing decomposition 
onset near 300˚C 
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Figure 4.6.  AFM height images of thermally annealed films.  a) After annealing 
for 24 hours at 180˚C, the film displays no visible morphology. b) A film 
thermally annealed at 180˚C for 24 hours, followed by solvent annealing in 
2MOE for 20 hours (a condition that would form parallel cylinders in unheated 
films) shows roughness indicating some phase separation, though no fingerprint 
pattern consistent with parallel cylinders.  c) A film thermally annealed at 125˚C, 
near the Tg of the polymer, and then annealed in 2MOE for 20 hours possesses the 
same disordered morphology.  Switching tests (b, c) indicate that thermal 
annealing damages the films, and thus is not an option for gaining long range 
ordering. 

 



 161 

would appear featureless on the surface.  The second possibility is that cylindrical 

morphology exists in the film, but a surface wetting layer prevents observation of the 

morphology by AFM. Typically, though, AFM can detect morphologies located below 

a wetting layer, making this unlikely. A third possibility is that the morphology 

undergoes a thermoreversible transition to disordered state upon heating. Estimation of 

the interaction parameter for the diblock is inconclusive for this possibility (see 

supporting information, section 4.7.2).  The film in Figure 4.6a was quenched quickly 

from 180˚C, trapping any morphology present in the heated state. However, films that 

were cooled very slowly displayed the same lack of morphology (not shown), 

indicating that the lack of features in the AFM is not because the film is disordered at 

180˚C.  

A final possibility is that PMMA-b-PHEMA films undergo thermal 

degradation upon heating. We used the switching ability of solvent annealing to 

investigate if films are thermally degraded. We have previously demonstrated the 

ability of solvent annealing in different solvents to change morphology37.  With 

PαMS-b-PHOST, annealing in nonselective solvent THF leads to parallel cylinder 

formation, while annealing in majority-selective acetone leads to an order-order 

transition to spherical morphology. Switching orientation by sequential solvent anneal 

sessions indicates that the morphology formed upon solvent annealing is independent 

of annealing history, so long as film degradation does not occur.57 

In the case of PMMA-b-PHEMA, if films are degraded upon thermal 

annealing, we should observe different solvent annealing behavior in films heated 

prior to solvent annealing (Figure 4.6b-c).  Two 42 nm films are spin coated, and one 

was annealed for 24 hours at 180˚C, the other 125˚C for 24 hours.  The films were 

then solvent annealed under conditions that provided parallel cylinders in as spun 

films (compare with Figure 4.3c-d).  No fingerprint pattern was observed for films 
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thermally treated prior to solvent annealing, strongly supporting the hypothesis that 

degradation occurs during thermal annealing, even when films are heated to 

temperatures near the glass transition of the polymer. 

If thermal decomposition of one block occurred, we would expect a large 

decrease in the film mass and thickness, while a small contraction of the thickness 

would result from thermal crosslinking.  TGA indicates spontaneous decomposition of 

the material beginning at approximately 300˚C (Figure 4.5b), far above the thermal 

anneal temperatures, though this does not address decomposition over a longer period 

of time at lower temperatures.  The thicknesses of the films from Figure 4.6 were 

compared with that of an untreated spin coated film in Table 4.1.  Since we observe 

only a small contraction in the thickness upon thermal annealing, we conclude that 

thermal crosslinking, not thermal decomposition, prevents development of long range 

ordering. 

 
Table 4.1. 

Anneal Treatment, 24 hour Film Thickness 

Room Temperature, air 42 nm 

125˚C, vacuum 41 nm 

180˚C, vacuum 38 nm 

 

While we have observed that it is not possible to gain long range ordering in 

PMMA-b-PHEMA films by thermal annealing, solvent annealing successfully 

provides a method for gaining long range ordering in this photopatternable block 

copolymer.  Furthermore, the ability to tune the morphology from a cylindrical 

morphology to a spherical one with higher degree of swelling provides a method for 

tuning the morphology formed in the film, an advantage over thermal annealing.  
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4.5 Future Work 

We propose that the solvent annealing behavior of PMMA-b-PHEMA in 

2MOE be investigated further.  First, correlation of morphology formed (as well as the 

kinetics of long range ordering for particular swell ratios) to the swell ratio would be 

helpful.  This would be possible with a solvent annealing chamber in which film 

thickness of swollen film can be measured while swelling is controlled by a gas 

counter-flow.   

Further study of different morphologies swollen with 2MOE would allow 

determination of degree of selectivity.  If the solvent were completely nonselective, a 

symmetric block copolymer would not undergo any order-order transition, but would 

instead transition directly to the disordered state.  If the solvent were slightly selective, 

transition to other morphologies would be observed.  If tests to determine the Flory-

Huggins interaction parameter for the neat block copolymer system were done, then an 

effective Flory-Huggins interaction parameter due to solvent swelling could also be 

calculated 

Demonstration of the selective removal of PMMA from self-assembled 

PMMA-b-PHEMA films has proven difficult using UV exposure and selective solvent 

washing. The similarity of structure of PMMA and PHEMA leads to degradation of 

both blocks.  We are confident that PHEMA can be made stable given sufficient 

crosslinking density, allowing selective removal of only the PMMA block. Another 

method to investigate is selective plasma etching.58,59   

However, not all patterning techniques require the selective removal of one 

block. For example, the Wiesner group has investigated the selective segregation of 

oxide precursors into a variety of block copolymers to yield hybrid materials with 

altered self assembly; porous monolithic oxides are possible after polymer 

removal.3,60-62 Studies of  PMMA-b-PHEMA films blended with both metal oxide 
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precursors and photoacid generators and crosslinkers could also be investigated to 

allow lithographically patternable porous oxide films. 

