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Abstract

Self-assembly of block copolymer thin-films may provide an inexpensive alternative
to patterning lithographic features below the resolution limits of traditional optical
methods. Block copolymers (BCPs) are polymers made of two or more distinct
monomer/block units that are covalently bonded. Due to their differences in surface
energy, the different blocks tend to phase segregate like oil and water; but because of
the covalent linkage, this segregation is practically limited to size scales ranging from
only a few nm to ≈ 100 nm. A thin film of a BCP can be used in much the same way
as a photoresist in the lithographic process, whereas a desired pattern morphology
can be obtained by etching one block away and leaving behind a self-assembled hard
mask for the underlying substrate.

After a thin film of BCP is coated onto a given substrate, the BCP must be given
an annealing step, where the disordered entangled polymer networks can be allowed
to diffuse and equilibrate into lower free energy configurations which result in periodic
patterns of micelles with different morphologies such as spheres, in/out of plane
cylinders, etc. This work explored the technique of solvent vapor annealing, where
organic solvents were allowed to interact with BCP thin films to facilitate annealing
and act as surrogates for the different BCP polymer blocks. This allowed for a wide
range of control over the BCP self-assembly (morphology, periodicity, etc.) for a
given molecular weight BCP. Additionally, by adding heat at critical times during the
self-assembly, time scales for solvent vapor enhanced self-assembly could be reduced
from hours to seconds making the prospects for this technology to become industrially
applicable more promising.

Thesis Supervisor: Caroline A. Ross
Title: Toyota Professor of Materials Science and Engineering
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Chapter 1

Introduction and Motivation

1.1 Motivation and Outline of Thesis

The invention of the electronic transistor heralded dramatic changes to the way that

humans interact with the natural world. As researchers discovered new methods to

shrink the size of transistors in a systematic way (following the well-known Moore’s

Law) computer systems have gotten more and more powerful enabling humans to have

access to tools that would be thought of as unthinkable a century ago. Today, many

carry in their pocket devices as powerful as the supercomputers of decades ago which

filled large rooms.

In general, transistors and how they are used as arrangements allowing for logical

computation has remained unchanged. What has changed is their size. Smaller

transistors yields ever increasing computational ability for a given unit area and also

generally allows for more computation completed per unit energy input. The ability

to make smaller and smaller patterns for the wires and junctions making up the

transistors and their layout has been led by advancements in optical lithography.

Patterning transistors with photons is diffraction limited. The resolution, R, or

the spacing between two neighboring sufficiently distinguishable intensity peaks for a

light source with a wavelength, λ, is given by the well-known R = λ
2NA

, where NA is

the numerical aperture which corresponds to the range of angles over which a system

can accept light (θ degrees from the source, traveling through a medium with index of
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refraction n) and is defined numerically as n sin(θ) . Currently, the wavelength of light

used in industry to pattern computer chips is 193 nm and may remain so for some

time even though historically the easiest way to shrink pattern sizes and decrease the

resolution limit was to use shorter wavelengths. Instead, advancements have come in

clever ways to use this wavelength to make increasingly smaller patterns. For example,

immersion lithography (193i) changes the medium that light travels through from

air, with n of 1, to higher index fluids which increase NA and therefore decreases the

resolution to smaller periodicities available to pattern. These strategies have allowed

193 nm light (in conjunction with other strategies) to result in modern computer chips

that have approximately 20 nm half-pitch features.

Extreme ultraviolet lithography (EUV) aims to improve the resolution limit by

using smaller wavelength light (13.5 nm), but it currently is encountering a host of

technological challenges that are preventing it from being used even though billions

of dollars have been spent on developing the technology. One technological hurdle

is that no light source has been developed that meets the stringent requirements of

stability and intensity needed to pattern quickly and effectively enough for industry.

Electron beam lithography is an available technology that can pattern features

much smaller than 193i (owing in part to the sub-nm wavelength of electrons) but it

also runs into profitability issue due to the serial nature of the patterning, where a

beam of electrons is scanned line by line over in an entire area for patterning when

compared to optical lithography, where the entire area is flashed and exposed for

patterning simultaneously. No one is entirely certain which technology is going to

end up providing the ability to pattern smaller features sizes beyond 193i, and this is

where self-assembly comes into the picture.

Nature uses self-assembly all around us. The complexities of the human body

are encoded within DNA which has a much higher information storage density than

anything that humans can currently produce and which allows for the self-assembly

of complex structures with sufficient material and energy input. All of this is done

taking by advantage of thermodynamic principles which guide all processes. If humans

can become adept in controlling self-assembly, then technological advancements will
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continue at a rapid pace.

The basic concept for utilizing thermodynamic self-assembly to improve the res-

olution limit of computer chips is to combine two approaches: First, use available

technology to produce patterned regions that act as macro-scale boundary conditions

on the order of 10s of nm’s in dimension. Then, fill these regions with molecules that

are mobile and thermodynamically driven to self-assemble and arrange themselves

into chemically distinct patterns with periodicities much smaller than the macro scale

boundary conditions where were initially set. For example, use optical lithography two

create a trench 100 nm in width and then fill the trench with molecules that lineup in

and along the trench direction and which space themselves with 10 nm periodicities.

After etching away one of the chemically distinct regions of these molecules, trenches

with periodicities of 5 nm’s have been produced. Self-assembly has the advantage,

like optical lithography, of being a parallel process. No matter where the molecules

are located, they will all have thermodynamic driving forces guiding them to arrange

themselves locally. Self-assembly is not completely understood though and it can be

fraught with difficulties, so being able to control the thermodynamic driving forces is

an important problem to tackle. This thesis aimed to understand and improve upon

the current methods for controlling these driving forces, whether through placement of

physical boundary conditions or by environmental control by introduction of solvent

vapor and/or heat.

This chapter introduces one class of self-assembling systems known as block

copolymers and introduces annealing methods which help them equilibrate into

periodic patterns. Block copolymer self-assembly is one of the competing strategies for

producing high-resolution patterns over a large area. Numerical modeling techniques,

in particular self-consistent mean field theory, is briefly introduced and discussed.

Results from this modeling method are compared to experimental results throughout

this thesis.

Chapter 2 explains detailed experimental setups of the basic solvent vapor annealing

system, the flow controlled solvent vapor annealing system, and the solvothermal

annealing system which were used in this thesis. Enough detail is listed such that
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anyone wishing to reconstruct these systems should have enough information to do so.

Also explored is the effect that powerful mobile computational devices, such as tablet

computers, are starting to have on how research is done in an academic lab setting.

Chapter 3 explores the block copolymer materials system used and the basic

solvent vapor annealing methodology which can enable a wide range of control during

the self-assembly such as microphase morphology and orientational control which

can enable higher aspect ratio perpendicular features. The importance of controlling

solvent removal rate is noted here.

Chapter 4 discusses the flow controlled solvent vapor annealing system which

was constructed during this thesis work to expand upon the capabilities of the basic

solvent vapor annealing system and which allows for a higher degree of control and

reproducibility. The important differences between this method and the basic solvent

vapor annealing method, such as the ability to accurately probe lower vapor pressures

and enable the self-assembly of lower molecular weight block copolymers, is covered.

Chapter 5 summarizes templated self-assembly which combines electron beam

lithography, a top-down technique, with block copolymer self-assembly, a bottom-up

technique, to enable a wide range of lithography strategies such as three-dimensional

self-assembly. Using templated self-assembly with removable materials and the im-

portance of the chemical functionalization of the templated boundary conditions is

discussed.

Chapter 6 shows how the introduction of heat during a solvent vapor anneal

can drastically shortened the time scales of annealing to make this technique more

industrially viable. This method of solvothermal annealing is explored with templated

systems and is shown to be capable of annealing regions of interest within minutes

of exposure to the proper sequence of solvent vapor and heat. Drastically reducing

the time scales of annealing makes self-assembly an attractive candidate for next

generation lithography.
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1.2 Introduction to Block Copolymers

Block copolymers (BCP) are of interest for lithographic applications due to their ability

to generate patterns with periods ranging from 5 to 100 nm3–9. This range overlaps

with and exceeds that which is currently achievable with conventional photolithography

processes. By harnessing the self-assembly inherent in this process, this technology

enables a cost-effective, high-resolution, and high-throughput nano-patterning capa-

bility, especially when combined with current nano patterning techniques such as

electron beam lithography and nano imprint lithography. This bottom-up approach

to patterning surfaces is still some years away from being implemented in industry,

with the current ITRS report still considering it an emerging technology. Looking

forward there are still many obstacles to overcome such as reproducibility, precision

morphology control, and defect control of the BCPs if this technology is to be used on

an industrial scale. Templated self-assembly (industrially known as DSA or directed

self-assembly) and precision solvent annealing is of increasing interest in accomplishing

these goals and expanding the domain of application of this technology. The ability to

selectively swell different components in BCPs can induce varying degrees of changes

from the bulk morphology commonly seen, and this is currently only possible through

the use of solvent annealing.

Diblock copolymers, or AB block copolymers, are two chemically distinct polymer

chains connected together in a linear fashion with a covalent bond10. Due to their

differing chemistry, the blocks of the BCP tend to be immiscible and undergo phase

segregation at temperatures below their order-disorder transition temperature. Macro

scale phase segregation is prevented by the presence of the covalent bond linking the

two immiscible polymers; hence the separation distance, D, is limited to sizes on the

order of the radius of gyration, Rg, of the polymer chains (10s of nm): D ∼ Rg ∼ aN
1
2

, where a is the monomer length, and N = NA +NB is the degree of polymerization

which is approximately the number of monomer units. In bulk, the self-assembly of

block copolymer morphology (lamella, cylinders, etc.) is determined by the volume

fraction of the blocks, f , the degree of polymerization, and the degree with which the
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Figure 1-1: A schematic of the some of the morphologies obtainable with BCPs1.

two blocks are immiscible, which we designate quantitatively with the segmental Flory-

Huggins interaction parameter, χAB, which is inversely proportional to temperature.

In thin films, the available morphologies are in and out-of-plane cylinders and lamella,

perforated lamella, and spheres. Bulk morphologies are seen in Figure 1.2.

One simple but powerful thermodynamic approach to understanding the driving

forces that cause spontaneous microphase separation is the Flory-Huggins model,

which gives a Gibbs free energy of mixing equation

∆Gmix

kT = fA
NA

ln (fA) + fB
NB

ln (fB) + fAfBχ

where f is the volume fraction and N is the number of repeat units of each polymer

type.

The change in Gibbs free energy, ∆Gmix, is related to the total entropy change

of the universe which must be > 0 for a spontaneous process to follow the 2nd law

of thermodynamics. When ∆Gmix is < 0, the entropy of the universe would increase

if the process was allowed proceed uninterrupted. When considering the functional
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form of this equation it is important to realize that it is describing a simplification of

the actual BCP system. The first two terms describe the well known configurational

entropy terms. I.e. the maximum configurational entropy would occur in a BCP

system if the monomers making up the polymers were randomly mixed. There are

other entropy terms that are not explicitly shown in this equation. For example,

consider the conformational entropy of a polymer chain segment concerning itself with

how two neighboring monomers are rotated relative to each other (assuming that

these two neighboring monomers have single bonds and are capable of rotation). If

there are many states, W , that are available for these two neighboring monomers

to be in relative to each other, then their conformational entropy is high. This is

noted by considering the well known Boltzmann entropy formula, S = k ln(W ) . This

picture helps intuit how spontaneous processes that seemingly increase the ’order’

of a system are not in fact breaking any laws of thermodynamics. A good example

of this is the case of oil and water spontaneously separating. Although it may seem

like the entropy is decreasing when two materials systems are separated; in fact, the

configurational entropy is decreasing, but it is being more than compensated for by the

increase in conformational entropy that results when water molecules go to one region

of the cup and oil molecules go to another: water molecules can hinder rotational

conformations of the long oil molecules. If water segregates, oil molecules can access

more conformations and increase the total entropy of the system.

There are a wide range of entropic components that can describe very deep details

of the system (even electronic configurations within neighboring bonds have entropic

components) making it difficult to keep track of every interaction possible. That

is why the Flory-Huggins model of BCP mixtures takes the route of wrapping all

of these other terms into an ’energetic’ penalty term χ. Now, instead of dealing

with the complexity of how a water molecule is hindering bond rotations from steric

interactions, etc., we can simply say that there is an energetic or enthalpic penalty

to ∆Gmix proportional to how many water molecules are located near oil molecules

(fAfB).

This picture helps explain why order disorder transitions within a BCP system
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Figure 1-2: A phase diagram of diblock copolymers predicted with self-consistent
mean field theory2

can arise. If the BCPs are sufficiently small (N is small), then there are fewer

constraints for example on rotational configurations due to there being fewer monomer

bonds in general and thus fewer segments of consideration. This starts making the

configurational entropy term of more and more important unless χ is very large to

counteract this. This interplay between χ and N are why they are usually considered

as a multiplicative pair χN. If χN is too low (< 10.5 for bulk systems where f = 0.5)

a BCP system is unable to spontaneously phase separate as doing so would break the

second law of thermodynamics. The bluk di-BCP phase behavior relating χN and f

is shown in Figure 1.2. As χN decreases (for example, by increasing temperature) the

polymer system may go through an order disorder transition and become a homogenous

melt.

Although the bulk phase diagram shown in Figure 1.2 appears ordered and sym-

metric, in real systems this is not the case. Asymmetries can arise in real systems

due to differing properties of the two blocks (in reality there is no B block that is the

exact opposite of an A block in a mathematical sense). Additionally, constraints come

about when the system is confined to thin films as opposed to the bulk systems that
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were modeled numerically to determine the phase diagram.

Lastly, it is important to mention that for lithographic applications, BCPs are not

used in bulk, but as thin films. When BCPs are confined to thin films, the surface

energetics start taking up a larger fraction of the systems energetic consideration and

can result in different phase behaviors that are explored throughout this thesis. A thin

film of a given thickness, t, will, after annealing, contain periodic BCP microphase

separated structures with a domain spacing of L0. To compete with the cutting edge

of optical lithography methods, BCPs with domain spacings of <50 nm periodicities

are most important (although outside of the narrow field of BCPs for semiconductor

lithographic applications, there are a wide range of applications for BCPs with larger

periodics for a variety of applications related to filtration, photonics, etc. that were

not explored in this thesis work).

1.3 Annealing Methods

1.3.1 Thermal Annealing

In order to make equilibrium morphologies that are stable at room temperature, it

is desirable that the majority block have a glass transition temperature, Tg, that is

greater than the temperature at which further processing of the BCPs will commence.

There are many methods used in applying thin films of BCPs to surfaces such as

spin/dip/spray coating, reel to reel, etc., and each of these methods will require

some post processing/annealing to initiate microphase separation. If defects in the

microdomain order are undesirable, then it is necessary to anneal the defects away

by allowing kinetically trapped polymers to diffuse towards a state of lower energy.

Thermal annealing does this by raising the temperature of the system near Tg and

allowing the individual kinetically constrained chains to start reptating and diffusing.

An activated reptation model for the diffusion coefficient, D, of a BCP undergoing

Rouse dynamics is

D = D0e
−∆F

kT
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D0 depends strongly on the degree of polymerization, and ∆F is a thermodynamic

energy barrier that is proportional to χN. A value of χN ∼ 7.6 is an estimate of

when a BCP first undergoes significant difficulty in diffusion11, this value is below the

critical χN = 10.5 for microphase separation in lamellar diblock copolymer systems.

Although thermal annealing has been shown to be very effective in removing defects,

thermal budgets should ideally be minimized when considering implementation of

these technologies on industrial scales. Additionally, if changing periodicity is desired,

the control over how much the individual blocks are changing in their volume fraction

is negligible. If a process requires that a certain BCP materials system is used, then

in order to achieve changes in BCP pitch and morphology entirely new molecular

weights of the polymers must be synthesized in order to change. This can be seen by

considering how the period, L0, in the strong segregation regime scales as

L0 ∼ aN
2
3χ

1
6

where a is the Kuhn monomer length.

L0 does show weak dependence on χ, but this is not sufficient to realize significant

changes in L0 due to the subsequent cooling which will bring the interaction parameter

back to its nominal value. Thermal annealing is effective in removing defects in

microdomain order. Solvent annealing, on the other hand, also removes defects in

addition to offering greater flexibility in BCP pitch and morphology by allowing solvent

molecules to incorporate into the block copolymers and act temporarily as surrogate

members of the self-assembling system that can effectively change χ and N .