Now that self assembly of PMMA-b-PHEMA has been demonstrated, 

application of secondary ordering techniques can be investigated.  One intriguing idea 

is to use random copolymers composed of PMMA and PHEMA (PMMA-ran-

PHEMA) grafted to the substrate to achieve neutral wetting conditions for 

perpendicular orientation of morphologies. Perpendicular orientation of cylindrical 

and lamellar morphologies are appealing for high aspect ratio patterning methods.  

Neutral substrate wetting has been extensively used to gain perpendicular 

morphologies of with polystyrene-block-poly(methyl methacrylate), PS-b-PMMA.8 

This is primarily achieved by grafting random copolymers of hydroxyl-terminated PS-

ran-PMMA to the silicon oxide substrate, though the synthesis of these hydroxyl-

terminated random copolymers is a multi-step process.63 The Gopalan group recently 

demonstrated substrate neutralization for PS-b-PMMA using random copolymers 

synthesized from styrene, methyl methacrylate, and a small amount (1-2%) of 

hydroxyethyl methacrylate, PS-ran-PMMA-ran-PHEMA.9  The preparation of this 

material is simpler, and the hydroxyl moieties from the HEMA component allow 

grafting of the material to the substrate. In the case of PMMA-b-PHEMA, random 

copolymers of PMMA-ran-PHEMA contain hydroxyl moieties for easy grafting the 

substrates. 

However, neutral substrate techniques often only work for monolayer-

thickness films – in more than a single layer, preferential attraction of one block to the 

air interface overcomes the neutralization condition at the surface, leading to parallel 

morphologies. In some solvent annealing systems block copolymers, solvent annealing 

lowers the surface tension, leading to neutral wetting at the air interface.35,64,65 The use 

of PMMA-ran-PHEMA neutral substrates combined with solvent annealing 
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conditions that lead to neutral air interfaces could lead to perpendicular morphologies 

in very thick films. 
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4.7 Supporting Information 
 

4.7.1 Estimation of Polymer-Solvent Interaction Parameter 

The Flory-Huggins interaction parameter χ for a polymer-solvent interaction 

has both enthalpic and entropic components.66  
 

! 

" = "
H

+ "
S
 Eqn. 4.1 

 

The criterion for complete polymer miscibility is χ<0.5. The entropic 

component is typically between 0.3 and 0.4 for nonpolar systems, and χS = 0.34 is 

often used. The entalpic contribution may be estimated from the Hildebrand solubility 
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parameters for the solvent and the polymer dissolved, respectively δ1 and δ2, as well as 

the molar volume of the solvent, V1. 
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Here, T is the temperature and R is the universal gas constant (R = 8.314 J K-1 

mol-1). If the solvent molar volume V is not available, it may be calculated from the  

density (a more commonly available value), ρ, and the molecular weight m of the 

material. 
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 Eqn. 4.3 

 

Thus, the combination of estimates for χH and χS can be combined to form66  
 

! 

" =
V
1

RT
#
1
$#

2( )
2

+ 0.34  Eqn. 4.4 

 

We can use these equations to estimate the interaction of 2-methoxyethanol 

(2MOE) for each of the blocks of poly(methyl methacrylate)-block-poly(hydroxyethyl 

methacrylate). The solubility parameter of 2MOE, δ2MOE, is 24.7 MPa1/2, and its molar 

volume V2MOE is 78.8 cm3/mol.53   An experimentally-determined solubility parameter 

for PHEMA, δPHEMA, is 26.93 MPa1/2.67 A wide range of solubility parameters have 

been measured for PMMA.  Van Krevelen lists values 18.6 to 26.4 MPa1/2,53 while the 

Polymer Handbook lists 22.69 MPa1/2.66 We use temperature of 298K (room 

temperature). We estimate χs = 0.34 here, though this may be a poor estimate due to 

the polarity of the system.  

The results of these calculations may be found in Table 4.2. Given the wide 

range of experimentally-observed values for PMMA, we cannot make a definite 

conclusion about solvent selectivity.  However, the ranges do indicate that 2MOE is 
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either nearly nonselective for PMMA and PHEMA or it is selective for PHEMA.  

Selectivity for PHEMA would be expected to cause increased PHEMA swelling, and 

thus a shift from PMMA cylinders to PMMA spheres as more 2MOE is added. 
 
Table 4.2 

Block δblock, 
MPa1/2 

Source of 
δblock χH χH+χS 

PHEMA 26.93 Van 
Krevelen 0.16 0.50 

PMMA 18.6 Van 
Krevelen 1.18 1.52 

PMMA 26.2 Van 
Krevelen 0.07 0.41 

PMMA 22.69 Polymer 
Handbook 0.13 0.47 

 

4.7.2 Estimation of Interaction Parameter of PMMA-b-PHEMA 

Estimation of the interaction parameter of a block copolymer (the enthalpic 

term) may be achieved using the same equation 
 

! 

"
H

=
V #

A
$#

B( )
2

RT
 Eqn. 4.5 

 

except that an overall molar volume V is calculated from that of the two 

blocks, VA and VB: 
 

! 

V = V
A
"V

B
 Eqn. 4.6 

 

Calculation of the interaction parameter for PMMA-b-PHEMA requires a 

molar volume for each of the two blocks. Van Krevelen lists the molar volume of 

PMMA, VPMMA, as 85.6 cm3/mol.53 An estimation of the PHEMA molar volume 

VPHEMA yields 90.6 cm3/mol using the additive Fedors method; likewise, an estimation 

of VPMMA gives 81.9 cm3/mol, relatively close to its observed value indicates that the 

additive method gives a fairly good estimate.53 The degree of polymerization N is 
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calculated from the molecular weight of PMMA-b-PHEMA determined by GPC, 

PMMA block 11 kg/mol and PHEMA block 23 kg/mol, giving total N = NPMMA + 

NPHEMA = 287.  We use the solubility parameters listed above for PMMA and 

PHEMA, calculating χ for the range of solubility parameters reported for PMMA.  We 

also calculate the parameter using both room temperature (T = 298K) and the 

temperature at which samples were thermally annealed (T = 180˚C = 453K). The 

entropic component of the interaction parameter (χs) is ignored in the estimation of 

χN. 

 
Table 4.3 

δPMMA, 
MPa1/2 

Source of 
δPMMA 

Temperature, 
K χH χHN 

18.6 Van 
Krevelen 298 2.47 708 

26.2 Van 
Krevelen 298 0.02 5 

22.69 Polymer 
Handbook 298 0.64 183 

18.6 Van 
Krevelen 453 1.62 466 

26.2 Van 
Krevelen 453 0.01 4 

22.69 Polymer 
Handbook 453 0.42 121 

 

The results are found in Table 4.3, using both room temperature and thermal 

anneal temperature of 180˚C (453 K).  The results of the values are fully inconclusive 

due to the wide range of solubility parameters for PMMA: the polymer could be 

disordered or strongly segregating at both room temperature and at 180˚C. Based on 

our solvent annealing results, the real behavior lies somewhere between these 

extremes. 
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5.1 Abstract 
 

We combine the incorporation of small molecule additives with solvent vapor 

annealing to influence the self assembly of films of polystyrene-block-poly(2-

vinylpyridine) diblock copolymers.  Choosing a non-selective or selective solvent 

vapor controls the resulting pattern morphology, while blending increasing amounts of 

the poly(2-vinylpyridine)-miscible small molecule 2-(4-hydroxyphenylazo)benzoic 

acid provides precise nanometer-scale control of the resulting pattern dimensions. We 

have observed for the first time that combined small molecule blends and selective 

solvent annealing can be useful in controlling the film pattern packing.  Spherical 

morphologies can be tuned between hexagonal and face-centered orthorhombic 

packing through choice of material film thickness.  We also explore benefits of this 

combined processing approach for applications in templating inorganic materials. 
 

5.2 Introduction 

 

Block copolymer self assembly requires both a free energy benefit from phase 

separation and sufficient polymer chain mobility for the system in order to reach an 

equilibrium phase-separated morphology.  The assembly process can be promoted by 

either thermal annealing1, where the polymer material is heated above its glass 

transition temperature,  or by annealing in solvent vapor, 2-7  where polymer chain 

mobility is induced by swelling the film with solvent.  The vapor acts as a plasticizer 

within the film, effectively lowering the glass transition of the swollen film to below 

room temperature.8-10 

Solvent vapor annealing also affects the phase behavior of a self-assembled 

polymer – an additional experimental lever not available with a thermal annealing 
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process.  For a diblock copolymer film swollen with a nonselective solvent (that is, a 

solvent that equally dissolves both polymer blocks), the interaction between polymer 

blocks (χAB) is modified according to the dilution approximation:  
 
χEFF = χABφp Eqn. 5.1 
 

where φp is the volume fraction of the block copolymer in the solvent-polymer blend.11 

In experiments, φp is found to posses an exponent α, such that φp α typically ranging 

between 1.3 and 1.6, depending on the solvent and polymer system.12 The overall 

effect of swelling in a nonselective solvent is a net reduction in block interaction 

strength (χEFF) and a vertical shift of the phase diagram with minimal change in shape 

of transition locations. For a symmetric diblock copolymer swollen in a nonselective 

solvent, the minimum condition for phase separation is given by:  
 
χEFFN = (χABφp

α)N = 10.5 Eqn. 5.2 
 

which demonstrates that swelling a given material in a solvent vapor (φp<1) increases 

the minimum degree of polymerization (N) required for self assembly.   

Annealing a diblock copolymer material in a selective solvent – a good solvent 

for one polymer block and complete non-solvent for the other block – has the 

additional consequence of changing the relative block volume fractions due to uneven 

swelling of the two blocks.  We understand this effect as a horizontal shift in the phase 

diagram to a different diblock copolymer volume fraction (f), without an 

accompanying vertical change in the minimum condition for self assembly (Equation 

5.1).13-15 A self-assembled block copolymer film may be immersed into a solvent that 

is completely selective for one block (and a nonsolvent for the other block) without 

any effect on the film ordering, especially if the insoluble block is the majority 
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component such that the film is anchored to the surface.16 Swelling of only a single 

block can result in partial pore formation in the polymer film.20,21  

Effective block copolymer self assembly by solvent annealing requires 

mobility in both constituent polymer blocks – a condition easily achieved by annealing 

in non-selective good solvents.  Selective solvents must at least slightly swell the less-

soluble block in order to achieve polymer chain mobility and subsequent film self 

assembly.  In this case, the selective solvent annealing causes both a horizontal shift in 

the phase diagram due to the change in relative block volume fraction (f) and a vertical 

shift due to dilution (Equation 5.1).7  

We have previously experimentally studied the effects of solvent selectivity on 

thin film self assembly of  poly(α-methylstyrene)-block-poly(4-hydroxystyrene) 

(PαMS-b-PHOST).   Annealing films of these materials in  tetrahydrofuran (THF), a 

good solvent for both blocks, results in assembly of parallel-oriented cylinder domains 

as expected from the constituent block volume fraction (f~33%).7  A solvent selective 

for the PHOST majority component (acetone), changes the assembled pattern to a 

spherical morphology in the swollen state, which is kinetically trapped upon fast 

solvent evaporation.  