Thermal annealing increases the temperature to bring the system closer to Tg, but

it is also possible to decrease Tg by incorporation of solvents molecules into polymer

networks, which changes interfacial interaction between the blocks of the BCP and

their chain mobility by acting as a plasticizer. The effective strength of the initial

Flory-Huggins interaction parameter changes depending on the fraction, f , of solvent

incorporated into the polymer film as

χAB,eff = χAB,init (1− fsolvent)
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It is evident that decreasing Tg and χ serve well to allow the polymer to reach an

equilibrium state without increasing temperatures, and there is the added benefit that

solvents can selectively swell different blocks of the polymer effectively changing the

volume fraction of the blocks allowing for varying degrees of morphology control. The

amount that individual blocks swell depends upon the interaction parameter between

the solvent molecule and the block in question. The Flory-Huggins equation can relate

how a thin film of homopolymer (one of the blocks for example) swells depending on

the vapor pressure, p, and the interaction parameter12.

ln
(
p
p0

)
= χsolvent−polymer

(
D0

D

)
2 + ln

(
1− D0

D

)
+
(
1− 1

N

) (
D0

D

)
1.3.2 Solvent Vapor Annealing (SVA)

Solvent annealing has proven to be a powerful technique for allowing thin films of BCPs

to obtain different equilibrium structures with low defect concentration. Previously

studies in our group have shown a wide range of morphology control using polystyrene-

block-polydimethylsiloxane (PS-b-PDMS), and this system has shown to be quite

interesting for a number of reasons. For one, the high Si content in PDMS leaves

a robust oxide-like etch mask after a two step reactive ion etch (RIE), and the χ

parameter of PS-b-PDMS (χ is approximately 0.26 at 300K) is quite larger than

those of other commonly used BCP systems such as polystyrene-block-poly(methyl

methacrylate) (PS-PMMA, χ is approximately 0.06 at 300K) and polystyrene-block-

polyethylene oxide (PS-PEO, χ is approximately 0.08 at 300K). The higher value of

χ allows for smaller values of N (smaller features) to be achieved without the BCP

becoming disordered at room temperature. The cosolvent system used for annealing

PS-b-PDMS consists of toluene and heptane (heptane is very selective to swelling

PDMS, and toluene is moderately selective to PS and PDMS). Initial studies involved

45 kg/mol PS-b-PDMS (fPDMS=0.32), which forms cylinders in bulk. By changing the

vapor pressure of toluene and heptane, different morphologies could be obtained13.

Experimentally, this was done by placing a spin-cast BCP film on top of a small

glass pedestal inside of a larger crystallization dish. Then, a 1 - 2 ml of solvent (with
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varying mole fractions of toluene) were added to the dish, and after placing a glass

cover over the setup, the solvent is allowed to evaporate and the BCP film is allowed

to anneal. The glass top does allow for a constant flux of solvent to escape and

was required so that the polymer does not swell too much and dewet (by keeping

the partial pressures of the solvents down). The vapor pressures were controlled in

magnitude by changing the amount of solvent added to the dish; the closer the BCP

film was to the solvent the higher the vapor pressure. This simple setup showed

success, but reproducibility and consistency was a problem for a number of reasons

and these are discussed in detail Chapter 2 and consist for example of the vapor

pressure being heavily dependent on size of leak gaps over time between dish and

cover. These reasons, along with others, necessitated that a system be built more

capable of accurately controlling the vapor pressures of the solvents while allowing in

situ monitoring to help give us insight into the swelling behavior of the BCP films.

This system is discussed in Chapter 4.

1.4 Templated Self-Assembly

The pressing question at hand is how these patterns which result from intermolecular

attractive and repulsive forces can be effectively harnessed to generate useful features

with low defect density and reasonable annealing times. One way that researchers

are attempting to generate useful features with BCPs is by templating the regions

of interest with lithographically controlled chemical3,14,15 or physical patterns9,16–26.

The basic strategy revolves around combining top-down lithographic techniques such

as optical and electron beam lithography with self-assembly. This takes advantage

of the control of the top-down technique and combines it with the resolution of the

bottom-up self-assembly. The types of boundary conditions imposed by the top-down

self-assembly vary but usually consist either of physical or chemical templating. In

physical templating, the substrate topography is physically modified or altered in

some way by for example etching into a Si wafer to create an array of trenches, or

using trenches resulting from a developed resist as guides for a self-assembling BCP.
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After the BCP is added to the trenches, the chemistry of the side walls of the trenches

should be such that they are more favorable to be wet by one of the blocks. This

allows a domain ordering front to form along the side walls of the trench, which is

where the BCPs will initially wet to minimize surface energy of the entire system in

an analogous manner to a droplet of fluid wetting a corner to satisfy capillary forces.

After sufficient annealing, the BCP domains will have arranged themselves along the

trenches that could be linear or curved. In-plane cylinders for example tend to align

with the underlying topography due to the energy penalty that a cylinder undergoes

when trying to conform to sharp bends causing distortion to the polymer chains27.

Patterning to control the orientation of individual cylinders by use of posts of hydroxyl

silsesquioxane (HSQ, also chemically functionalized) has been a recent breakthrough

that takes advantage of HSQ cylinders being able to interact with in-plane cylinders

and this method was used throughout this thesis work.

In chemical templating, the substrate surface is modified such that different

chemical species occupy periodic locations along the sample. This can be accomplished

for example by first chemically reacting a short chained hydroxy-terminated polymer

with the native SiO2 and then using top-down lithography methods to degrade or

crosslink periodic regions within this ’brush’ treated surface. Due to the periodic

arrangement of regions with differing surface energy, the different blocks will tend to

wet whichever region it is most compatible to. One advantage to this method is that it

does not destruct the underlying hard or soft substrate in any way. One disadvantage

though is that although the BCPs can appear to have simple patterns that correspond

to the underlying surface chemistry, it is likely that the three dimensional nature

of how exactly the BCP microdomains are orienting themselves can be complex

and non-regular meaning that care has to be taken when pattern transferring since

different regions between neighboring BCP microdomains may have different amounts

of polymer to etch through28.

These issues aside, many groups have shown great control of lamellar forming

PS-b-PMMA by using extreme ultraviolet interference lithography or electron beam

lithography to pattern dense lines and spaces with periods on the order of the block
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Figure 1-3: An SEM micrograph showing the transition of perpendicular lamellar
PS-PMMA to a chemically patterned region that guides the self-assembly.3

copolymer period5,7,8,24,29,29–35 as shown in Figure 1.4 where the chemical contrast

that results from the photon beam oxidation of the photoresist caused lamella to align

in the direction of the patterning, with each block of the lamellar BCP tending to

minimize its free energy by wetting the patterned or unpatterned regions to minimize

unfavorable substrate-polymer interactions. By changing the commensurability of the

chemical pattern strain can be induced into the polymer resulting in changes in line

width and periodicity until it becomes energetically unfavorable and defects start to

form.

For making perpendicular lamellar lines, chemically patterned surfaces have been

promising with the control they exhibit, however this technique does not allow for

placement control of morphologies such as in-plane cylinders and spheres. Instead,

physically templating substrates with changes in surface topography can be used to

guide the formation of such patterns9,27,33,36.

1.5 Modeling

BCPs consist of many components: PS-b-PDMS, with a molecular weight of around

45 kg/mol, is composed of ∼ 400 monomer units, with each monomer containing

about 10 elements and being about 0.1 nm3. A 20 nm spherical micelle has on the

order of 42 000 monomers and involves 200 or so BCPs. If BCPs are to be modeled
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with numerical simulations, then the ability to model realistically sized regions of

10’s of nm’s quickly becomes intractable if the positions and orientations of each

element are kept track of along with their connectivity, as limitations are reached

into how quickly a given calculation can update tens of millions of memory locations

hundreds of thousands of times. These limitations led physicists to develop a wide

variety of simulation techniques that effectively try to ignore these many small size

scale effects and wrap them up into a smaller number of macroscopic effects that

behave equivalently. This strategy is known as coarse graining. Coarse graining

conceptually wraps up a number of neighboring monomer units and makes larger

scale monomers that are connected together. Instead of a polymer being composed

of hundreds of monomers, it is composed instead of tens of monomers each following

a variety of rules that guide their relationships to their neighbors (spring constants

replace calculated bonding energy versus distance using quantum dynamics, etc.).

This strategy makes it possible with modern computers to model systems of many

macroscopic chains over larger length scales by tracking every component in what

is known as a molecular dynamics approach. Another approach used throughout

this thesis is less computationally intensive than molecular dynamics and works by

modeling the energetics of one coarse grained BCP in an effective mean field. This

mean field approximates the averaged energetic contributions of the BCPs which

would surround this coarse grained BCP, and this field behavior is actually calculated

from the individual BCP. Effectively, this is a BCP interacting with an averaged-out

surrounding of itself. The next section on this method, known as Self-Consistent Mean

Field Theory (SCFT), goes over some of the basic math behind this method, and

Mathematica code that can run such a simulation is included in the appendix of this

thesis.

1.5.1 Self-Consistent Mean Field Theory

SCFT37–41 has its foundations in statistical mechanics and involves the partition

function, Z. Recall that the partition function is related to the probability that a

given configuration of objects will occur. One way to intuit this is as follows: imagine
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standing above a door-less room with a floor covered completely with red plastic

cups of varying diameter. If a ball is thrown from a random location into the room,

the probability that it lands in a given cup will be proportional to the diameter

of the cup. Each cup could represent a given configuration of BCPs where each

configuration has a certain energy value associated with it, and the size of the cup

diameter was exponentially related to this energy value, which is expressed with an

energy Hamiltonian, H. In this example, the partition function, Z, is the total added

area of all the cups. Z encodes information about every cup (energetics of a given

configuration → Boltzman probability of such a configuration → cup diameter), and

therefore it turns out to be a valuable mathematical tool for thermodynamics. Z

is written as a function of H; and in SCFT, H is a function of the averaged ’mean’

field of the surrounding area outside of the given BCP. These are chemical potential

fields, Ω. In a given region of space that is being simulated, at a given step in a

simulation, a mean field will be tested, and there will be a field value associated with

each coordinate in this space. Simply put, a field represents the a 4D object: three

dimensions map out the coordinates, and the last dimension represents the field value

at the location (this field value wraps up information about energetic penalties for

overlapping polymers of different type for example). To find Z, the summation of

each probability involves functional integration as follows:

Z =
∫
e−

H[Ω]
kT DΩ

The goal of an SCFT calculation is to find the mean field configuration, Ω∗, that

dominates the partition function38. I.e. we want to find the largest diameter cup

which represents what is most likely to happen statistically (and thus in nature).

Mathematically speaking, the saddle point solution to SCFT is sought after. I.e.

when the derivative of the energy with respect to the field configuration is zero. This

represents a saddle point in this context which could be either a maximum, minimum,

or a saddle point as typically described. This points to one disadvantage of SCFT worth

mentioning, which is that meta-stable local minima can be found instead of global

minima (maxima can be found, but SCFT has built in temperature-like fluctuations
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of field values that drive the system out of them and into local, or more hopefully

global, minima). The goal written mathematically is the functional derivative:

δH[Ω]
δΩ

∣∣∣
Ω∗

= 0

These are the two most important equations for SCFT in general. When moving

to system specific cases, H has to be described specifically. For a diblock copolymer

system, H will not be derived here, but typically the method of finding H starts

with a standard Gaussian chain partition function follwed by a Hubbard-Strantovich

transformation (a mathematical tool that makes solving later SCFT steps easier, this

is actually the step where the fields are introduced to replace the coarse graining of the

system around the BCP chain). This results for the case of AB diblock copolymers in:

H[Ω] = −C
{
i
∫

Ω+

[
→
r
]
d
→
r − 1

χN

∫
Ω2
−

[
→
r
]
d
→
r + V

∑
n lnQn[Ω]

}
where Ω+ is a chemical potential field (with only imaginary values, thus making

H real) corresponding to ’pressures’ in the system trying to keep the BCP density

constant (this helps prevent polymer from overlapping in space and making densities

unrealistically large). Ω− is a chemical potential field corresponding to the energetic

penalties of interactions. I.e. the different chains do not want to overlap and the

amount of this dislike is related to the Flory-Huggins interaction parameter, χ. V is

the system volume, C is a materials constant that includes for example the Ginzberg

parameter, and Qn is the single chain partition function for the nth species (AB diblock,

homopolymer of B, solvent a, triblock ABA, etc.) which is calculated differently for

each.

In general, each component in a given species (A and B for an AB diblock) has a

corresponding field (in a similar way, in a given mixture of different components, each

component has a chemical potential field associated with it which ‘guides’ its diffusion

for example). For the case of an AB diblock, ΩA = iΩ+ + Ω− and ΩB = iΩ+−Ω−. Qn

can be found by utilizing different mathematical tools to help solve for the single chain

partition propagator qn from a modified diffusion equation using the pseudo-spectral

algorithm and then summing over qn for each chain. Qn is then
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Table 1.1: The collection of diffusion equations to solve for the propagator qn which
helps solve for the single chain partition function needed for SCFT.

∂qn
∂s = a2

6∇
2qn − Ω

[→
φn

]
qn

∂q†n
∂s = a2

6∇
2q†n − Ω

[→
φn

]
q†n

qn = qn

[
→
r , s,Ω

]
q†n = q†n

[
→
r , s,Ω

]
qn

[
→
r , s = 0,Ω

]
= 1 q†n

[
→
r , s = 0,Ω

]
= 1

Qn[Ω] = 1
V

∫
qn

[
→
r , s = 1,Ω

]
d
→
r

where s is the position along the chain. (I.e. each chain has a number of monomers,

Ns, and each monomer starting from the beginning of the chain(position s=0) is

indexed with the last one being represented by position s=1). The equations solved

to find the propagator are shown in Table 1.1, where a is the Kuhn monomer (related

closely to the size of the physical polymer system’s monomer diameter) and q†n is

the complimentary propagator that starts at the opposite chain end. qn is closely

analogous to the wave function in quantum mechanics: Consider a line of length

one (s ∈ [0, 1]). For an AB diblock copolymers, qn can be thought of as a wave

function representing a probability distribution of how the A block is distributed

and q†n representing how the B block is distributed along the chain. Initially in the

simulation, the probabilities are unity at each end (Dirac delta function, as in the last

row of Table 1.1), but as time steps go on, the probability amplitude spreads out. This

is why the Fokker-Planck equation (first row of Table 1.1) is used; it describes the time

evolution of a probability density function. As each of the probability distributions

evolve and start overlapping, the overlap has an interaction penalty as expected due

to the χ parameter.

After q†n and qn are solved, the normalized local polymer density, φn can be

calculated from:

φn

[
→
r
]

=
ρn[

→
r ]

ρ0
= 1

Qn

∫ 1

0 q
†
n

[
→
r , 1− s,Ω

]
qn

[
→
r , s,Ω

]
ds
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This is analogous to solving for ψ∗ψ in quantum dynamics calculations, where ρ0

is the monomer density and ρn is the local polymer density. In the special case of a

single monomer species, such as a solvent of type N (N could be solvent a, b, etc.),

QSolN is

QSolN =
∫
eΩSolN[

→
r ] d

→
r

and the normalized density of solvent is

φSolN

[
→
r
]

= e
ΩSolN[→r ]
QN

νSolN

where νSolN is a volume fraction of solvent.

As SCFT iterates through solutions, there must be conditions that are satisfied so

that the system remains self-consistent. This is because as a solution to a given field

is found, it may pull the solution of another field further from its equilibrium solution

since they are all interconnected. Thus a ‘relaxation’ scheme is used to ‘relax’ the

fields. These relaxation equations belong to the pseudo-dynamic complex Langevin

dynamics scheme:

δH
δiΩ+

= λ+
δiΩ+

δt
= λ+C (1− φA − φB)

δH
δΩ−

= λ−
δΩ−
δt

= λ−C
(

2ν − 1− φB − φA − 2Ω−
χN

)
+ λ−η

[
→
r , t
]

where λ+ and λ− are relaxation parameters, and t is a fictitious simulation time

step unrelated to real time. The equations basically try to approximate how the

energetics of a field configuration, H, evolve with the field configurations, and the

approximation is made that this evolution is proportional to how the field evolves in t.

If the time steps are too big, then the system can overshoot relaxed field configurations,

but if the time step is too small, then the simulation can take too long to complete

in a reasonable amount of time. Finding the values for these part of the Langevin

relaxation scheme are done empirically. η
[
→
r , t
]

is random Gaussian noise used in the

scheme to add effective ‘temperature’ fluctuations to help prevent the system from

getting trapped in meta-stable equilibrium conditions37.
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Thus a simulation begins by starting with random field configurations, solving the

diffusion equations for each propagator, finding the densities of the polymer related

to the propagator, updating the fields with the relaxation scheme and iterating this

until δH[Ω]
δΩ

∣∣∣
Ω∗

= 0 (although it wont be numerically equal to zero, as the random

temperature fluctuations prevent this). Numerically, SCFT confines the polymer

space to an Nx by Ny by Nz grid. Thus, the fields, densities, and propagators are

3D matricies of this size, where each coordinate in the matrix represents a physical

coordinate in the unit cell being simulated (with periodic boundary conditions). The

physical distance between two grid points in the 3D cell in relation the the actual

polymer monomer size are related to L0. Fixing field configurations for certain regions

during the simulation effectively adds boundary conditions (like posts patterned for

templated self-assembly)42.