Other groups have experimentally observed similar behaviors in thin films of 

different block copolymer materials.5,6 For example, blends of polystyrene-block-

poly(4-vinylpyridine) (PS-b-P4VP) and 2-(4-hydroxyphenylazo)benzoic acid (HABA) 

self-assemble into fingerprint patterns characteristic of a parallel-oriented cylindrical 

phase when annealed in dioxane, a good solvent for the three blend components (PS, 

P4VP, and HABA).  In this system, HABA selectively segregates to the polar P4VP 

block due to hydrogen bonding 5,6 such that the total mass fraction of the polar phase 

(P4VP+ HABA) is approximately f~25%.  Annealing in solvents that are selective for 

the polystyrene block (either chloroform or toluene) results in formation of spherical 
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morphology in the swollen state, which then collapses to a perpendicular-oriented 

cylindrical phase upon solvent evaporation.   

In this work we experimentally understand the effects of combined solvent 

vapor annealing and blending a small molecule additive (HABA) on the self assembly 

of thin films of cylindrical-phase polystyrene-block-poly(2-vinylpyridine) (PS-b-

P2VP).  Annealing in non-selective or selective solvent vapor environments controls 

film morphology and therefore the type of self-assembled pattern.  We demonstrate 

that blending increasing amounts of the small molecule HABA to the material system 

provides precise nanometer-scale control of the pattern dimensions, and we 

quantitatively understand this effect using an effective blend molecular weight and 

volume fraction.  In principle there are many materials capable of hydrogen bonding 

with P2VP and thereby selectively localizing in the P2VP domain of a self-assembled 

PS-b-P2VP film.  In this work we have used HABA because of its previously 

demonstrated use.5,6 However, future work may involve comparing additives of 

crystalline versus amorphous materials such as molecular glasses.22,23  We have 

observed for the first time that annealing a blended PS-b-P2VP/HABA material in a 

selective solvent vapor also controls pattern packing for a spherical morphology and 

we can tune between a hexagonal arrangement and square packing via choice of 

material film thickness.  Using the blend material in combination with solvent vapor 

annealing also provides benefits for templating applications as selective HABA 

removal leaves increased exposed P2VP surface area and an improved geometry for 

loading with metal precursors from solution. 
 

5.2 Methods  

PS-b-P2VP was purchased from Polymer Source, Inc. with PS block 32500 

kg/mol and P2VP block 12000 kg/mol and molecular weight distribution 1.05.  Blends 
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with 2-(4-hydroxyphenylazo)benzoic acid (“HABA,” Aldrich) are formed by mixing 

differing amounts of 1% PS-b-P2VP (w/v) and 1% HABA (w/v), both dissolved in 

dioxane (Aldrich).  No special treatment of the HABA – PS-b-P2VP blend solution 

was found necessary in order to gain selective partitioning of HABA into the P2VP 

phase. Thicker films (79-88 nm thick, depending on HABA content) are achieved by 

spin coating 1% (total mass/volume) blends at 2000 RPM, and are used for cross-

sectional imaging. Prior to cleaving for cross-sectional SEM, a thin layer of gold is 

sputtered on films using a Cressington 208HR High Resolution Sputter Coater.  Films 

with terracing displaying single and double morphology thickness are achieved by 

diluting the solution with further dioxane, either to 0.75 or 0.5%, and varying spin 

coating speed. Films possess film thickness of 25 – 30 nm in the dried state, near or 

slightly less than the spatial period for the polymers (Figure 5.5), though this is 

consistent with single morphology or double morphology thickness in the swollen 

state as shrinkage occurs upon evaporation of the annealing solvent. Film thicknesses 

are measured using a J.A. Woollam M-2000 spectroscopic ellipsometer. 

Solvent annealing takes place in a closed container with a solvent reservoir, 

either dioxane or toluene (Aldrich).  Annealing time is determined as the minimum 

time needed to gain long range ordering for the particular annealing conditions. 

Overall times are also dependent on anneal chamber volume, reservoir size and 

solvent volatility.  Anneal times reported here compare to other data in this work with 

the same solvent, but cannot be used as standardized times. In the case of thermally 

annealed films, films spin coated on silicon are placed in a vacuum oven for 4 hours at 

190˚C. 

After annealing, films are immersed in methanol (Aldrich) for 5 minutes and 

then blown dry in a stream of nitrogen.  The methanol serves to selectively extract any 

HABA present and to selectively swell the P2VP block.  
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Aqueous germanium oxide solution (“GeO2,” Aldrich, 100 mMol in Millipore 

water) is mixed immediately prior to use and filtered through a 0.2 µM nylon syringe 

filter.  Methanol-treated films are soaked in GeO2 solution for 10 minutes and then 

blown dry in a stream of nitrogen.  Removal of polymeric material is achieved by 

treatment in a UV/ozone cleaner (UVOCS T10X10/OES) for 60 minutes.  

Gold solution is made from gold chloride trihydrate (Aldrich, 100 mMol) 

dissolved in 2% hydrochloric acid (concentrated hydrochloric acid, Baker, diluted to 

2% with Millipore water).  Methanol-treated PS-b-P2VP films are soaked in the gold 

solution for 60 minutes, rinsed by a brief immersion in Millipore water, and blown dry 

in a stream of nitrogen.  An oxygen reactive ion etch (March Plasma CS1701F, 100 

mTorr, O2 20 sccm, 100 W, 60 seconds) removes the PS-b-P2VP and reduces the 

gold. 

A Hitachi S-4800 Scanning Electron Microscope and Veeco Dimension 3100 

Atomic Force Microscopy are used for surface imaging. Spatial period is determined 

from AFM images using the 2D power spectral density feature in Veeco Nanoscope v. 

5.3 software; accuracy of this technique is typically ±2nm.   

 

5.3 Results & Discussion 

 

5.3.1 Solvent Annealing in Nonselective & Selective Solvents 

Annealing both neat PS-b-P2VP and HABA-blended PS-b-P2VP (PS-b-

P2VP/HABA) films in non-selective (dioxane) and selective (toluene) solvents 

facilitates both material phase segregation and self-organization. We have defined the 

film anneal time as that required to achieve large defect-free ordered domains (Table 

5.1).  PS-b-P2VP films (without HABA) annealed in non-selective dioxane form 

fingerprint patterns, consistent with a cylindrical morphology (Figure 5.1a) and similar  
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Figure 5.1.  Dioxane-annealed films of PS-b-P2VP with 0% HABA (a, d), 10% 
HABA (b, e), and 20% HABA (c, f).  Atomic Force Microscopy height images 
demonstrating fingerprint pattern are seen on the top (a-c), while scanning 
electron micrographs on the bottom show terracing present in nearly-single layer 
films (d-f).  The observed fingerprint pattern combined with the terracing indicate 
formation of parallel cylinders for all samples. 
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Table 5.1 

 
 

to the morphology observed in thermally-annealed PS-b-P2VP films (Figure 5.2). 

Observed film terraces also support our conclusion of a cylindrical morphology 

(Figure 5.1d).  Parallel-oriented cylindrical domains formed below a surface-wetting 

layer are partially exposed to the surface as a series of uneven holes after rinsing in 

PVP-selective methanol to swell P2VP domains below a wetting layer at the surface. 

The parallel cylinder domain orientation is likely driven by both preferential substrate 

wetting of the polar P2VP minor phase and preferential wetting of one block to the air 

interface.  

PS-b-P2VP blends with 10% and 20% HABA (w/w) annealed in dioxane 

assemble into similar fingerprint patterns (Figure 5.1b-c) with film terraces (Figure 

5.1e-f) indicating parallel cylinder formation. After solvent annealing, films are rinsed 

with methanol to swell the P2VP domains as well as to extract the HABA. (Table 5.1 

displays the relative mass fractions of PS, P2VP, and HABA in the blend materials. 

The blend volume fractions are difficult to calculate because of unknown HABA 

density.)  The required dioxane anneal time (4-5 hours) does not increase with added 

HABA amounts.  A 20% added HABA mass fraction results in a 42% polar mass 

(P2VP+HABA) (Table 5.1) which could in principle move the blend to a lamellar 

morphology; however, the presence of film terraces combined with the observed 
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Figure 5.2. Parallel orientation of  PS-b-P2VP (without HABA) after thermal 
annealing 190˚C for 4 hours demonstrates island and hole formation with two film 
thicknesses : a) below single layer thickness and b) above single layer thickness.  
Repeat spacing is measured to be 28 - 29 nm.  A) thinner film (top) shows single 
thickness terrace next to area with too thin of film to form morphology, while B) 
thicker film shows an island with two integer thicknesses. Note the formation of dots 
at terrace interface, consisitent with perpendicular cylinder formation at 
incommensurate film thicknesses 
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fingerprint pattern strongly suggests parallel-oriented cylinder domains rather than 

lamellae. 

Solvent vapor annealing allows control of film morphology by choosing 

preferential solvents for the constituent polymer blocks.  Annealing PS-b-

P2VP/HABA films in toluene (a selective solvent for PS) leads to formation of 

ordered dot patterns (Figure 5.3a-c) and film terraces (Figure 5.3d-e) for added HABA 

amounts less than 10%. We expect that selective toluene incorporation into the 

majority PS block results in a film with spherical morphology in the swollen state.  

Previous experiments with PS-b-P4VP/HABA have reported cylinder-forming block 

copolymer films transitioning to a spherical morphology in the swollen state and 

collapsing to a perpendicular cylinder morphologies upon drying,5,6 while in PαMS-b-

PHOST cylinder-forming systems the spherical morphology is maintained upon 

solvent removal.7 Cross-sectional SEM images of toluene-annealed PS-b-

P2VP/HABA films containing 5% HABA after solvent removal and HABA extraction 

(by methanol) indicate that these materials maintain a spherical morphology (Figure 

5.4).  The 79 nm thick film contains half-sphere divots in the top surface rather than 

being fully penetrated by perpendicularly-oriented cylindrical pores.  We observe 

similar morphology in 10% HABA blend films, and it is difficult to observe the 

morphology of neat PS-b-P2VP films after toluene annealing because P2VP cannot be 

selectively removed. 