1.6 Summary

Due to the pressing need to create new technologies that take advantage of nanoscale

features smaller that what is currently economically viable, much effort has been

expended to understand BCP self-assembly which has shown itself to be a very

promising candidate for this type of patterning. Researchers have usually dealt with

annealing by using heat, but this methods has limitations as discussed. Thus, solvent

vapor annealing has been found to be a very promising technique for the self-assembly

of BCP systems. Unfortunately, much there is much complexity to a SVA that has

yet to be completely understood. Researchers have found reproducibility to be a

vexing problem that has resulted in a gradual understanding of the vast number of

control variables required during a SVA (humidity, temperature, vapor composition,

film thickness, etc.). The SVA methods used before I began my thesis worked revolved

around very simple systems where a BCP film was simply placed in the neighborhood

of an evaporating solvent at room temperature in an open or closed system for hours to

days. The difficulties with this method are discussed in Chapter 2. This need for better

control of SVA guided my work in designing a flow controlled SVA system whose setup
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is described in Chapter 4. This work resulted in an improved understanding of the

complex thermodynamic systems when a diblock copolymer is introduced to varying

populations of two solvents by tracking in situ the behavior of the thin films during

exposure to controlled solvent vapor conditions. This better understanding of the

important characteristics required for a controlled SVA allowed for the development of

solvothermal annealing which combines the best characteristics of SVA with those of

thermal annealing in a non-linear fashion. Future work in this area should yeild much

fruit in understanding of best-practice annealing methods and my current results show

that it is possible to reduce time-scales of self-assembly to the minutes or seconds time

scales making it very promising for industrial manufacturing where these timescales

are required. The work presented here on templated self-assembly was possible due

to the nature of controlled solvent vapor annealing. This is especially the case for

the bilayer self-assembly, where magnificently complex levels of 3D self-assembly were

found to be possible with SVA but not with thermal annealing. These results are

discussed in Chapter 5. Enabling complex 3D self-assembly could result in drastic

reductions to future nano-lithography whereby multiple patterning and planarization

steps are instead replaced with single 3D self-assembly steps.
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Chapter 2

Experimental Design and

Methodology

2.1 Solvent Vapor Annealing Setups

The following section summarizes the key details that went into the construction

of the solvent vapor annealing setup. This section contains enough information for

anyone interested in creating such a system to do so by following the general outline

presented here. Key differences between this system and the previous basic system

used in our group are discussed.

The basic purpose of this device was to create a controlled solvent vapor atmosphere

with set pressures of one or more solvents in a chamber that has uniform steady state

vapor conditions wherein a polymer thin-film can be placed and exposed to the solvent

vapors. The main difference between a system like this and the solvent vapor annealing

setup that was used in the past in our group was that this system took advantage of

steady-state vapor flows instead of more equilibrium like vapor conditions inside of a

small partially closed container as discussed in the next section.
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Figure 2-1: The flow controlled solvent vapor annealing system.

Figure 2-2: The previous setup used in creating a solvent vapor condition for annealing
BCP’s.
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2.1.1 Basic Solvent Vapor Annealing

This basic solvent vapor annealing setup shown in Figure 2.1.1 consisted of the

following: a crystallization dish, microscope slides, and a petri dish for the top cover.

Typically three microscope slides were cleaved in half and stacked to make a pile of

six inside of the crystallization dish. The experimental procedure was: first, a Si wafer

with a polymer film was placed on top of the microscope slides. Then, an amount of

solvent was added to the crystallization dish to reach a level almost as high as the

sixth microscope slide. Then, the petri dish was added to the top to keep the solvent

vapor relatively contained.

This was the setup used in annealing BCPs before I began my thesis work and was

utilized for some experiments during my time here, but it had some disadvantages.

Due to imperfections in the connectivity between the crystallization dish and the petri

dish small gaps form where solvent vapor could leak out the top of the crystallization

dish. Typically 1 to 2 mL of solvents were placed inside and the gaps resulted in

a release rate of a few micrograms of solvent per second. Among other effects, this

basically resulted in pressure conditions that were not entirely constant in time.

There are a few other important things to notes in this system before further

discussion. The first was that do to the small volume of air above the polymer and

solvent liquids, the chamber reached close to saturated vapor pressure conditions

within only 1 - 3 minutes. Additionally, the distance from the solvent liquid air

interface to the polymer air interface was initially very low. This in turn resulted in

vapor conditions at the polymer air interface that would be very close to literature

values of the solvent vapor pressures at the temperature conditions of this setup at

room temperature. However, due to the gap at the top of the crystallization dish the

solvent vapor pressures near the top would be lower than near the solvent liquid air

interface and thus at the polymer surface since it resides in between the two regions.

As time progressed during an anneal and the solvent liquid continued to evaporate,

the distance between the polymer film and the solvent liquid air interface continued to

increase. This increase resulted in a small decrease in vapor pressure conditions at the
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surface of the polymer film. This effect could be measured by tracking the swelling

conditions of the polymer film in real time during the anneal. Typically what happened

was that the swelling ratio remained approximately constant until the solvent vapor

was about to completely dry up, in which case the swelling ratio drastically decreased

as the pressure conditions were decrease inside the chamber. This effect is explored in

more detail in Chapter 3 where my work on achieving perpendicular BCP features

was explored.

One of the disadvantages of this system is that due to nonuniformities in production

of these glass pieces different solvent vapor conditions were achieved in different dish

setups due to the different gap sizes that result from these two non-planar interfaces

touching. I.e the size of the gap at the top of the glass dish resulted in differing vapor

pressure conditions and thus different swelling ratio vs. time conditions. To mitigate

these effects typically a single (glass dish+glass cap) system that was found to work

was used for all relevant experiments and markings were drawn on top of the glass

petri dish so that similar orientation between the two interfaces could be maintained

between experiments on different days. This made it possible for a single researcher

to reproduce successful experimental runs, but it made it too difficult for another

researcher to use different glass pieces and have precisely the same results. These

difficulties aside, it was possible to take advantage of knowledge of this behavior to

achieve difference qualitative results by changing the gap size. For example, knowing

that a given petri dish and crystallization dish setup would have a range of different

gap sizes which could be explored by the rotation of each to relative to each other,

three different vapor pressure conditions could you explored with the given dish. A

high-pressure, high swelling ratio, low gap size regime, an intermediate regime, and

a low pressure, low swelling ration, high gap size regime. This could be very simply

accessed by rotating the petri dish relative to the crystallization dish and noting the

three locations. The gap size was highest when the greatest amount mismatch between

the two were noted by how much wobble could be felt in the petri dish when pressed

against the crystallization dish and vice versa for the lowest gap size.

Another difficulty when using this glass dish system was that the experimental
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steps had no ‘atmosphere purging’ step where ambient air condition were neutralized.

Because the room temperature and humidity were typically not precisely controlled in

these general lab settings, and because these variables can cycle greatly during weather

changes in the region, different researchers found that different days, under what was

assumes to be the same solvent vapor conditions, could actually result in completely

different self-assembly. The reason for this was that water as a solvent can have a

non-negligible effect on the swelling of the different domains in the BCP (depending in

the particular BCP chemistry) and on the surface energies of the polymer-air (solvent

A, solvent B, ..., H2O, N2, O2, etc.) interface. Differing amounts of humidity changed

the amounts of water presents in the system, and different temperatures of the system

changed the vapor pressures achieved.

Another important difficulty to mention in this ‘simple’ system was the fact that

solvents tended to adsorb to any surface inside the closed annealing dish. That meant

that if a new, clean setup was used then different swelling ratios in the experiment

could be observed because some amounts of the solvent molecules were going to

adsorb onto all of the glass surfaces inside of the annealing chamber. Therefore, it

was typically important to use the same setup with the same starting conditions. For

example, only one solvent system (e.g. 5:1 by weight Toluene:Heptane) should be

used in a given annealing dish, and if the solvent system was to be changed then the

annealing dish should be cleaned and a dry run of the new solvents should be done

with no polymer film inside and allowed to evaporate before the actual run was done.

This helped create consistent chamber wall conditions between different annealing

experiments on different days.

The question might arise as to why a completely closed system wasn’t used, for

example a system very similar except where the petri dish was replaced by a screw

on cap that fixed in the solvent liquid. The reason was it was found that the solvent

vapors in a closed system reached such a high vapor pressure for these particular

polymers that the polymer films tended to dewet completely. This is because the

driving force for any system that is mobile is a reduction in the free energy resulting

from surfaces. A polymer film is always tending to form droplets(albeit usually on
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Figure 2-3: N2 was used as the carrier gas for the flow controlled solvent vapor
annealing setup.

time scales beyond human time scales) because this reduces its surface area and thus

its free energy. Therefore, by introducing gaps, the solvent system is never able to

reach its absolutely highest possible vapor pressures and thus the amount of dewetting

can be more fully controlled.

The difficulties presented in this ‘simple’ system made the system not quite simple

and not quite reproducible or satisfactory enough for our goals. Thus it was necessary

to build a setup that could mitigate some of these disadvantages that were present,

and expand on the limitations.

2.1.2 Flow Controlled Solvent Vapor Annealing

In order to work around the limitations of the simple system, where the solving vapor

conditions were constantly changing, it was necessary to move to a system where

steady-state solvents vapor conditions could be obtained. Such a system would require

a carrier gas, a source of solvents, and an annealing chamber separate from the solvent

source. This was the general framework under which the construction of the system

was guided.

A standard high purity (99.999%) N2 tank was used as the source of the carrier

gas. The pressure regulator was set to be less than 30 PSI due to the requirements of

the mass flow controllers. Typically this did not need to be adjusted. Additionally,

the pressure regulator had a Swagelok (316PST) fitting that connected it to 1/4 in.

outer diameter perfluorinated tubing.

The perfluorinated tubing from the N2 container reached a series of five T-junctions
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Figure 2-4: Nylon T junctions used to separate the carrier gas flow between a number
of mass flow controllers.

Figure 2-5: Mass flow controllers were used to regulate the mass/volumetric flow rate
of the carrier gas before it was sent to the solvent sources.

(durable white nylon compression tube fitting, Tee for 1/4 in. tube OD, McMaster

50775K395) in the setup. Metallic junctions were not needed in this case due to the

lower pressures that were required for the mass flow controllers, this allowed for the use

of nylon T-junctions (with a lower maximum pressure of operation) as a cost-saving

measure.

Each nylon T-junction, except for the last in the series, was connected to one mass

flow controller (MKS Type M100B Mass-Flo Controller). For more information on

how these mass flow controllers operate see the appendix.

These mass flow controllers can have a wide range of flow rates available (0-50,000

sccm). However, each range of operation must be calibrated by the manufacturer and

possibly altered by changing internal components such as the stacked disk bypass

assembly which controls the amount of initial pressure drop internal to the device.
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Additionally, each internal electronic feedback setup must be calibrated to the type of

material that will travel through the device. Each of the mass flow controllers used in

the system was calibrated to have a maximum flow rate of 10 sccm of N2 gas.

There are a couple of important points to note as to why the mass flow controllers

were placed before the solvent canisters instead of after. One reason was that because

each flow controller required a specific calibration depending on the type of gas that

would travel through it, it drastically increased the ease of operation and the flexibility

of the solvent annealing setup to just stick with one highly calibrated gas flow of N2.

If for example we had calibrated the device for particular mixture of toluene and

heptane gas, then whenever a new solvent system was used a new calibration routine

would be required. One other very important reason as to why this was placed before

the solvent source was that internal to the device were a number of plastic-based seals.

It was possible to find and purchase a number of different brands and plastic type of

seals that were resistant to a certain set of solvents, however changing these depending

on the solvent system of interest would hinder the ease of use and could dramatically

increase the cost of operation because each MFC is > $1k and seals can range from

$10-$100.

In addition to this, by decreasing the number of times that an operator was

required to manually handle the flow controllers, the amounts of drift in the zero

set-point calibration could be decreased. Each controller had a number of mechanical

moving parts internal to the device that controlled the flow rate and these parts were

susceptible to drift in airflow calibration by vibrations and movements that could

bring the device further from the original calibration.

By placing the flow controllers on the wall, vibrations could be reduced, and this

reduction decreased the amount intervention required by operators in adjusting zero

point calibration. This is not the only advantage though in placing the controllers here.

One of the operational variables of a flow controller is the ambient temperature, and

this is because part of the operation and feedback control requires the measurement

of the temperature of the incoming gas. By connecting the controllers directly to the

wall, which can be thought of as having a high thermal mass, and inertia against
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Figure 2-6: The control box for the flow controllers which is capable of operating
eight channels simultaneously.

temperature fluctuations in the room can be provided which further increases the

operational accuracy of the flow controllers.

Each mass flow controller was connected to the ‘MKS multi gas controller 647C’.

This device provided a digital readout of the set points and real-time flow conditions

of each of the six channels that were used. Numerical values from 0 10 sccm were

entered directly into this device. An RS232 port is located in the back of this device

and allows for connection to a computer via an ‘RS-232 to USB’ cable. This would

allow for the possibility of more advanced ‘flow control versus time’ type of operation,

however this was not used during the studies contained in this thesis, because typically

steady-state operations were being observed for one hour, and the time delay between

noticing a change in steady-state vapor pressure inside of the annealing chamber could

be on the order of 30 minutes depending on flow rates, which was thought to be too

long of a time delay to study novel changes in swelling ratio versus time.

Perfluorinated tubing (3/16 x 1/4 x 1/32, Thermo Scientific 8050-0250 Tubing 890

FEP) used to connect the mass flow controllers to the solvent source were found to

be quite unyielding when trying to control their position and orientation due to their

high stiffness. This tubing was required because, in terms of plastic tubing, it had

the highest resistance to the solvents used in our study. It was important to choose

a tubing material that was resistant to incorporating solvents that were going to be

used, because any solvent incorporation in the tubing could create deviations in the

vapor pressures expected, and improper tubing could allow the solvents to diffuse out

of the tubing and create a health hazard.
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Figure 2-7: A 3-D printer was utilized to construct mounts to guide stiff perfluorinated
tubing.

Figure 2-8: A glass chamber was used to contain the solvents. These pieces were
custom-made.

The 3-D printer in the Laboratory for Engineering Materials was utilized many

times throughout this thesis. It was found to be an excellent tool for creating extremely

specific solid objects for laboratory use and rapid prototyping. I found the fastest

and most simplest way to create an object for 3D printing was to use SketchUp

(once owned by Google) and a plug-in that immediately created *.STL files. Many

hours were saved by simply printing objects instead of using traditional machine shop

methods where none were actually required (metal/wood vs. plastic), such as in the

previous example of the tubing guide mounts.

The perfluorinated tubing connected the mass flow controllers to the solvent

containers. These solvent containers, and all other custom glassware were custom
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designed and made by glassblowers at G. Finkenbeiner Inc. The solvents container

design had to satisfy a few requirements. Firstly, it was necessary that the container

had a low probability of solvent leakage, because the solvent annealing setup was

used outside of the fume hood. Thus, the container was designed with only two

openings; an inlet for the carrier gas and an outlet for the saturated solvent vapor,

where the outlet could also be used as the input for the solvent liquid itself. Secondly,

it was desirable to have a fast and easy ‘sanity check’ where it would be immediately

clear that the device was in operation. When the gas flow was on it was easy to see

immediately that bubbles were being formed in the solvent liquid. This gave other

lab users knowledge that the device was in operation for their safety considerations

and immediately allowed the operator to check whether every component before the

solvent container was properly operating (were there any loose fittings, was the N2

tank empty, were there any breaks in the tubing, etc.). Thirdly, glass containers, even

those custom-made, were more inexpensive then metal containers. Glass also has a

higher thermal mass than metal, and can help stabilize temperatures of the solvent

relative to the outside lab environment more readily than metal would be able to.

It can be enlightening to consider the path of a unit volume of N2 carrier gas as

it travels from the mass flow controller through the solvent liquid and out through

the solvent container when considering the size of the solvent container to construct.

As a N2 bubble enters the solvent liquid it starts out as almost pure N2. As the

interfacial area between the N2 bubble and the solvent liquid increases, the vapor

pressure of the solvent in new bubble increases. By the time the bubble reaches the

top surface and pops, ideally the bubble would be completely saturated with solvent.

This was most likely not the case in this system due to the short path length (5-10

cm) of the traveling bubble, thus a large surface area of solvent liquid was desired.

These solvent containers were approximately 13 cm in diameter, and given the high

evaporation rates of the solvents that were used in this thesis, the size was sufficient

for the creation of a saturated stream. (This was tested by comparing the swelling

ratios of polymer films under a saturated flow and that of the simple system under

equivalent solvent conditions.) One thing to note is that this analysis assumes a given
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Figure 2-9: The ball and socket connection on the solvent container.

rate of introduction of N2 bubbles. If the N2 introduction rate was sufficiently high,

it would be possible to have the exit gas flow have a negligible amount of solvent

vapor and be far from the ideal conditions of the saturated solvent exit stream. This

was one of the reasons that low volumetric flow rates between 0 - 10 sccm were used

in this study. If faster rates are desired, then it would probably be be necessary to

introduce heat into the solvent bath in order to increase evaporation rate. However,

faster flow rates would also increase the pressures internal through the system as

changes in cross-sectional area throughout the volumetric flow path would result in

different flow rates and different pressures. A high flow rate would result in higher

necessary pressures and would make some of the design choices much different. For

example, in this system a simple ball and socket type of connection could be made on

the glass chamber.

The low flow rates that were used in the system created total pressures internal to

the system that were marginally above atmosphere pressure. This allowed for some

simple and convenient connectors such as the ball and socket connector shown above.

This allowed for the very quick release of the connecting pieces in order that solvents

could be exchanged in and out of the container. The ball side has a 1.5 cm inner

diameter hole and a 3 cm outer diameter. The socket is the standard complimenting

piece and has an outlet of a 1/4 in. outer diameter glass tube about 3 cm in length.

The clamp connecting the ball and socket was a type ‘N28 INOX 18/8’. Also, the top of

the solvent container was a 1/4 in. outer diameter glass tube. Again, taking advantage

of the lower pressures inherent in the system, the tube from the flow controllers could
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Figure 2-10: A Swagelok connector type that was used to connect each glass tubing
to plastic tubing.

Figure 2-11: A diameter reduction of the saturated solvent vapor line was completed
by using a 0.6 mm ID needle.

be heated and pressed around the outside to create a very tight fitting as shown in

the glass chamber Figure 2.1.2.

To facilitate the connection between glass and plastic tubing, Swagelok connectors

(SS4UT6400) were used. One end of this connector was able to permanently attached

to the perfluorinated tubing, and the other side was able to be easily added and

removed from the glass tubing. This was done by twisting action which tightened and

loosened a small plastic O-ring around the outer diameter of the glass tubing.

To reiterate, the lower flow-rates used in the system were required in order that we

could be more confident that a highly saturated stream of solvent vapor was leaving

the solvent container. It was desirable though that the system had the capability

to mix multiple solvents flows together simultaneously. We had first tried a simple

T-junction type of connection that brought together multiple 1/4 in. perfluorinated

tubing lines, however we noted experimentally that the results were not as reproducible

as we had hoped. We found that the issue was most likely stemming from the fact

that the velocity of exiting vapors from these larger diameter tubes was quite low, and

that it quite was possible that neighboring gases that we were trying to mix together

could diffuse up the neighboring lines. This would have made our assumption of a

one-way stream invalid. In order to make better one-way gas streams, a diameter

reduction strategy was introduced to take advantage of the Bernoulli effect where
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Figure 2-12: A modified glass vial was used with a septum top to facilitate the mixing
of multiple solvent streams.

lower cross-sectional travel areas under the same flux must result in higher velocity.

These higher velocities were greater than the ambient diffusion rate of the different

solvent streams, and gave us more confidence that different solvent streams were not

contaminating each other. This diameter reduction was facilitated by the use of a

luer lock attachment (Z118001, Perfektum Needle tubing connector male luer lock

lock to tube) to the 1/4 in. OD perfluorinated tubing and a 20 gauge 30.5 cm long

syringe (Deflected Point Septum Penetration Needles, Cadence Science, 20068590).

This syringe had a nominal inner diameter of 0.6 mm, which a simple estimate based

on the Bernoulli effect would suggest that the gas flow velocity was about one order

of magnitude higher than in the plastic tubing.

The method of using syringes to mix different solvent streams also increased the

ease of use of the device. This is because different streams could easily be added

and removed through a PTFE septum which was resistant to the solvents used in

the experiments. To produce this piece, G Finkenbeiner Inc. used a glass vial

(Sigma Aldrich, 27379, 40 mL Clear Vial) that we provided and modified the glass

to incorporate 3 cm of 1/4 in. OD glass tube. This could then be capped with

readily available septa (Sigma Aldrich, 27022 PTFE/Silicone Septum), which would

be replaced occasionally after multiple punctures. It is worth noting that this was

where streams containing just N2 were added in addition to the solvent streams in

order to effectively lower the steady-state vapor pressures in the solvent annealing

chambers. A typical experiment involved a stream of toluene, heptane, and N2 each
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Figure 2-13: The flow controlled solvent vapor annealing chamber.

with different flow rates.

After different streams were mixed together, they entered the solvent annealing

chamber. The length of the tubing between each of the different Swagelok connectors

was 0.5 m. This chamber was custom-designed and the glass piece was built by G

Finkenbeiner. Glass was chosen to increase the visibility of the changes that the

polymer film would undergo and to provide some thermal stability to temperature

fluctuations in the room. The basic design consisted of a gas inlet port, a gas outlet

port, and a loading port on top that gave one access to placing samples inside the

chamber which was 5 cm in height. The loading port was fitted with a groove

that allowed for a 2.5 in. nominal diameter solvent resistant plastic O-ring. It was

(unfortunately) necessary to use plastic O-rings in this setup, because it was necessary

to use a flat top type of closing piece (as opposed to simply having some sort of ball

and socket type of clamp connection to close the chamber). A flat top was necessary

because of the spectral reflectometer that made in-situ measurements of polymer

film thicknesses through the top of the chamber. Having a large flat top allowed for

the solvents chamber to be moved so that the reflectometer measurement spot could

be moved between as many as six different samples inside the chamber during one

experimental run. Although it was desirable to limit as much as possible the amount

of plastic/rubber that were exposed to the different solvent vapor streams, we were

able to find a custom o-ring (Marco Rubber, V1000331, 2-331 FKM (Viton) O-Ring
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Figure 2-14: The solvent vapor annealing chamber underneath the spectral reflec-
tometer which allowed for in situ film thickness measurements.

75D Black) specifically resistance to swelling in the presence of the solvents toluene

and heptane. Pressure was applied to the quartz piece against the o-ring and solvent

chamber by using clamps and was found to be high enough to not allow solvent to

escape the chamber. Finally, the outlet port of the solvent chamber exited to the

nearest fume hood.

All of the parts mention constituted the flow controlled solvent vapor annealing

chamber which was used until a more recent upgrade was made where temperature

control was intended. The following section describes in detail the alteration to

the solvent vapor annealing chamber in order that Solvothermal annealing could be

achieved.

2.1.3 Solvothermal Annealing

The key alteration was the insertion of a 0.5 in. ID port 0.75 in. from the base where

a resistive heater could be inserted.
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Figure 2-15: The glass chamber used for solvothermal annealing.

Figure 2-16: A silicon nitride hot surface igniter was used as the heating source for
the solvothermal annealing.

The cantilever beam (Honeywell, Glowfly, Q3200U) that was placed inside the

modified solvent annealing chamber acted as hot surface when a voltage was applied.

When a voltage was applied and the resistor started heating, there was a hot spot

located 0.5 cm from the tip of the cantilever, so this position was where samples were

placed. The white colored ceramic outer piece was wrapped in PTFE thread sealant

tape (MILSPEC T27730A) and pressed into the chamber port. The sealant tape was

not completely stiff when the cantilever was placed into the chamber poor, and this

allowed the cantilever beam to be adjusted while the system was closed. This was an

important feature because it allowed for easy adjustment of the relative angle between

the plane of the sample and the plane of the lens of reflectometer, which had to be

minimized in order to get accurate film thickness measurements.

More details on the temperature response that the heating element would undergo

under different voltages can be found in later in this chapter. Typically, ranges under

20 V were found to be the most useful in the solvothermal anneal. Before doing

any solvothermal annealing, it was important to do safety testing first and find the

conditions where, in the worst case scenario where O2 was allowed inside the chamber

with the solvents, one could find the temperature at which there was autoignition of

the solvents. For the toluene and heptane solvent system that was explored in this
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Figure 2-17: A variable voltage regulator was used to alter the AC voltage applied to
the heating element.

Figure 2-18: The operational setup (sans the quartz top) of the solvothermo annealing
chamber.

thesis, autoignition occurred above 60 V or 800 ◦C. Note that this was higher than

literature values for autoignition, because those testing conditions had a much more

highly controlled environment of the constituent gases (solvents, O2 and N2, etc.).

Because the sample was raised while placed on the heating element, it was necessary

to adjust the position of the optics. The 3-D printer was utilize to create a simple

mount where the lens of the reflectometer could be inserted and held at the proper

distance above the sample on the heating element. Rubber bands were found to be a

very effective and simple way to reduce vibrational shifts that the beam spot might

undergo during use.
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Figure 2-19: The light source and detector electronics used for spectral reflectometry
measurements that allowed for in situ film thickness measurements.

The last component worth mentioning is the spectral reflectometer. This produced

a broad range of light frequencies that could be reflected off of a planar substrate,

after which the light would travel back from the sample up through the fiber optics

into the detector. Then a reflectance vs. wavelength data plot was produced which

would allow one to determine a film thickness based on known index of refraction

data.

2.2 Experiment Operational Details

This section will give a detailed overview of how to operate the flow controlled solvent

vapor annealing setup with relevant discussion, and the latter part of this section will

add information on how to use the solvothermal annealing modification.

2.2.1 Flow Controlled Solvent Vapor Annealing

First, turn on the relevant gas line(s) that will be used for the anneal. For example,

set flow rates of 10 sccm for channel 5 (e.g. toluene) and 0.5 sccm for channel 4 (e.g.

nitrogen). Make sure that the solvent annealing chamber is completely closed so that

solvent vapor does not leak into the working environment. This preparation step
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is done in order for the system to reach steady-state in the gas lines preceding the

solvent annealing chamber. If the system has not been utilized for a number of days

it is necessary to saturate the inner walls of the tubing with the relevant solvents that

will be flown through them. When a saturated solvent stream enters a pristine tube,

the solvent molecules start absorbing to the tubing walls and initially this tends to

decrease the vapor pressure of the solvent molecules in the gas. This continues until

a steady state equilibrium is reached where the absorption rate of solvent molecules

onto the tubing walls equals the desorption rates of solvent molecules off the walls and

into the gas phase. The amount of time necessary to do this depends on how pristine

the tubing walls are and how long the tubing line is from the solvent chamber to the

annealing chamber. The system as currently set up typically was prepared with at

least one hour of solvent vapor flow before the annealing commenced.

Turn on the spectral reflectometer to warm up its lamps, and then the gas flow can

be turned off while the solvent vapor annealing chamber is prepared for experimentation.

When initially opening the solvent annealing chamber, there will be solvent vapor

inside that can be removed with a blast of nitrogen from a nearby nitrogen gun. This

will release a small amount of solvent vapor into the air that can be swept away by the

neighboring fume hood (there is a fan set up to run in the room that can be turned

on during this step to ensure that the solvent vapor is directed towards the open fume

hood).

Now that solvent vapor has been removed from the annealing chamber, preparation

can begin. The first thing to do is to ensure that the quartz window is entirely clean

in the center region where light from the spectral reflectometer will pass through. Any

impurities on the quartz window can cause issues for users trying to use this device.

This dust gets in the way of the light ray and absorbs different spectra needed for

accurate measurements but the effect is subtle and sometimes the reflectometer will

apparently give reasonable results that are actually off by tens of nm’s. To clean,

first rinse the window with soap and water and then dry with a kim wipe. Then,

rinse off the top and bottom with acetone and dry with the nitrogen gun. Try not to

touch the center region with anything but liquid. Also, allow the window to settle and
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Figure 2-20: The substrate in the annealing chamber lies on a microscope slide sup-
ported by small PTFE tubing.

reach room temperature. Rinsing with acetone cools the window, and if the window

is cooled and placed on an operating solvent annealing chamber, then solvent vapor

will condense on the bottom of the window and the liquid will distorts reflectometry

measurements.

Next, place a substrate of interest on the microscope slide suspended by PTFE

tubing in the annealing chamber. With the quartz window off, open the raw signal

measurement on the Filmetrics, and adjusts the microscope slide placement until a

maximum signal intensity is shown. This ensures that the sample is normal to the

ray of the measurement beam so that upon reflection a maximum amount of light is

directed back to the reflectometer fiber optics for maximum measurement accuracy.

An example of a good reflectivity measurement is shown in Figure 2.2.1. Note that

the intensity across different wavelengths changes as the device is warming/starting

up. This is why it is necessary to warm up the reflectometer before measurements

are taken, so that each lamp can reach a steady-state intensity profile and not drift

away from baseline measurements that go into modeling film thickness during actual

experimental measurements.

With the raw signal still running, place the quartz window in the beam line to

qualitatively see the effect on the intensity profile. If the window is clean, there should

only be a slight drop in intensity on the low wavelength peak.

With the microscope slides now in proper placement relative to the beam, and the

quartz window cleaned, place the samples onto the microscope slide. A minimum of

three samples is required, but typically up to six are used as shown in Figure 2.2.1.

69



Figure 2-21: The raw signal intensity measurements before and after the deuterium
bulb was lit. Initially, only the halogen bulb is on.
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Figure 2-22: Typical sample layout in the annealing chamber. From top left to bottom
right: PS film, blank Si, angled blank Si, PS, PS-b-PDMS, PDMS.

One must be the sample, which is the substrate with a polymer (e.g. polystyrene),

one must be a blank substrate, and one must be a reflecting piece that directs light

away from the direction of the fiber optics. The substrate with a polymer doesn’t

have to be the same polymer type as the other samples that will be measured.

With these samples in place and the quartz window on, the reflectometry is

baselined. First, the polymer is measured to help the device find the nominal intensity

range to expect during actual measurements, then the substrate is measured to baseline

the maximum intensity and determine the bulb conditions, and then at the third

sample, the light beam directed away from the fiber optics by holding the sample

at an angle with the fabricated steel chuck. This is done in order to measure the

ambient lighting conditions and remove background noise during actual measurements.

Make an effort to have the shutter closed as much as possible. The low wavelength

light can damage the polymer film, so measurements are typically done as fast as

possible by opening the shutter, hitting the measurement button, and then closing the

shutter. Typically this takes about four seconds. Measure the film thickness of all of

the samples inside the chamber to get the initial film thickness (D0) before the solvent

vapor annealing begins. The chamber can gently slide around on the Filmetrics stage

so that the beam spot can be placed on different samples for different measurements.

With the baseline steps completed, the annealing can start. Close the chamber

tightly by using clamps that grip both the quartz window and the lip of the solvent

annealing chamber. Turn on the mass flow controllers with the same settings that
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were used to prepare the gas line and wait a given amount of time until the annealing

is finished. Typically this amount of time was one hour. After this, slide the annealing

chamber around and keep the fiber optics shutter open so that thickness measurements

can be taken for multiple samples. Having a mobile solvent annealing chamber is very

advantageous for this step, because it makes it very easy to measure multiple samples

during one annealing run.

After the annealing step is complete, it is necessary to quench the system. Typically

the window was opened slightly and the chamber was blasted from a distance with

the nitrogen gun. Do not blast the nitrogen directly at samples though, or they can

fly everywhere. For the thin films, where the BCP was <100 nm, it was assumed

that the BCP collapsed quickly enough to freeze in the structure that formed during

the anneal. For thicker films, the rate of solvent removal could have a large effect on

the self-assembly characteristics found throughout the thickness of the film. These

phenomena were explored in the work explained in following chapters. For this

reason, it is important to take note of exactly how the films are quenched during the

experimentation.

2.2.2 Solvothermal Annealing

The biggest difference between the aforementioned flow controlled solvent vapor anneal-

ing process methodology and solvothermo annealing is the sample stage positioning

and the application of heat.

For positioning of the stage, the strategy is very similar. Track the raw signal

and adjusts the silicon nitride cantilever and the annealing chamber glass base by

placing ledges (microscope slides or lab wipes worked) below it until a maximum

intensity signal is achieved. Because there is only room for one sample at a time, the

baseline steps must be completed in series. First, place a polymer sample in (not the

one that will be rapidly annealed) and measure, then place the blank substrate in

and measure, and finally just let the beam hit the cantilever, as this does not have

much reflection (like the glass platform does in the other setup) and can result in

an acceptable baseline. Do these steps with the quartz window on, so that a proper
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Figure 2-23: The temperature profiles of the tip of the silicon nitride cantilever at
different AC voltage setpoints. These were the temperature profiles that the samples
experienced during the thermal quenching step of a solvothermal anneal.

baseline is achieved similar to the conditions of the actual experiment.

Next, the saturated solvent environment should be prepared. Turn on the flow of

the relevance solvent stream and wait. During my experiments, to ensure a highly

saturated environment that would recover quickly after the chamber was opened

shortly for the sample being introduced and placed on the cantilever, 2 mL of the

solvent liquid (the same as the solvent vapor source liquid) was pooled in the bottom

of the chamber. Typically it takes about 10 minutes at most for the annealing chamber

to reach saturated conditions.

Set up the Filmetrics to continuously measure at 0.1 s intervals. Commence the

measurements and open the shutter which should have the beam aligned with the

end of the cantilever. Using a long tweezer holding the sample which will be rapidly

annealed, tip the quartz window slightly upwards to create an opening and rapidly

place the sample onto the end of the cantilever beam and close the chamber. The

transfer should happen within one second and the Filmetrics should immediately start

showing measurement displays on the screen. After this, wait for the film to reach a

desired swelling ratio, and then initiate the thermal quench.