Films containing increasing HABA concentration require longer toluene 

anneal times for self assembly, in contrast to films annealed in non-selective solvents 

(Table 5.1).  Blend films containing 20% HABA are not fully self-assembled even 

after 24 hours in toluene vapor (Figure 5.3f).  Visual observation of the film color 

change upon annealing for longer times indicates that films swell more when annealed 



 184 

 

 
 
Figure 5.3. Toluene-annealed films of PS-b-P2VP with 0% HABA (a, d), 5% 
HABA (b), 10% HABA (c, e), and 20% HABA (f).  Atomic Force Microscopy 
height images demonstrating hexagonal dot are seen at the top (a, c, e), while 
scanning electron micrographs show terracing present in nearly-single layer films 
(d, e).  The observed hexagonal pattern combined with the terracing indicate 
formation of sperical morphology for 0 - 10% HABA.  Films with 20% HABA 
cannot gain sufficient mobility for long range ordering to occur, as observed in 
the AFM image (f). 
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Figure 5.4. Cross-sectional SEM of PS-b-P2VP + 5% HABA  after annealing in 
toluene. Film thickness of 79 nm is chosen in order to distinguish spherical from 
perpendicular morphology.  Divots of top layer of spheres are observed at the top, 
indicating a spherical morphology is trapped in the dried state. 
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 for longer times. Therefore, longer anneal time required for self assembly indicates a 

higher swell ratio in the blended films is needed to obtain sufficient mobility.  We 

attribute this behavior to the poor solubility of HABA (and thus the PVP + HABA 

block) in toluene. 

 

5.3.2 Blended HABA Changes Domain Period (d0) 

The spatial period of the PS-b-P2VP domains (d0) increases when blended with 

increasing amounts of HABA (seen visually in the SEM images of Figures 5.1, 5.3 

and graphically in Figure 5.5).  Dioxane is a good solvent for all three blend 

components (PS and P2VP blocks, and HABA), and we observe similar film anneal 

times of 4-5 hours for all blend compositions.  We measure a domain period d0 ~31 

nm in neat PS-b-P2VP films annealed in dioxane, a value slightly larger than that 

measured for thermally annealed films of the same molecular weight (d0 ~28 nm, 

measured from the SEM image in Figure 5.2), though these numbers are difficult to 

compare because of the different imaging methods used to calculate them. The spatial 

period of polymers annealed in a nonselective solvent are known to decrease with 

added solvent.24 Because the blend film annealing time (and thus polymer swelling 

ratio) remains constant for all amounts of added HABA, we can attribute increases in 

d0 beyond 31 nm to the presence of HABA in the film.   

We can quantitatively understand the effect of added HABA on the film 

domain periodicity d0 using a simple model for the PS-b-P2VP/HABA blend. For each 

blend composition, we calculate the mass of added HABA per PS-b-P2VP polymer 

chain and estimate a polar molecular weight (P2VP+HABA) by assuming the 

P2VP/HABA material behaves as a single P2VP block with larger molecular weight. 
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Figure 5.5. Spatial period d0 increases as the HABA content increases, both for 
dioxane-annealed and toluene-annealed films. Slope of toluene annealed films is 
higher than that of dioxane annealed film, indicating incorporation of both HABA and 
toluene solvent contributes to spacing after toluene annealing. 
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This rough approximation assumes: completely nonselective solvent swelling; small 

amounts of added HABA do not affect the film swelling ratio; strong blend material 

phase segregation; and negligible solvent effect on the domain spacing (experimental 

data shows this to be small).  Despite these assumptions, the data are well fit by d0 ~ 

Neff
2/3 (Figure 5.5), where Neff is the total degree of polymerization calculated from the 

PS-b-P2VP/HABA blend effective molecular weight (Table 5.2). 

 
Table 5.2. Effective molecular weight of (PS-b-P2VP + HABA) blend, with a 
hypothetical block copolymer composed of PS-b-P(2VP/HABA).  This is useful for 
assessing the increase of spatial period d0 as HABA content increases when swollen 
with a nonselective good solvent.  The effective total Mn is transformed to total degree 
of polymerization N, and the plot is found to follow d0 ~ N2/3. 
 

 
 

The PS-b-P2VP domain period  (d0) increases significantly faster in HABA 

blend films annealed in toluene (Figure 5.5), a selective solvent for PS.  Linear fits to 

the data for added HABA blend amounts less than 10% show that toluene annealing 

changes the periodicity d0 ~2 times faster than dioxane.  The different behavior may 

be attributed to the increase of solvent in the films as the HABA content increases. 

Toluene annealing requires significantly longer times as the blend HABA content 

increases (Table 5.1), meaning that films require higher swelling ratios to achieve 

polymer mobility in both blocks, (and in particular, the P2VP/HABA domain).  Lai et 

al. observed that the degree of selectivity of a swelling solvent has a strong effect on 

the change in periodicity of the blended material: as the solvent becomes more 
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selective, the periodicity can actually increase.25 We are unable to distinguish d0 

increases due to incorporated HABA or toluene from solvent contributions in toluene 

annealed films, but the increase in periodicity may be attributed to both increased 

HABA and increased toluene content in the films, two related parameters.   
 

5.3.3 Cubic Lattice in Toluene-Annealed PS-b-P2VP/HABA Films 

Blended PS-b-P2VP/HABA films annealed in a selective solvent (toluene) 

show regions of cubically-arranged dot patterns as well as hexagonally-packed 

equilateral triangle orientations (Figures 5.6a-d), indicating two different lattice 

alignments in the film. These packings are only possible for spherical morphology.  

We have observed square-packing behavior in both 5% and 10% HABA blend films 

(the 10% blend is shown in Figures 5.6a-d), although never in films of neat PS-b-

P2VP films without HABA.   