Turn on the voltage controller and heat the film until a sufficient amount of
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solvent has left the sample. This can be tracked by the Filmetrics which will show a

continuously decreasing thickness until the temperature raises to a point at which the

thermal expansion of the polymer becomes the dominant effect, and the film starts

swelling it again slightly. Typically the films where were removed from the chamber

before this re-swelling commenced. The best results that I found during my thesis

where at a set point of 5 V. It seemed that if the voltage setpoints were too high,

heating removed the solvent so quickly that the polymer did not have enough time to

anneal properly. The lower voltages allowed for a more relaxed solvents removal rate

which gave better results. WARNING: If the voltage setpoint is too high, and oxygen

has contaminated the vapor environment, there is a real risk of ignition and explosion.

During my safety tests, under worst-case scenario conditions where both of the input

and output ports were open to atmospheric conditions (and heptane was evaporating

at the bottom of the chamber), this occurred at a 60 V setpoint or around 500 ◦C.

After the sample reaches the elevated temperatures and the solvent has been

removed, the heat should be turned off and the sample should be removed. The

elevated temperatures of the sample after the heater is turned off prevents the polymer

film from reswelling. Therefore as long as the sample is removed quickly, there should

be no danger of morphology changes due to re-swelling of the BCP film after the

heater is turned off.

2.3 Digital Revolution

One fascinating aspect of change that has occurred during my time at MIT has been

the observation of digital technology starting to profoundly affect how research is done

in an academic setting. Due to recent changes in US patent law, where the first to file

a patent has priority over the first person to discover a technology, the need to have

paper based lab books has diminished. Ideally, but not typically true in practice, a

paper research lab book was kept and signed occasionally with a date marking in order

to keep track of intellectual property as it was discovered in the lab. But these recent

changes to the law have completely negated any reason for keeping such legalistic
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practices in place.

A lab notebook, ideally, should be a place where day to day research events and

experiments are tabulated, but also a place where experimental processes can be

digested and continuously reformulated and optimized. Additionally, a useful lab

notebook would be easily accessible to an incoming researcher who is going to continue

a given project. Traditional lab notebooks are clearly limited in many regards. For

example, they simply journal the day to day happenings in a given project/experiment.

If changes are made to the experimental flow, the process would technically have to

be rewritten in its entirety every time that it is reformulated in order to always have

the most detailed up-to-date process flow.

The ability to digitally record all of these events would have many advantages

including options to search, copy and paste different process flows, and pass along the

information seamlessly to another researcher without having to physically give away

the entire ’lab notebook’. Typical desktop computers or laptops are not practically

able to follow a researcher around as he or she attempts to document various steps of

an experiment that are happening in real time, especially because researchers work in

such disparate locations where it may be hard to bring in and set up such devices.

The release of the Apple iPad tablet computer during my thesis may be considered a

significant historical event as it ushered in a wave of hand-held tablet computers the

size of traditional lab notebooks. (The Apple iPad was not the first tablet computer,

there were many before it. However, the iPad was the first small practically-sized

tablet (the others before it were the size of large laptops which are currently too bulky)

that was released on a large scale that had the backing of thousands of developers

helping to create useful applications that could be taken advantage of by a researcher

looking to replace his or her lab notebook.)

I had the unique opportunity of possibly having the claim to fame of being the first

researcher outside of Apple to use the iPad tablet as a lab notebook (and one of the

first general users), as I received it in the mail earlier in the day before the stores were

allowed to sell it to the general public. I had the intention of using it as a lab notebook

replacement immediately, and I believe it served the purpose quite well. This section
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Figure 2-24: A mind map showing one instance of a process flow layout. Every icon
with a + sign can be further expanded and the entire flow has over two hundred nodes
of information not including links to other maps just as large.

is included in the thesis to pass along some of the methodology that I developed while

trying to take advantage of this technology to replace the old-fashioned lab notebook.

I do not imagine that it will be very long before every researcher is using digitalized

tablets and universities have digital theses with attached tertiary files used by the

researcher when doing the practical hands-on work.

2.3.1 Mind Mapping

One piece of software that I found particularly useful was iThoughtsHD. This appli-

cation allows for one to create and continuously edit an interactive map that can be

manipulated easily to reconfigure how and what information is displayed. This type of

arrangement and manipulation is called mind mapping and there are many different

applications that do this.

Mind mapping has traditionally been used by writers and thinkers as a way to

organize thoughts, create outlines, and connect ideas. Recent studies have shown

that this method of thought organization is superior to traditional note taking for an

individuals ability to recall information43. Doing this digitally instead of with paper

allows one to constantly change and reformulate the maps in real time without having

to redraw the entire mind map. This makes it extremely useful for creating interactive
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process flows that are far superior to simple step-by-step manuals, because it allows

one to see the big picture and zoom in to find information about exactly what is of

interest at the moment (while at the same time allowing for links to images, data files,

PDFs, other maps, etc.).

As the process flow is continuously improved upon and modified the mind map

becomes more and more streamlined and refined almost to the point of being a final

product itself. This is advantageous because it is easily able to be passed along and

digested by another researcher trying to reproduce the same process flow. Additionally,

he or she is then also able to edit and modify the layout to suit his or her needs

and make it exceptionally personal to the experience and explanation that they are

familiar with. Being able to keep track of the steps taken in an experiment in extreme

detail allows for one to go back and reproduce the results months or even years later

just by following the documentation.

This was always theoretically possible in the past with traditional lab notebooks,

but humans are inherently driven to minimize their effort for completing a task (hence

the drive for developing technologies) and tend to create shortcuts for themselves

whether it be by using new acronyms that only they know or by leaving out information

that was obvious at the time. One of the advantages of using a computer tablet is that

it is exceptionally easy to input text and information when compared to writing with

the hand (a simple words per minute measure would suffice in the comparison). In fact,

this entire chapter was ’written’ by dictation of my voice into the iPads built-in voice

recognition module built into the keyboard. When it is so easy to record information,

it becomes that much more likely that the information that is relevant is actually

going to be kept track of and added to the process flow. This is what I found to be the

case to be when using mind mapping software to put together new experiment/process

documentation.

2.3.2 Multimedia

Tablets have built-in cameras and this is very useful for keeping track of observations

during experimentation. Any tablet application emulating a traditional lab notebook
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Figure 2-25: A screen cap of a tutorial training video recorded, directed, and edited
just using the iPad to facilitate improved knowledge transfer.

(such as Note Taker HD) is already one step ahead of the usefulness of a paper-based

notebook. This is simply due to the built-in camera. I found many times when

recording information in my journal that I could simply take a picture and insert it as

part of my documentation immediately without having to find a printer like was done

with a paper lab book. By reducing the barrier for incorporation of digital photos

and data into a lab notebook it was much more likely to be included in the first place.

These cameras can also be used to record and edit video productions. By simply

using an application like iMovie, I was able to record many short and succinct videos

explaining a particular process flow. These would be very useful in terms of time-

saving and efficiency for the training of future students using these devices or processes.

Pictures and videos take the place of hundreds of words of explanation and are almost

always more valuable in terms of showing someone how a given process is actually

done or clarifying particular concepts.

2.3.3 Digital Library

The whole of human knowledge can be accessed anytime of the day on a handheld

tablet computer connected to the Internet. It almost goes without saying that it was
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useful to have immediate access to the trove of scientific journals that were collected

as references for this research. Being able to access these immediately while doing

experimentation in order to cross check with what they were doing was of great value.

79



80



Chapter 3

Basic Solvent Vapor Annealing

Applications

3.1 Introduction

This work takes advantage of one aspect of the basic SVA setup that is not possible

with the current implementation of our flow controlled SVA setup, namely, the ability

to simply allow the vapor pressure conditions to decrease gradually over large time

scales (hours) and apply these gradients to high-χ BCP systems where the top of

the BCP film is usually dominated by the lower surface energy block (PDMS). Slow-

drying allows solvent vapor concentration gradients to form in the film and in this

work resulted in perpendicular orientation of high-aspect-ratio polystyrene-block-

polydimethylsiloxane (PS-b-PDMS) cylindrical and lamellar PDMS microdomains.

Perpendicularly oriented microdomains occurred throughout the film thickness, except

at the air interface, where a layer of in-plane microdomains formed due to the surface

energy difference between PS and PDMS. In contrast, thermal annealing produced

in-plane orientation throughout the film thickness. The solvent-annealed perpendicular

orientation was observed for cylindrical morphology PS-b-PDMS of 16 and 45 kg/mol,

where PDMS is the minority block, and lamellar PS-b-PDMS of 43 kg/mol. To

obtain fully perpendicular microdomain patterns, a nonselective high-powered 450 W

CF4/O2 reactive ion etching process was performed to remove the top layer of the films.
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Substrate patterning using electron beam lithography produced local registration of

17 nm period hexagonal cylinder patterns.

3.2 Experimental Methods

Detailed experimental methods for achieving this follow, but discussion of the basic

solvent annealing setup is explained and discussed in Chapter 2. Self-assembly of PS-

b-PDMS films: PS-b-PDMS diblock copolymers with molecular weights of cylindrical

45.5 kg mol-1 (polydispersity index (PDI) 1.15, fPS 0.68), 16 kg mol-1 (PDI 1.08, fPS

0.69), and lamellar 43 kg mol-1 (PDI 1.08, fPS 0.50) were purchased from Polymer

Source, Inc. Supplier-provided size exclusion chromatography data indicated a single

peak for the SD16, but a shoulder in the SD45 peak indicates the possible presence of

homopolymer.

A total of 3-5 wt % of the PS-b-PDMS solution in cyclohexane was spin-coated on

as-received Si substrates with thickness from 150 to 300 nm. Solvent annealing was

carried out using acetone or chloroform in a 9.3 mL glass Petri disk with a cover until

the solvent was fully evaporated, which took less than 4 h. The annealed BCP films

were first treated with high power CF4/O2 RIE (30 s, 450 W) to etch the parallel

oriented top layers (120 nm) and then O2 RIE (30 s, 90 W) to selectively remove the

PS domains and make high-aspect-ratio nanopatterns.

Template preparation: The nanopost templates were fabricated using electron

beam patterning of hydrogen silsesquioxane (HSQ), a negative-tone electron beam

resist. HSQ films (FOx 1% solids from Dow Corning) were spin-coated on silicon

substrates. Hexagonally arranged single-pixel dots were exposed in a Raith 150

electron-beam lithography tool at 30 kV acceleration voltage. The samples were

developed in 0.25 M NaOH/0.7 M NaCl in distilled water to remove unexposed resist

and to reveal the topographical nanostructures.

Characterization: To observe the morphology of the films at the film-substrate

interface, a Si wafer with 50 nm thick SiO2 layer was used as the substrate. The films

were partially immersed in 5 wt % HF aqueous solution to dissolve the SiO2 sacrificial
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layer and the released polymer film was flipped over to expose the bottom interface

of the film. The morphology of the block copolymer patterns was observed by field

emission-scanning electron microscope (FE-SEM, Zeiss/Leo Gemini 982) operated at

5 kV. The samples for FE-SEM were coated with a thin Au-Pd alloy film to avoid

charging effects.

3.3 Results and Discussion

In microelectronic device manufacturing, a feature half-pitch of approximately 22 nm

represents the limit of conventional photolithographic methods with 193 nm immersion

photolithography. Alternative approaches for forming sub-22 nm features, such as

electron beam lithography and extreme UV lithography, have drawbacks in terms of cost

and throughput. In contrast, block copolymer microphase separation spontaneously

generates microdomains with period of a few nm and above, and thin films of block

copolymers can therefore be used to form nanoscale patterns over a large area in a

fast, low cost process. Thus, many research groups have studied block copolymers for

potential applications in nanolithography and device fabrication.5,16,19,44–46

To use a block copolymer film for sub-20 nm pattern generation, a high χ parameter

and good etch selectivity between the blocks are required to allow small period features

to be formed and for one block to be subsequently removed. In addition, a perpen-

dicular orientation of cylindrical or lamellar microdomains forms high-aspect-ratio

patterns which are convenient for certain methods of pattern transfer. Polystyrene-

block-polymethylmethacrylate (PS-b-PMMA) has good etch selectivity46, and it can

readily form perpendicularly oriented microdomains by controlling the surface chem-

istry14 and substrate roughness47 or by using electric fields46 or surfactants48 because

the two blocks have similar surface energies. However, χPS−PMMA ∼ 0.06 at room

temperature49, which is modest, giving a lower bound to the size of microdomains that

can be formed. Other block copolymer systems, such as PS-block-polyethylene oxide

(PS-b-PEO)50, polystyrene-block-polymethylmethacrylate-block-polyethylene oxide

(PS-b-PMMA-b-PEO) triblock copolymer51, and PS-b-PEO with organosilicate52,
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have been explored to obtain microdomains with smaller dimensions. Perpendicular

orientation of the PS-b-PEO/organosilicate microdomains was produced in a solvent

annealing process with humidity control or mixed solvents, but this system required

subsequent high temperature processing to remove the organic components.

Polystyrene-block-polydimethylsiloxane (PS-b-PDMS) is attractive for nanolithog-

raphy on the sub-10 nm length scale because it has a high χ parameter (χPS−PDMS ∼

0.27)53 and high etch selectivity between the blocks49. Highly ordered sub-10 nm

width lines13,36,54, dots9,13, and complex patterns36,55,56 have been achieved from this

block copolymer using trenches13,13,54 and nanopost templates9,36 to guide the self-

assembly. However, it is a challenge to obtain a perpendicular orientation of cylindrical

or lamellar microdomains because of the large difference in surface energy γ between

PS (γPS 40.7 mN/m) and PDMS (γPDMS 20.4 mN/m)57, which promotes formation of

a layer of PDMS at the air interface.

We demonstrate high-aspect-ratio perpendicular orientation of cylindrical and

lamellar microdomains in PS-b-PDMS block copolymer films using solvent annealing

combined with reactive ion etching (RIE). We first describe the process for 16 kg/mol

PS-b-PDMS with a volume fraction of PDMS of fPDMS = 0.31, designated SD16,

which has a cylindrical morphology in bulk and a period L0 = 18 nm. Films 300 nm

thick were produced on either brush-coated or as-received silicon wafers from a 5 wt

% solution of the block copolymer in cyclohexane. Films were annealed either by

thermal annealing at 170 ◦C for 3 days or by solvent annealing in acetone vapor. The

solvent anneal was performed by placing the samples into a glass Petri dish with glass

or quartz plate lid13 in which Vs = 1 cm3 acetone was present. The leak is caused by

a small gap between the chamber and its lid. The surface area of the liquid acetone

was S = 4.8 cm2 and the total chamber volume was 9.3 cm3. The S/V ratio (V is the

empty volume of the chamber = (9.3 - Vs) cm3), which we used earlier to parametrize

the solvent anneal process, took values of 0.54, 0.56, 0.58, 0.60, and 0.66 cm−1 for

solvent volumes of Vs = 0.5, 0.75, 1.0, 1.25, and 2.0 cm3, respectively. The acetone

fully evaporated within 4 h, after which the samples were removed.

Figure 3.3 shows the results from SD16 films. The microdomains were imaged by
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Figure 3-1: Microdomain orientation of 16 kg/mol PS-b-PDMS thick films (>200
nm). (a) Top surface of acetone-annealed BCP film. Cross-section SEM images of
films (b) thermally annealed at 170 ◦C for 2 days, (c) acetone vapor annealed on
pristine Si wafer, and (d) acetone annealed on a PDMS brush-coated wafer. (e)
Acetone annealed BCP film deposited on a pristine 50 nm SiO2 coated wafer, as in
(c). The film was dissolved from the substrate and folded over when it was immersed
in 5 wt % HF aqueous solution. The top-right region shows the morphology of the
top surface, while the bottom-left region shows the morphology at the substrate/film
interface. (f) A schematic of the solvent annealed PS-b-PDMS film in (e).
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using a 50 W CF4 RIE for 3 s to remove the thin PDMS wetting layer (4 nm) present

at the top surface, followed by an O2 RIE for 20 s to partly etch the exposed PS

domains leaving oxidized PDMS visible as bright contrast. Both thermally annealed

and solvent annealed films formed in-plane cylinders at the top surface of the films,

seen in Figure 3.3a. However, in the cross-sectional SEM images, while the thermally

annealed films showed in-plane hexagonally packed cylinders throughout the thickness

(Figure 3.3b), the solvent annealed films showed perpendicular orientation in the bulk

of the film (Figure 3.3c,d). For the untreated Si wafer, the perpendicular orientation

was present at the substrate/film interface (Figure 3.3c, e, and f), while the films on

a PDMS brush-coated Si wafer formed perpendicular orientation only in the middle

of the film and parallel orientation at the substrate/film interface (Figure 3.3d). We

showed previously that the surface chemistry of the substrate affects the self-assembly

of thin films of PS-b-PDMS, with a PDMS brush enhancing the annealing kinetics.49

However, the PDMS-coated substrate caused a PDMS layer to form at the interface,

promoting an in-plane orientation at the substrate.

To obtain high-aspect-ratio cylinders throughout the film thickness, it is necessary

to remove the in-plane oriented top layers of microdomains, shown schematically in

Figure 2a. This was done with a high power 450 W CF4/O2 RIE which removes both

PS and PDMS at a similar rate. The acetone-annealed films had in-plane cylinders

at the top surface (Figure 3.3 b) but after removing the top 60 nm of the BCP films

using 450 W CF4/O2 RIE for 15 s followed by a 20 s O2 RIE to etch into the PS, a

perpendicular cylinder orientation was seen over part of the film (Figure 3.3c). Further

etching to a depth of 120 nm revealed a dominant perpendicular orientation (Figure

3.3d and 3.3e). Therefore, the in-plane cylinders were present in a top layer that had

a thickness between 60 and 120 nm (3-6 L0), and underlying this, the cylinders had a

perpendicular orientation.

This perpendicular orientation could also be formed in PS-b-PDMS with other

molecular weights and morphology. Figure 3.3 shows perpendicular orientation of

lamellae from a 43 kg/mol fPDMS = 0.50 PS-b-PDMS (SD43) and cylinders from 45

kg/mol fPDMS = 0.31 PS-b-PDMS (SD45) films using solvent annealing followed by a
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Figure 3-2: Reactive ion etching (RIE) process for removing top layers of 160 nm
thick 16k PS-b-PDMS block copolymer film microdomains. (a) A schematic of the
structure of PS-b-PDMS films on a Si wafer without a brush after solvent annealing
then RIE. (b) Top surface morphology treated by 50 W CF4 RIE for 3 s and then O2

RIE for 20 s. (c) 60 nm etched morphology treated by 450 W CF4/O2 RIE for 15 s
and then O2 RIE for 20 s. (d) In-plane and (e) cross-section SEM images of 120 nm
etched morphology treated by 450 W CF4/O2 RIE for 30 s and then O2 RIE for 20 s.
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Figure 3-3: Perpendicular oriented lamellar and cylindrical PS-b-PDMS block copoly-
mer thin films after 450 W CF4/O2 RIE etching and 90 W O2 RIE. (a) In-plane and
(b) cross-section FE-SEM images of perpendicular lamellar morphology from a 43k
PS-b-PDMS thin film under acetone vapor annealing. (c, d) Perpendicular cylinder
morphology from 45k PS-b-PDMS thin film under chloroform vapor annealing. The
horizontal feature in the film in (d) is believed to be caused by partial removal of the
PS from the top surface before sectioning and etching from the side.
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Figure 3-4: Solvent vapor pressure effects on the orientation of 45 kg/mol cylindrical
PS-b-PDMS block copolymer. Films 300 nm thick were treated with 30 s of 450 W
CF4/O2 RIE and then 30 s of 90 W O2 RIE. Annealed with (a) 1.25 cm3 and (b) 0.5
cm3 of chloroform.

high power CF4/O2 RIE process. The 43 kg/mol film was 250 nm thick and was solvent

annealed in acetone (Vs = 1.5 cm3 acetone). Figure 3.3a,b shows high-aspect-ratio

line-space patterns with 100 nm height and 42 nm period from SD43. SD45 formed

perpendicular cylinders after annealing with chloroform. Figure 3.3c,d shows 80 nm

high, 36 nm period close-packed cylinders with a 29 nm diameter.

The perpendicular orientation was sensitive to the vapor pressure of the solvent

and annealing time, which was altered by changing the amount of solvent. In the

case of the SD45, Vs = 0.75 cm3 of chloroform was the optimum condition to obtain

perpendicular orientation, Figures 3.3c and 3.3d. With 1.25 cm3 of chloroform, there

was a larger fraction of in-plane cylinders even after removing the top 120 nm of the

film, while a lower vapor pressure (0.5 cm3 of chloroform, Figure 3.3b) gave cylinders

with greater curvature.

To understand the effects of the solvent on the microdomain morphology, it is

necessary to determine the time evolution of the solvent vapor for different initial

amounts of solvent. First, the weight loss of the annealing chamber was measured

as the solvent evaporated for the case of 0.75 cm3 chloroform (Figure 3.3a), 2 cm3

chloroform, and 2 cm3 acetone (not shown). From the density of the solvents, this

indicated a flow rate of 5.16 mm3/min for chloroform and 5.52 mm3/min for acetone.

The rate of weight loss was the same for the different initial amounts of chloroform,

which showed that the leak rate was independent of the amount of solvent in the
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Figure 3-5: (a) Change in mass of solvent with time and swelling ratio of 380 nm
thick SD45 annealed in 0.75 cm3 chloroform. T1 is the time at which the swelling
ratio is 1.55, half of the maximum swelling ratio observed. (b) In situ swelling ratio
of SD45 thin films Vs time, corresponding to different initial solvent amounts. (c)
Swelling ratio of SD45 film Vs initial film thickness after 15 min of solvent annealing
with 1 cm3 of chloroform. Inset: A plot of T1 Vs initial solvent volume determined
from the data in (b). (d) SD16 film after rapid drying with a nitrogen gun showing
tilted cylinders.

90



chamber, at least in the initial stages of the experiment while liquid solvent remained.

The solvent was fully evaporated after 380 min for 2 cm3 acetone or chloroform and

150 min for 0.75 cm3 chloroform.

In separate experiments the swelling ratio of SD45 films was measured versus time

for different solvent volumes. (To enable the in situ swelling ratio measurements,

the glass lid of the chamber was replaced with a quartz plate, but this had only a

small effect on the leak rate, decreasing it by a few percent.) Figure 3.3a,b shows the

swelling ratio versus time for SD45 in chloroform. In each case the film swelled quickly

to a swelling ratio of 2.1 and then deswelled over a period of up to 1 h. The maximum

swelling ratio increased slightly with solvent volume, from 2.1 to 2.2. This is less

than the swelling ratio of SD45 in a closed container of chloroform, which is 2.3-2.4,

showing that the beaker with the leak exposed the sample to a solvent vapor pressure

slightly smaller than the saturated vapor pressure (i.e., 198 Torr for chloroform at

room temperature, 25 ◦C). Figure 3.3c shows that the maximum swelling ratio was

independent of film thickness in the range of 30-300 nm.

To quantify the swelling behavior, we define time T1 as the time taken for the

swelling ratio to drop to 1.55, that is, half way between 1 and the maximum swelling

ratio of approximately 2.1. T1 = 130 min for 0.75 cm3 chloroform, Figure 3.3a. By

comparing the rate of loss of the solvent with the swelling ratio, T1 corresponded to

the time at which only about 0.07 cm3 of chloroform remained in the chamber. About

160 min was required for all the liquid chloroform to evaporate from the weight change.

(The amount of saturated chloroform vapor present within the chamber corresponds

to only 0.008 cm3 liquid.)

Figure 3.3b shows swelling ratios for four different amounts of solvent. T1 increased

almost linearly with the initial solvent amount, Figure 3.3c inset. These data indicate

that the films swelled to their maximum value and remained at that value for a time

approximately proportional to the initial amount of solvent. As the liquid solvent

became exhausted, the vapor pressure dropped and the film dried and deswelled over

about an hour, independent of the initial solvent amount.

In comparison to the slowly dried films described above, rapidly quenched films
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showed a different microdomain orientation. Rapid quenching of films by exposing the

sample to air led to a mixture of orientations of cylinders. Quenching using nitrogen

blowing, as in Figure 3.3d, usually formed a tilted orientation in the bulk of the films

and in-plane orientation at the top surface. When the film was initially swelled in a

saturated vapor in a closed chamber and then rapidly quenched by exposing it to air,

in-plane cylinders were observed.

We suggest that, in these thick films, a gradient in solvent concentration develops

as solvent escapes from the top surface of the film, so the solidification boundary

between block copolymer chains that are still mobile and those that have low diffusivity

moves from the film surface to the substrate interface as drying proceeds58. In situ

GISAXS measurements of BCP films59 showed that films that swelled by a factor

greater than about 2 can be well ordered in the swelled state, so it is likely that

cylinders or lamellae were already present in the swelled films. Films initially swelled

by 2.1-2.2 are assumed to have poorly ordered cylinders or lamellae, and slow drying

allowed them to reorient perpendicular to the substrate. However, rapid quenching

preserved a more random orientation or caused tilting, possibly from off-normal drying

caused by the nitrogen jet. Films annealed at a higher swelling ratio (2.3-2.4) and a

longer anneal time, or those thermally annealed, had already formed in-plane cylinders

throughout the film thickness during the anneal, and this orientation was preserved

during deswelling or rapid cooling.

Any tendency for perpendicular orientation promoted by the solvent anneal process

had to compete with in-plane orientations promoted by the preferential wetting of

PDMS at the air interface and at a PDMS-brushed substrate when the brush was used.

In highly swelled films, or those annealed for a long time, this in-plane orientation

propagated from the surface to the interior of the films, forming in-plane cylinders

throughout the film thickness, whereas in the slowly dried films, the parallel orientation

was only present at the surface(s). A related result was obtained from solvent-annealed

PS-b-PEO with organosilicate films52 in which an initial perpendicular orientation

evolved into an in-plane orientation at the film surface with extended annealing time

in a non-neutral solvent.
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Figure 3-6: SEM images of (a) a 38 nm period of sparse hexagonal lattice of HSQ
post templates and (b) a perpendicular oriented cylindrical morphology of solvent
annealed 16 kg/mol PS-b-PDMS thin films on 38 nm period HSQ post arrays; (c)
30 nm period sparse hexagonal HSQ posts and (d) perpendicular oriented cylinder
patterns from 16 kg/mol PS-b-PDMS on 30 nm period post arrays.

This simple picture is complicated by changes that may occur in the swelling

ratio with film thickness60 and a lower equilibrium solvent concentration near the

substrate in thick films due to greater constraint of the polymer chains61, but it

indicates that the time dependence of the solvent vapor pressure is a key determinant

of the microdomain orientation.

Long range order is necessary for device applications, for example, in semiconductor

devices or patterned media. To template the perpendicular microdomains, the sub-

strate was patterned with topographical features made using hydrogen silsesquioxane

(HSQ) resist exposed using electron beam lithography. After development, the HSQ

formed a silica-like material. The posts were 10 nm tall and had a period of 38 nm

(Figure 3.3a) or 30 nm (Figure 3.3c), a diameter of 10 nm, and covered an area equal to

10 m2. The SD16 cylindrical PS-b-PDMS block copolymer was spin-cast on the posts

and solvent annealed, and then most of the film thickness was removed by etching so

that the alignment of the perpendicular cylinders near the substrate surface could be

seen. In the 38 nm post array, the spacing was commensurate with the BCP = 2 L0,

and it is clear in Figure 3.3b that the microdomains subdivided the spacing of the

posts to form a 20 lattice analogous to the templating of spherical microdomains by a

post lattice9. In Figure 3.3d, the post lattice is incommensurate with L0 (Lpost/L0

= 1.67), and commensurability arguments would suggest a 11 lattice would form.
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Figure 3.3d shows instead some evidence for in-plane segments of cylinders forming

in between the posts. The electron-beam-irradiated regions of the HSQ tended to

promote an in-plane cylinder orientation even on a substrate where perpendicular

cylinders formed at the film-substrate interface.

The proposed model for the slowly drying film would suggest that substrate

patterning should be ineffective at templating the block copolymer because the film

dries at the air interface first. However, it is likely that the substrate patterns influence

the locations and orientations of the microdomains near the substrate leading to local

registration of the microdomains. A more detailed cross-sectional study of the film

would clarify the thickness of the film that is affected by the substrate pattern.

3.4 Summary

This work demonstrated how perpendicularly oriented microdomains could be achieved

in PS-b-PDMS block copolymers of different molecular weights and morphologies

using a slowly drying vapor solvent annealing process. This is important because

high-aspect-ratio nanostructures were obtained after removal of the top layers of

in-plane microdomains. The ability to vertically align high-χ BCPs improves pattern

transfer prospects and adds to our understanding of the importance of solvent removal

during BCP self-assembly. In the next chapter, the results of the flow controlled SVA

setup are discussed and it should be noted that very fast quenches were used in these

studies to freeze in the structure as much as possible. Theoretical studies predict that

fast quenching can freeze in structures for sufficiently thin films62, and this assumption

holds for the polymer systems in Chapter 4.
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Chapter 4

Flow Controlled Solvent Vapor

Annealing

4.1 Introduction

This chapter discusses the results of the flow controlled solvent vapor annealing (SVA)

setup which was discussed in Chapter 2. Due to the limitations of the basic solvent

vapor annealing setup that were discussed in Chapters 2 and 3, this system was

constructed to better understand the available experimental parameter space available

to explore in a self-assembly BCP sytem. This work also led to a better understanding

of how the different chemical solvent species in a cosolvent anneal interacted with the

different polymer blocks.

SVA of block copolymer thin films can produce a range of morphologies different

from the equilibrium bulk morphology. By systematically varying the flow rate of

two different solvent vapors (toluene and n-heptane) and an inert gas, phase maps

showing the morphology versus vapor pressure of the solvents were constructed for 45

kg/mol polystyrene-block-polydimethylsiloxane diblock copolymer films of different

thicknesses. The final morphology was correlated with the swelling of the block

copolymer and homopolymer films and the solvent vapor annealing conditions. Self-

consistent field theory is used to model the effects of solvent swelling. These results

provide a framework for predicting the range of morphologies available under different
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solvent vapor conditions, which is important in lithographic applications where precise

control of morphology and critical dimensions are essential.

The self-assembly of block copolymer (BCP) thin films has become increasingly

important as a method for nanoscale patterning as the resolution limits of optical

lithography are approached3,6,8,32. BCPs offer a bottom-up approach to nanolithogra-

phy that is able to reach feature sizes of 5 nm and above, surpassing the resolution

obtainable by conventional photolithography at lower cost than electron beam lithogra-

phy. From a technological standpoint, the self-assembly of diblock copolymers presents

a high-throughput method for making a variety of 2D periodic or complex patterns

consisting of lines and dots from the self-assembly of cylindrical, spherical, or lamellar

microdomains10. As mentioned in Chapter 1, the equilibrium morphology, periodicity,

critical dimension size, interfacial width, and diffusivity depend on χ, N , and f of

each block10,11,34,63.

Microphase separation and/or significant reordering or morphology changes of

microdomains can be achieved using thermal annealing, in which the temperature

is raised to just below the orderdisorder temperature (ODT) in order to improve

diffusivity34,64. The resulting microdomain morphology and orientation can be manip-

ulated to some extent by altering the BCP film thickness65 or substrate chemistry.

Polystyrene-block-poly(methyl methacrylate) (PS-PMMA) is an exemplary BCP for

nanolithography with an ODT of 200 ◦C for a molecular weight of 29 kg/mol and

volume fraction 0.58,66, and readily forms microdomains oriented perpendicular to

the film plane because PS and PMMA have similar surface energies at the annealing

temperature8,32. However, its relatively low χ value (0.06 at room temperature)67

limits the minimum microdomain period in this block copolymer system and therefore

the minimum feature size. Higher χ BCP systems allow for smaller feature sizes but

the theoretical ODT is often well above the polymers degradation temperature making

thermal annealing less practical. For example, if the aforementioned 29 kg/mol block

copolymer had a χ of 0.27, the theoretical ODT would exceed 10,000 ◦C, well above

the degradation temperature of 450 ◦C68,69.

In contrast, solvent vapor annealing (SVA)13,50,59,70–78 can be carried out at ambient
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temperatures. It improves the kinetics of self-assembly by plasticizing the polymer

with the incorporation of solvent molecules. This increases the free volume available

for polymer diffusion and decreases the glass transition temperature, Tg
79. The choice

of solvent(s) for SVA is based to first order on consideration of the relative Hildebrand

solubility parameters, δ. For nonpolar materials the solubility parameter is a good

indicator of solubility; in particular, a polymer and a solvent are typically miscible

when |δpoly − δsolvent| < 2.5
√

MPa80. The chain conformation and flexibility also affect

the energy required to unwind polymerpolymer segmental contacts and therefore

the amount of solvent that a given polymer will absorb81. The amount of solvent

incorporation during exposure to the solvent vapor can be tracked in situ by measuring

film swelling using a number of optical spectroscopy techniques12.

Exposure to a solvent vapor has several effects on the BCP, including an increase

in volume and diffusivity, a decrease in the effective χ proportional to the amount of

solvent present at the interface between the blocks82,83, a change in relative surface

energies of the blocks at the vapor/BCP interface, and a change in the effective f

dependent on the swelling of each block by the solvent. SVA has the added advantage

of reversibility, in which the microdomain morphology can be changed repeatedly

by changing the solvent vapor conditions13,49. SVA therefore enables tuning of the

periodicity and the morphology over a wide range13,20,84,85, and by modifying the

surface energy of the film/air interface, SVA can mitigate preferential wetting by one

block which favors in-plane microdomain orientations. This is particularly important

in high-χ BCPs which have greater differences between the surface energies of the

blocks, making it more difficult to form the perpendicularly oriented microdomains

desirable for nanolithography.