Hexagonal or square dot domain packing occurs for specific blend film 

thickness.  A monolayer of P2VP/HABA domains packs hexagonally (Figure 5.6b), 

while a second sphere layer results in square packing (Figures 5.6c-d) of both the 

lower and upper layers. High-resolution SEM images of square-packed dot regions 

reveal small indentations at center points indicating a first layer with a similar packing 

arrangement. Thicker PS-b-P2VP/HABA blend films show only hexagonal domain 

packing (e.g., the 80nm thick film in Figure 5.4). The key observation is that film 

thickness controls the resulting pattern domain packing, providing a method to further 

expand possibilities for templating applications.26-28  

Previous experiments with multilayer spherical-phase PS-b-P2VP films have 

demonstrated body-centered-cubic (bcc) packing with the (110) crystallographic 

direction oriented perpendicular to the substrate.17-19 This particular crystal orientation 
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Figure 5.6. Films of PS-b-P2VP blended with 10% HABA after annealing in toluene.  
Terracing is present in thin films of incommensurate thicknesses, though due to defects 
this region displays 3 step heights (a). The white boxes indicate the location of images in 
b-c). The step between brush layer and single film thickness is observed in b), while the 
step height from hexagonally packed monolayer to square-packed bilayer is shown in c). 
Spacing for these two are observed to be nearly identical, 41 ± 1 nm for hexagonal dots 
and 42 ± 1 nm for square dots. As can be seen in the zoomed in region (d), in some 
regions of the square dot region, very small dots appear at the interstitial space (an 
example is marked with a red arrow), consistent with the very top of a sphere layer 
underneath; even in regions without small interstitial dots, depressions are observed (an 
example is marked with a blue arrow). 
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minimizes chain stretching required for filling interstitial spaces at interfaces.17 Later 

work demonstrated that bcc packing forms for films thicker than 22 layers upon 

thermal annealing, but thinner thermally-annealed PS-b-P2VP films containing 

between 4 and 22 sphere layers change to a face-centered orthorhombic (fco) 

structure.18,19 Below 4 layers a hexagonal packing is the most stable structure. The fco 

lattice observed in thickness 4-22 layers is more deformed closer to 4 layers and 

approaches bcc-like packing closer to 22 nm.  As demonstrated in Scheme 5.1, the bcc 

lattice (110) crystal plane parallel to the substrate corresponds with an fco (100) 

crystal plane parallel to the substrate.  This fco (100) would lead to rectangular 

packing of spheres in the bcc, but in the highly deformed lattice in thin films could 

form square packing. 

Solvent vapor processing of the spherical-phase triblock copolymer of 

polystyrene-block-poly(ethylene oxide)-block-poly(methyl methacrylate) (PS-b-PEO-

b-PMMA) in benzene and water results in square packing of PEO-b-PMMA spheres 

for films having 2.5 layers., which is described as a bcc arrangement with (100)  

orientation.28  The behavior is believed to result from interactions between hydrophilic 

PEO segments and water during solvent evaporation. Films of PS-b-PEO-b-PMMA 

less than 2.5 layers thick also arrange hexagonally. 

Our measurements of square domain packing in a diblock copolymer blended 

with HABA suggests the behavior may be more generally observable in other systems 

as well. The requirement of both a selective solvent (toluene) and HABA for square 

domain packing in PS-b-P2VP films suggests that decreased mobility within the 

minority spherical phase (compared to the PS majority) contributes to pattern 

formation. 
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Scheme 5.1.  a) A body-centered cubic (bcc) unit cell, where a=a1=a2=a3.  For clarity, 
the spheres located on lattice corners are red, while the sphere located at the center of 
cube is blue. b) A face-centered cubic (fcc) unit cell, where b=b1=b2=b3.  A face-
centered orthorhombic (fco) unit cell has the same arrangement of spheres as an fcc, 
but b1, b2 and b3 need not be equal. For clarity, spheres located on lattice corneers are 
red, while spheres located on lattice faces are blue. c) Projection of an fco lattice 
existing within a layer of 4 bcc lattices, in which the lattice parameters c1=c2=a*21/2 
and c3=a.  In thick films, a spherical morphology possesses bcc packing with the (110) 
lattice plane parallel to the substrate.17-19 In the fco contained within the bcc crystal 
plane, the fco (100) and bcc (110) are the same plane. Stein et al showed that in films 
approaching 22 layers of spheres, the fco morphology approached the structure shown 
in c, while for thinner films it was more deformed.25, 26 Deformation of the lattice in 
thin films could lead to square packing of the fco morphology displayed in thin films. 
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The observed square packing in bilayers of PS-b-P2VP/HABA films annealed 

in toluene is consistent with an fco (100) lattice (Scheme 5.2). It could also be 

consistent with an fcc (100), or a bcc (100) packing, which are specific equilateral 

cases of an fco lattice (Scheme 5.1).  These lattices could be determined by comparing 

the ratio of the spacing of the dots on the surface to the distance between the layers of 

the spheres in the swollen state (Scheme 5.2).  In dried films, however, the spacing 

between layers does not reflect the layer spacing of a solvent swollen film due to 

contraction of the film upon evaporation.7,29 This structure could be elucidated by 

performing grazing incidence small angle X-ray scattering on solvent-swollen films. 