SVA has often been carried out using a simple experimental system in which

thin BCP films are placed in a chamber which also contains a reservoir of liquid sol-

vent(s), whose evaporation provides an atmosphere of solvent vapor85. This technique

has been used to demonstrate tunability of the morphology in polystyrene-block-

polydimethylsiloxane (PS-b-PDMS, χ = 0.27) in a vapor produced from a liquid

mixture of toluene and heptane13, and even greater tunability of higher-χ poly(2-
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vinylpyridine)-block-polydimethylsiloxane in a variety of solvents86. However, in the

reservoir system it is difficult to independently control the partial vapor pressures of

the solvents. In contrast, continuous flow systems provide simultaneous flow, mixing,

and reactions of flowing species87,88, and have been used for solvent annealing by

exposing the sample to a saturated vapor stream produced by bubbling inert gas

through a liquid solvent. This enables control over the vapor concentration65,89 and

has been used to investigate solvent vapor pressure and deswelling rate effects on

microdomain morphology and orientation, for example, using a combinatorial microflu-

idic approach70. Vapor pressures can be varied by diluting the solvent vapor using a

separate stream of N2
58,76. However, a systematic investigation of the morphological

effects of independent control of the vapor pressures of two different solvents on a

BCP film has not been presented.

This study demonstrates the effects of varying the flow rates of two different

solvent vapors and a diluent gas on the microphase separation of a BCP film by

showing how the morphology of the microdomains can be mapped as a function of

vapor pressure and swelling ratio, and compare the results to those obtained on the

same BCP annealed using a solvent reservoir. This provides a general framework for

understanding the SVA process and for designing processing conditions that allow

specific morphologies to be achieved in a BCP film. The next section describes detailed

experimental methods for achieving these results.

4.2 Experimental Methods

Thin films of PS-b-PDMS (D0 ≈ 38 nm) and PDMS (≈70 nm) were spun-cast onto 1

cm 1 cm Si wafers that were pretreated with an hydroxyl-terminated PDMS brush

layer (0.8 kg/mol, 14 h at 170 ◦C followed by a toluene rinse) to increase mobility for

the BCP and to improve wetting for the PDMS, which is very prone to dewetting

due to its low Tg (≈100 ◦C). PS (≈70 nm) films were spun-cast onto prime Si wafers.

The thin films were placed inside the annealing chamber, and their thicknesses were

recorded by spectral reflectometer. Because of the film thickness gradients that can
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occur during spin coating on such small samples, only the most uniform areas of the

center region of each sample was considered for this analysis. Different combinations

of flow rates for each of the solvent lines and for the N2 dilution line were swept. These

flow rates resulted in the annealing chamber reaching steady state after 15 min. After

1 h, the reflectometer was rebaselined to take into account the presence of solvents

which added absorption peaks in the UV and then the polymer film thicknesses were

recorded. The BCP thin films reached their steady state equilibrium morphology after

approximately 30 min, with longer annealing time effective in improving microdomain

size and orientation. The BCP thin films were then reactive-ion etched by 5 s of CF4

(10 mTorr, 90 W) and 22 s of O2 (10 mTorr, 90 W) to remove the PS matrix and the

PDMS surface layer to reveal the underlying oxidized PDMS morphology.

For the solvent vapor annealing, a N2 (Airgas, Inc., 99.9997% purity) backpressure

of 200 kPa was distributed to three high precision mass flow controllers (MKS Inc.,

M100B) which were rated to control flow rate to within 1% of the set point and had

a total range of 0 to 10 sccm. Two of the flow lines were sent through custom glass

solvent bubblers that contained toluene and heptane (VWR, >99.9%) at rates of 0

to 10 sccm. These solvent chambers were placed after the MFCs, to avoid solvent

degradation of the MFCs. See Chapter 2 for more details. The solvent annealing

was done using liquid solvents held at ambient temperature to minimize the effect of

thermal gradients that could occur in the system where the solvent vapor is flowing.

These thermal gradients can cause condensation of solvent on the polymer sample

unless the polymer sample temperature is at least equal to the solvent temperature.

A 45.5 kg/mol (number average molecular weight) PS-b-PDMS (Polymer Source,

Inc. P7517-SDMS, fPDMS = 0.32) BCP which forms a bulk cylindrical morphology with

a domain spacing, L0, of approximately 35 nm was used in this study. Homopolymers

of 1390 kg/mol PDMS (100000 cSt Dow Corning 200 fluid) and 1350 kg/mol PS

(Polymer Source, Inc. P620-S) were prepared as thin films for comparison. High

molecular weights of the homopolymers were used to retard dewetting, because low

molecular weight (<15 kg/mol) PS and PDMS dewetted at room temperature in

minutes. The SVA system is shown in Figure 4.2 and includes three independently
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Figure 4-1: A schematic of the flow controlled solvent vapor annealing setup. Thin
films of PS, PS-b-PDMS, and PDMS were spun-cast onto Si and were annealed in
the chamber while the film swelling was tracked in situ.

Table 4.1: Solubility parameters of the solvents and polymers investigated.

Material Solubility Parameter (MPa1/2)
n−Heptane 15.3

PDMS 15.5
PS 18.5

Toluene 18.3

controlled vapor streams of saturated toluene, saturated heptane, and N2. This differs

from the reservoir system used in previous work on the same BCP and solvents where

liquid mixtures of solvents were placed in a chamber with a small leak75. Relevant

solubility parameters are given in Table 4.1.

For the BCP films, the substrate was coated with a PDMS brush to improve

self-assembly kinetics. The samples were annealed under a range of vapor pressures

while the film swelling was monitored in situ by spectral reflectometry. The vapor

pressures in the chamber reached steady state after 15 min as measured from the

changes in magnitude of the absorption peaks of toluene90 in the UV region with the
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spectral reflectometer, and the films were annealed for 1 h at room temperature (25

± 1 ◦C). Microphase separation was complete by at most 30 min (shorter times were

not examined) but the correlation length of the microdomain array increased if the

annealing time was raised to 1 h. The films were quenched by exposure to a burst of

N2 which removed most of the solvent and deswelled the films within 1 s, according

to the color change of the film. The BCP thin films were then reactive-ion etched to

remove the surface layer of PDMS and then the PS matrix to reveal the underlying

morphology of oxidized PDMS microdomains.

4.3 Results and Discussion

Considering the low flow rates of the solvent (<10 sccm), the high solvent evaporation

rates, and the large cross-sectional area of the bubbler (>100 cm2), this allows the

assumption that each bubbler delivers solvent vapor at its room temperature saturated

vapor pressure, p∗tol = 22 Torr for toluene and p∗hep = 40 Torr for heptane. The partial

pressure of solvent i in the chamber is approximated by

pi = p∗i

(
qi

qtol+qhep+qN2

)
where q (mol/min) represents the total molar flow rate of the solvent plus N2 from

the bubbler. Calculations of these partial pressures are plotted as solid blue lines in

Figure 4.3 for the case that qtol+ qhep = 10 sccm while qN2 is allowed to vary from 0

to 20 sccm.

The dashed line shows the vapor pressure above a mixture of liquid toluene plus

heptane at room temperature, which approximates the partial pressures available

from a solvent anneal process using a liquid reservoir. The toluene/heptane mixture is

moderately nonideal91, and is described by the nonrandom two-liquid (NRTL) model,

in which the activity coefficient (γ) of a solvent in a binary mixture is given by

lnγ1 = x2
2

[
τ12e−α12τ12

(x2+x1e−α12τ12)2
+ τ21e−2α12τ12

(x1+x2e−α12τ21)2

]
where (1,2) are the two solvents (toluene, heptane), x is the molar fraction in the

liquid, and the coefficients α and τ are determined experimentally92. More information
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Figure 4-2: The range of cosolvent vapor conditions achievable in the solvent anneal
process. The total partial pressure of toluene and heptane is plotted against ytol, the
molar fraction of toluene in the toluene plus heptane solvent vapor phase. The solid
lines show the conditions achievable with two separate solvent flows ranging from 0
to 10 sccm with incorporation of various additional amounts of N2. Circle: Example
of a condition resulting from 7/3/2 sccm of tol/hep/N2. The dashed line indicates
the vapor pressure conditions available in proximity to a reservoir containing a mixed
cosolvent liquid solution at room temperature. Star: Example of condition resulting
from a cosolvent mixture where the molar fraction of toluene in the liquid xtol = 0.67.
Inset: The relation between total solvent vapor pressure and the fraction of toluene
in the liquid phase for a reservoir of mixed solvent, showing a positive deviation from
ideality.
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about this in shown in the following section. The partial pressure of solvent i is then

given by pi = γixip
∗
i . The resulting partial pressures are actually higher than those

achieved from the mixing of saturated vapor flows in the annealing chamber of Figure

4.2. While the reservoir system can access these high partial pressures, the mixed-

flow system is capable of reaching much lower partial pressures of solvents, which is

important for annealing lower-molecular weight BCPs.

In homopolymer/solvent systems the film swelling, given by D0

D
where D is the

swollen film thickness and D0 is the initial thickness, is related to the partial pressure

of a solvent and the solventpolymer interaction parameter χsp according to12

ln
[
p
p∗

]
= χsp

(
D0

D

)
2 + ln

[
1− D0

D

]
+
(
1− 1

N

)
D0

D

where N is the degree of polymerization. This predicts the highest swelling at

the saturated partial pressures, but the swelling ratios drop as the partial pressures

decrease.

Figure 4.3a gives an example of the swelling of the BCP and the two homopolymer

films after 1 h for the case of no N2 flow, with various flow rates of toluene and heptane

vapors, where ytol is the molar fraction of toluene in the toluene plus heptane vapor.

Figure 4.3 shows the predicted partial pressures of the solvent vapors under these

conditions. At high heptane vapor pressure, the PDMS swelling ratio (D0

D
) approached

3 while the PS incorporated very little heptane. Toluene, however, exhibited less

selectivity between PS and PDMS, which swelled by a factor of 2.2 and 1.8 respectively.

Although toluene would be expected to swell PDMS very little based on the solubility

parameters, the very low Tg and high chain flexibility of PDMS allows for a significant

amount of toluene incorporation. The swelling ratio of the BCP was intermediate to

that of the homopolymers, but was closer to that of PS, the majority block.

Figure 4.3 c shows the swelling ratios of the BCP and the homopolymers over

the full range of toluene and heptane partial pressures available at room temperature

from the continuous flow system, combined with data from annealing in a chamber

containing a reservoir of mixed solvents. The two sets of data show consistent trends.

Swelling increased with partial pressure, as expected, and showed a maximum for
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Figure 4-3: (a) Swelling ratios of PS, PS-b-PDMS, and PDMS for different flow
rates of saturated toluene and heptane vapors with no additional N2 diluent (upper
horizontal scale). The corresponding mole fraction of toluene in the toluene plus
heptane vapor is shown on the nonlinear lower horizontal scale. (b) The expected
partial pressures of the solvents based on their flow ratios into the solvent vapor
annealing chamber with no additional N2 flow. (c) Contour plots of the swelling
exhibited by the PS, PS-b-PDMS, and PDMS films under different vapor pressure
conditions achievable by the controlled flow system and the mixed solvent solution
reservoir system. The shaded regions at the bottom left resulted in very little swelling
and morphologies were not investigated.
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toluene fraction ytol < 0.2 for the PDMS, and ytol ≈ 0.7 for the PS and the BCP. The

swelling ratios of the polymer films at the upper limit of the vapor pressures achievable

with the continuous vapor flow system (i.e., with no diluting N2 flow) were less than

those achievable from the reservoir system for a given 0 < ytol < 1, as expected from

the nonideality of the liquid mixture.

After annealing, the BCP films were etched to reveal the PDMS microdomain

morphology, and a representative selection of images is shown in Figure 4.3 a to i

for initial film thicknesses of D0 ≈ L0 and 1.5 L0. The microdomain morphologies

are summarized in Figure 4.3, showing the regimes of vapor pressures within which

each morphology formed. In the high vapor pressure regime, films of initial thickness

close to L0 (38 nm) showed a transition from discontinuous in-plane lamellae (with

lateral dimensions up to around 10 m) to perforated lamellae to in-plane cylinders

of decreasing width and period as ytol increased. The morphology control between

perforated lamellae and cylinders was observed previously in samples processed using

a reservoir of mixed liquid solvents13. However, the lower vapor pressures in the

continuous flow system were also able to produce micelles and disordered structures

not obtainable from the reservoir anneal. A significant overlap existed between some

of the morphologies, especially between in-plane cylinders and lamellae, which formed

together on the same substrate.

The thicker films, 1.5 L0, showed several qualitative differences. Cylinders were

formed over a wider range of vapor pressures, lamellae formed less readily, and the

perforated lamellar morphology was suppressed. A bicontinuous morphology (Figure

4.3f) and a two-phase voided film caused by solvent aggregation within the film and

subsequent removal leading to voids (Figure 4.3h) were found within limited ranges of

vapor pressure. In particular, short vertical cylinders of PDMS, Figure 4.3e, occurred

when ytol > 0.4 at lower pressures, most likely resulting from a combination of film

thickness incommensurability and a reduction in the surface energy difference between

the blocks in the solvent atmosphere93. Cross sectional images, Figure 4.3i, confirmed

the identification of vertical cylinders with an aspect ratio of 1.1. Vertical cylinders and

in-plane cylinders coexisted at intermediate vapor pressures but the vertical cylinders
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were suppressed as the partial pressure of toluene and heptane increased. To test

whether these vertical cylinder structures had a surface layer of PDMS, another sample

of the annealed film was etched omitting the first etch step which removes the PDMS

layer. This had no noticeable effect on the observed morphology indicating that there

is little or no PDMS surface layer under these annealing conditions, suggesting that the

solvent vapor reduces the surface energy difference between the blocks. Additionally,

the vertical cylinders of PDMS had good close-packed order with correlation lengths

on the order of 500 nm. This is different from the micellar structures seen at low

vapor pressures and low ytol which had low correlation length and poor uniformity.

Varying levels of osmotic rupture were observed under conditions of high PDMS

swelling and low PS swelling where cylinders of PDMS with interior voids were

observed (Figure 4g). Osmotic rupture of PS-b-PDMS has been reported previously94

but the process required full submersion of the BCP film in a PDMS-selective solvent.

A two-phase region at high heptane pressure was characterized by voids in the film

caused by regions of liquid solvent within the BCP that are removed rapidly during the

quench (Figure 4.3h). These results show that the continuous flow system produced a

much richer range of microphase-separated structures than the reservoir system, with

the perpendicular cylinders being particularly interesting for lithographic applications.

To demonstrate the formation of mixed morphologies, a film was prepared on a

substrate with trenches of depth L0/2 such that the thickness was L0 on the mesas and

1.5 L0 in the trenches. This was solvent annealed (6:10 sccm flow ratio of Tol:Hep) to

produce vertical cylinders with a few in plane cylinders in the trenches, and in-plane

lamellae with a few cylinders on the mesas, Figure 4.3j,k.

Self-consistent field theory (SCFT) simulations were performed in order to model

morphology changes during SVA. The equilibrium morphology of a film of diblock

copolymer AB was modeled in the presence of two different solvents SA and SB,

with SA fully selective to block A and SB to B. These simulations used a Langevin

dynamics scheme seeded with an initial in-plane cylindrical structure37,38 to reduce

computation time. (The seeding explains why the various simulations of Figure 4.3

have the same cylinder orientation.) The model used χN = 18.0 which is less than the
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Figure 4-4: A sampling of morphologies seen in different film thicknesses of L0 and
1.5 L0 at different SVA conditions (fraction of toluene in vapor, total vapor pressure
(Torr), is labeled on each image): (a,b) in-plane cylinders with different widths; (c)
perforated lamella; (d) lamellae of limited width; (e) vertical cylinders; (f) bicontin-
uous; (g,h) two-phase coexistence of solvent and polymer which results in film voids
of varying size upon quenching; (i) cross section of vertical cylinder formation; (j)
schematic of self-assembly of a film deposited on a substrate with trenches; (k) ex-
perimental results of the experiment shown in image j, with vertical cylinders in the
1.5 L0 thickness film in the trench and lamellae in the L0 thickness film on the mesa.
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Figure 4-5: A phase diagram of the morphologies produced by solvent vapor annealing
a 45 kg/mol PS-b-PDMS (f PDMS = 0.32) film under different partial pressures of
toluene and heptane at room temperature. BCP film thicknesses of L0 (upper panel)
and 1.5 L0 (lower panel) were explored. At low solvent vapor pressures the BCP
was kinetically trapped in the PDMS micelle morphology that formed during spin
coating, and its ordering (i.e., the correlation length of the micelle array) improved
as the vapor pressure increased.
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χN of 100 that is expected in the PS-b-PDMS experimental system (which has N ≈

485) at room temperature without solvent incorporation. A lower χN was used because

the statistical repeat unit (used in the simulations) is 2.8 times larger than a single

experimental chemical monomer at the level of coarse-graining used, and because

solvent incorporation is known to reduce the effective χ82,83. Solvent incorporation

was modeled explicitly through the partitioning of the solvent as a monatomic fluid

in addition to the traditional single chain partitioning of the block copolymer and

implicitly through the choice of a lower χ value, and swelling evolution was modeled by

keeping the overall copolymer volume constant during the addition of solvent volume.