 

5.3.4 Templating Applications 

We have demonstrated the utility of blending HABA with PS-b-P2VP material 

for both controlling the resulting self-assembled pattern dimensions and also the 

domain packing pattern.  Here we demonstrate a further benefit of the blend material 

for templating applications.  Previous experiments have demonstrated the selective 

infiltration of the P2VP block in PS-b-P2VP with oxide precursors or metal salt 

complexes.30-33 Metal salt infiltration of a P2VP cylindrical phase of PS-b-P2VP film 

followed by reduction to metallic form has been demonstrated to create patterns of 

gold, platinum, and other metals.30,31 We have adopted this approach in templating 

P2VP domains with gold.  Gold coating is achieved by soaking films in gold chloride 

in acidic solution, and then an oxygen plasma etch removes the polymeric material 

and reduces the gold precursor.  Use of PS-b-P2VP films annealed in both dioxane 

(Figure 5.7a) and toluene (Figure 5.7d) as a template results in gold in line and dot 

patterns corresponding the self-assembled morphology.  Blend films of PS-b-

P2VP/HABA contain larger exposed P2VP surface area after HABA removal (with 
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Scheme 5.2.  Bilayers of PS-b-P2VP containing 10% HABA possess a square packing 
after annealing in toluene. This could be explained as the substrate-parallel alignment 
of the (100) crystal plane of (a) a bcc lattice with a=a1=a2=a3, (b), an fcc lattice  (with 
b=b1=b2=b3, or an fco lattice (with b=b1=b2≠b3). The (100) crystal planes are indicated 
by the shaded parallelograms; a projection of the (100) crystal plane for bcc (c) and fcc 
and fco (d) is shown here. Distinguishing the lattice structure for the square bilayer 
region would require comparing the spacing between the spheres at the surface to the 
spacing between the sphere layers, as described in e) and f).  An fco packing would 
exist if the ratios for bcc or fcc are not observed. 
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Figure 5.7. Gold patterns after organic material removal from PS-b-P2VP films 
containing 0% HABA (a, d), 10% HABA (b, e) and 20% HABA (c, f) were annealed 
in dioxane (left: a, b, c) and toluene (right: d, e, f).  Patterns containing 0% HABA 
follow P2VP pattern, but with low pattern fidelity. Films containing 10% HABA 
display significantly increased pattern fidelity.  Films with 20% HABA demonstrate 
pattern fidelity, but block copolymer self assembly is less controlled.  The 20% 
HABA dioxane annealed film (c) has severl sets of parallel lines, indicating a bilayer 
of parallel cylinders; monolayer regions did not display patterns with any fidelity at 
all.  The 20% HABA toluene annealed film possesses a gold pattern that is a direct 
match to the disordereted pattern after annealing displayed in Figure 5.2f.  
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methanol), and show improved fidelity of gold patterning (Figures 5.7b-c and 5.7e-f) 

because of improved accessibility of gold chloride ions in solution to the P2VP phase.   

We have also templated a new material, germanium oxide, using a PS-b-

P2VP/HABA film by dipping porous (post-HABA extraction) films into aqueous 

GeO2 solution and removing the remaing polymer with UV/ozone treatment (Figure 

5.8).  As with gold patterning, HABA-extracted films give better patterning than those 

without HABA due to the increase in pore size after HABA extraction. The size of the 

germanium domains within the PS-b-P2VP voids is observed to increase as the HABA  

content of the PS-P2VP increases, indicating larger pores formed in films blended 

with more HABA.  Furthermore, the periodicity of the germanium oxide patterns is 

found to mimic the increased periodicity of PS-b-PVP blended with HABA.  Thus, 

use of HABA to tune periodicity and pore size provides a method to tune the size and 

spacing of germanium oxide patterns. Finally, the germanium oxide pattern may be 

formed both on hexagonally-packed and cubically-packed regions of films containing 

HABA and annealed in toluene; in Figure 5.8f, the germanium pattern formed on 10% 

HABA film after annealing in toluene shows a region with square packing. 

The use of HABA blended with PS-b-P2VP to control periodicity and to form 

pores in PS-P2VP after its selective extraction holds promise for tuning domain 

patterns, as demonstrated here with gold and germanium oxide patterning.  In both 

cases, assembly of PS-b-P2VP containing HABA promotes increased pattern fidelity 

due to larger pore formation after HABA extraction.  The above results indicate that 

templating techniques that make use of backfilling pores (as for GeO2) as well as 

selective attraction of a salt to the polar P2VP phase (as for gold), benefit from 

inclusion of HABA during the self assembly step followed by its extraction. 

Furthermore, changing the HABA concentration allows tuning of the pore size and 

domain spacing, which is transferred to the patterned materials.  
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Figure 5.8. Germanium oxide patterns created on PS-b-P2VP films containing 0% 
HABA (a, d), 5% HABA (b, e) and 10% HABA (c, f) annealed in dioxane (left: a, b, 
c) and toluene (right: d, e, f). We observe Germanium oxide deposited in pores with a 
high degree of fidelity, as well as a thin GeO2 layer present at the top surface. 
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5.4 Conclusion 

Solvent annealing of PS-b-P2VP allows control of morphology formed by 

choice of solvent: annealing in dioxane yields parallel cylinders, while annealing in 

toluene gives spherical morphology.  Inclusion of HABA in films prior to solvent 

annealing leads to the same morphologies as for HABA-free films, but the spatial 

period of the films is found to vary significantly.  In the case of the increase of d0 in 

dioxane-annealed films, the bulk of the increase may be attributed to the increase in 

HABA volume.  For toluene-annealed films, however, the increase of spacing is found 

not only due to increased HABA volume but also to increased swelling of toluene 

needed for mobility of the PVP block.  Finally, inclusion of HABA is found to 

improve templating of both void-filling templating techniques (GeO2) as well as 

single-block swelling techniques (P2VP), as well as to provide tunability of 

periodicity. 
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