The model showed that the density profile of SA closely overlapped the density

profile of block A, and SB overlapped B. Within this formalism, toluene, which

experimentally showed an almost neutral selectivity between PS and PDMS, would

be modeled as a superposition of two different fully selective solvents with fractional

amounts determined from the measured incorporation of toluene into each of the

blocks.

The results of the simulations are shown in Figure 4.3. Each simulation bar one

started with the same initial configuration of in-plane cylinders for f = 0.32 in a

cell of dimensions 3 L0 by 2
√

3L0 (commensurate with cylinders or a hexagonally

packed perforated lamella) with periodic boundary conditions, then the simulation

cell thickness was increased and the empty volume filled with SA and SB, and allowed

to equilibrate. The initial thickness D0 was chosen by simulating a range of film

thicknesses to find the range that produced a monolayer of in plane cylinders. Swelling

was modeled by increasing the cell thickness sequentially by one grid point, at the

level of coarse-graining used. The ratio SA/(SA + SB) was varied from 50% to 100%,

where A represents the minority block. The 50% ratio approximates pure toluene

assuming toluene to be entirely neutral in its swelling of PS and PDMS, while the

100% ratio approximates annealing in pure heptane. Perforated lamellae were defined

as states with a connection between neighboring in-plane cylinders while lamellae

occurred when the entire plane of cylinders of minority polymer density connected.
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As the solvent became more selective to the minority block, that is, increasing

SA/(SA + SB), the morphology transitioned from narrow cylinders to wider cylinders to

perforated lamellae and then to lamellae. This agrees qualitatively with the experiment,

where the narrow cylinder-wide cylinder-perforated lamellalamella sequence occurs

with increasing heptane (preferential to PDMS). The model also suggests that higher

swelling (i.e., higher vapor pressure) for a given SA/(SA + SB) favors cylinders over

lamellae, because proportionately more of the minority-selective solvent is required to

increase f into the lamellar regime. In agreement, comparing Figure 4.3b for the BCP

and the upper panel of Figure 4.3, the highest swelling ratios corresponded to cylindrical

morphologies. Considering that adding solvent SA has the effect of increasing fA, these

trends are comparable to other studies relating BCP morphology to f . The agreement

between the observed and modeled morphological transitions suggests that the drying

of the swollen film was fast enough to preserve the morphology present during the

solvent anneal as has been suggested for thin films78. The simulation did not generate

the perpendicular cylinder morphology, presumably due to the preferential wetting

of the top surface by the minority block in the simulation, and because the swelling

ratios modeled were smaller than those which generated perpendicular cylinders.

4.4 Non-Random Two Liquid Model

The non-random two liquid model (NRTL) model can accurately describe activity

coefficients for liquid mixtures of binary solvents which allows for the calculation of

partial pressures:

p1 = γ1x1p
∗
1

where p1 is the partial pressure of component 1 which has a saturated partial

pressure in its pure state of p∗1, x1 is the mole fraction of component 1 in the liquid

mixture, and 1 is the activity coefficient of component 1. The NRTL equations are

shown in Table 4.2. For the toluene and n-heptane binary system used in this thesis,

the NRTL constants are shown in 4.3.
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Figure 4-6: SCFT simulations of a cylinder phase BCP (f = 0.32, χN = 18.0) thin films
(D0 = 1.7 L0) with varying volume expansions D/D0 caused by the incorporation of
solvents selective to each block A and B. The images show the isosurface in green at
which the density of the minority polymer plus its solvent SA was ϕ = 50. In the
representative lower 3D images, additional surfaces are shown for ϕ = 60 (yellow)
and 70 (red). The green isosurface is shown as a reflective surface to give an idea of
its flatness. In images with a black background, the minority block forms a lamella
without any perforations; blue background indicates a perforated lamella or bridged
cylinders, and a pink background indicates separated cylinders.

Table 4.2: The non-random two liquid (NRTL) equations

lnγ1 = x2
2

(
τ12e(−α12τ12)

(x2+x1e(−α12τ12))2
+ τ21e(−2α12τ21)

(x1+x2e(−α12τ21))2

)
τ21 =

(
1
RT

)
(C1 +D1(273.15− T ))

lnγ2 = x2
1

(
τ12e(−2α12τ12)

(x2+x1e(−α12τ12))2
+ τ21e(−α12τ21)

(x1+x2e(−α12τ21))2

)
τ12 =

(
1
RT

)
(C2 +D2(273.15− T ))

α12 = C3 +D3(273.15− T )
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Table 4.3: The NRTL constants for the toluene + heptane binary solvent mixture.

C1 = −690.2 D1 = 2.903
C2 = 2188.3 D2 = −9.478
C3 = 0.3 D3 = 0

4.5 Summary

Solvent annealing using continuous flows of saturated solvent vapors and an inert

gas diluent can access regimes of solvent partial pressure which are not available

from a simple solvent anneal system that uses a reservoir of mixed liquid solvents,

in which nonidealities in cosolvent mixtures govern the available partial pressures

of the solvents. The independent control of vapor pressures in the continuous flow

system provides a powerful and general method for mapping the swelling ratio and

morphology as a function of the partial pressures of the solvents, and provides access

to a wide variety of morphologies from a block copolymer. For example, perpendicular

cylinders were demonstrated in 45 kg/mol PS-b-PDMS which are inaccessible from a

reservoir anneal. Further, a continuous flow system can provide low vapor pressures

of solvent which are necessary for microphase separation in low molecular weight

BCPs required for small period patterns without dewetting or formation of two-

phase structures. Self-consistent field theory modeling of solvent incorporation showed

morphological transitions that correspond qualitatively to the experiment. Morphology

control, including manipulation of periodicity, critical dimension and geometry, are

critical for the application of BCPs to nanolithography, and solvent annealing is a

key enabling process step. The continuous flow solvent anneal system can be adapted

to include larger numbers of solvent vapor streams, which may be appropriate for

triblock terpolymers or other more complex polymers. The next chapters take the

knowledge gained from SVA shown here and in Chapter 2 and applies to templated

self-assembly whereby top down electron beam lithography is used to create precise

boundary conditions to guide the self-assembly of BCPs.
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Chapter 5

Templated Self-Assembly

This chapter describes the work done on templated self-assembly utilizing solvent

vapor annealing. SVA was required for these studies for a variety of reasons. Firstly,

PS-PDMS is a high-χ BCP system which have high barriers for diffusion10,11,95. These

diffusion barriers depend additionally on the minority block fraction with higher block

fractions resulting in higher diffusion barriers. In our past work9, thermal annealing

was sufficient for sphere forming PS-b-PDMS, but was untenable for the larger MW

cylinder forming 45 kg/mol PS-b-PDMS used in this chapter. Additionally, for the

3D self-assembly explored below, thermal annealing was found to not result in this

structure hinting at complex dynamics during the self-assembly process that are only

beginning to be understood and are discussed in Chapter 6.

5.1 Enforcing Rectangular Symmetry

5.1.1 Introduction

Templated self-assembly of block copolymer (BCP) thin films can enhance the resolu-

tion and throughput of nanoscale lithography processes. This method has been used to

produce large-area defect-free lamellar, cylindrical, or spherical microdomain patterns

through chemical7,8,32,96–98 or topographical6,16,22,36,55,99–101 templating. However, the

formation of complex patterns with multiple morphologies in one BCP film (e.g.,
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coexisting cylinders and spheres) requires additional process steps such as sequential

cross-linking and solvent anneals55,102. The period of the patterns is determined by

the BCP chain length, and sub-10-nm-period (sub-5-nm half-pitch) patterns have been

reported from low molecular weight BCPs.6 While a hexagonal lattice of microdomains

is readily obtained from a diblock copolymer, obtaining a square symmetry pattern

requires 1:1 templating of a diblock copolymer,33 or use of a triblock terpolymer,55

or a blend of diblock copolymers103. This work shows that by using an array of

majority-block-functionalized posts, it is possible to locally control the morphology

of a diblock copolymer, achieve several morphologies simultaneously on a single sub-

strate, and create patterns with square or rectangular symmetry. As a side benefit

of this method, because the topographic template features are incorporated into the

final pattern, the resulting spacing between the template features and the minority

microdomains is smaller than the BCP period, i.e., the areal density of features is

increased. Three-dimensional self-consistent-field-theory (SCFT) simulations were per-

formed to calculate equilibrium morphologies and to explore a wider parameter space

than that of the experiments. The following section describes detailed experimental

methodology for achieving these results.

5.1.2 Experimental Methods

Template Fabrication: The templates were fabricated by EBL of HSQ (Dow Corning

XR-1541 2% solids), a negative-tone electron resist. HSQ was spin-coated on Si (100)

wafers at different thicknesses (21 nm, 27 nm, and 38 nm) depending on the BCP

being used. The thickness of the spin-coated HSQ was measured using an ellipsometer.

A Raith 150 EBL tool at 30 kV acceleration voltage and 300 pA beam current was

used for the exposure of the resist. Arrays of HSQ posts with diameters ranging from

10 nm to 30 nm (measured by image processing software) were obtained by using

different doses ranging from 10 fC to 70 fC. After exposure, samples were developed

in a salty developer for 4 minutes followed by a rinse in de-ionized water for 2 minutes.

Subsequently, O2 plasma asher (50 W, 0.35 Torr) was used to remove possible organic

residues and to change the HSQ patterns to silica.
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Block Copolymer Self-assembly: The templates were chemically functionalized

with a hydroxyl-terminated PS brush (3 kg/mol and 1 kg/mol for high and low

molecular weight of BCPs, respectively) by first spinning the PS solution onto the

templates and then placing them in a vacuum oven (∼20 Torr) at 170 ◦C for 16 hours

and subsequently rinsing with toluene to remove ungrafted polymer chains. Then

poly(styrene-b-dimethylsiloxane) (PS-b-PDMS) (high MW: 45.5 kg/mol, fPDMS =

32% or low MW: 16 kg/mol, fPDMS = 31%) was spun onto the HSQ templates to a

thickness of 29 nm or 25 nm, respectively. Annealing of the high MW BCP thin film

was done by placing the samples in a chamber in the presence of a cosolvent vapor

resulting from a mixture of heptane and toluene liquids (Vtol/Vhep = 5) which swelled

both blocks of the copolymer and improved the kinetics of self-assembly. After 3 h

anneal followed by quenching in air and etching, the film period was around 35 nm.

For the low MW BCP, a saturated vapor of acetone was used in a closed dish for 5

h resulting in a BCP period of around 17 nm. A 5 s (high MW) or 2 s (low MW)

CF4 RIE (50 W, 15 mTorr) was done to remove the top PDMS surface wetting layer,

immediately followed by a 22 s (high MW) and 12 s (low MW) O2 RIE (6 mTorr,

90 W) to remove the PS matrix and leave the ox-PDMS patterns. Scanning electron

micrographs (SEMs) were obtained using a Raith 150 scanning electron microscope

operated with an acceleration voltage of 10 kV.

Simulation Methods: Using the same methods as presented by Mickiewicz et

al42, three-dimensional SCFT simulations were done to compare the equilibrium

morphologies found in the experiment with those in the simulations. The simulations

were used to explore a wider parameter space than allowed in the experiments in

order to predict the commensurability conditions for the various morphologies. In

the simulations, the system was modeled using three dimensional unit cells with

periodic boundary conditions in the x- and y-directions. The posts were modeled

by constraining the fields in the region of the posts to a large value that prevents

polymer density from evolving in that region. The brush layer was modeled using a

field constraint around the boundary of the post region that was attractive to the

majority block (PS) and repulsive to the minority block (PDMS). The top air interface
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Figure 5-1: Schematic diagram showing the major steps of the fabrication process.
Step 1: defining the post template by EBL and chemically functionalizing with a PS
brush; step 2: spin-coating and annealing of the BCP; step 3: removing the PDMS
top wetting layer by CF4 RIE and then the PS matrix by O2 RIE, then imaging in
SEM. The height of the oxidized PDMS cylinders in step 3 is expected to be lower
than that of the as-annealed PDMS cylinders in step 2 due to the etch process.

was modeled similar to the brush layer but preferentially attractive to the PDMS as

experimental observation shows PDMS to have a lower surface energy with air than

PS. To match experimental parameters, the model used a value of χN = 30.0 and

fPDMS = 0.32 where N in the simulation is the number of coarse-grained statistical

monomers. The system was evolved starting with random initial field conditions

until a saddle point solution to the field equations was obtained that was either an

equilibrium or metastable morphology.

5.1.3 Results and Discussion

Figure 5.1.3 shows a schematic diagram of the major steps of the experimental

method. In the first step, the templates were fabricated by means of electron-beam-

lithography (EBL) exposure of hydrogen silsesquioxane (HSQ) resist, then chemically

functionalized with the majority-block brush, hydroxyl- terminated-polystyrene by

grafting the hydroxyl-terminated ends onto the silica substrate. Next, poly(styrene-

b-dimethylsiloxane) (PS-b-PDMS, 45.5 kg/mol) was spin-coated onto the template

substrates. The BCP used in this experiment had a bulk morphology consisting of
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Figure 5-2: SEM of a hybrid BCP pattern on a substrate. White and light grey
shades represent HSQ and ox-PDMS, respectively. Inside the templated region, the
ox-PDMS formed a perforated lamella and outside of it, it formed cylinders.

PDMS cylinders in a PS matrix with an equilibrium periodicity of ∼35 nm. Annealing

of the BCP thin film was done at room temperature using solvent vapor. A CF4

reactive-ion etch (RIE) was done to remove the top PDMS surface layer and immedi-

ately followed by an O2 RIE to remove the PS matrix and leave the oxidized-PDMS

(ox-PDMS) patterns on the substrates.

Figure 5.1.3 shows a scanning electron micrograph of a hybrid BCP pattern on a

substrate. The square array of PS-functionalized posts had 27-nm diameter and 73-nm

period in both the x- and y-directions. Two different BCP morphologies, cylinders

outside the template region and a square symmetry perforated lamella within it,

appeared on the substrate.

By using different template conditions, other morphologies could be achieved.

Figure 5.1.3 a-h shows SEMs of the morphologies of the BCP for different post periods.

By varying the post period from less than L0 (the equilibrium BCP period) to more

than 2 L0, different morphologies were observed, such as cylinders (Figure 5.1.3a,h),

undulated cylinders (Figure 5.1.3b), spheres (Figure 5.1.3c), ellipsoids (Figure 5.1.3d),

periodic superstructures (Figure 5.1.3e), perforated lamellae with a perforation at

each post (denoted by L1) (Figure 5.1.3f) and perforated lamellae with additional
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Figure 5-3: a-h) SEMs of different morphologies of PDMS microdomains. The HSQ
appears white and the ox-PDMS light grey. The observed morphologies are: a) cylin-
ders, b) undulated cylinders, c) spheres, d) ellipsoids, e) periodic superstructures, f)
perforated lamellae L1, g) perforated lamellae L2, h) double cylinders. i) A phase
diagram showing a summary with each data point representing one sample. j) Phase
diagram using 3D SCFT modeling. The horizontal axis is the reduced post spacing
distance in the x-direction Px/L0 and the vertical axis is the reduced post spacing
distance in the y-direction Py/L0. The structures are shown from the top after re-
moving the PDMS surface layer, with only the φ = 0.5 surfaces shown in green. k)
3D SCFT simulation results showing contours of φ = 0.5 (green), 0.6 (yellow) and
0.7 (red), where φ represents the normalized density of the PDMS.
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perforations between the posts (denoted by L2) (Figure 5.1.3g). Most of these

morphologies were observed at a particular post period in the x- and y-directions; as

the period varied around these values, the uniformity of the structures decreased. The

periods where each of these morphologies occurred depended on the post diameters.

Figure 5.1.3i shows the experimental phase diagram plotted against post period Px

and Py varying from 0.5 L0 to 2.5 L0 for a post diameter of 10 nm to 20 nm. We

label Py as the smaller period in rectangular lattices. In this figure, each data point

represents a sample in which one morphology covering more than 70% of the templated

area. A black triangle represents a sample with no dominant morphology.

SCFT was used to model the morphology resulting from post periods of 0.7 L0 to

2.0 L0. A phase diagram of the simulation results is shown in Figure 5.1.3j. The general

trends of the simulations showed the same morphologies observed in experiments,

including cylinders (yellow region in Figure 5.1.3j), spheres (blue region in Figure

5.1.3j), ellipsoids (green region in Figure 5.1.3j), perforated lamellae L1 (pink region in

Figure 5.1.3j), and L2 (orange region in Figure 5.1.3j), all near the same post period

ranges seen experimentally. The simulations can yield both equilibrium and metastable

structures, so if the model results differed from those observed experimentally, multiple

simulations were performed to determine the energy minimum. The phase diagram

shows the state with lowest energy. Additional larger unit cell simulations were done

with a post period of Px = Py = 2.29 L0 for comparison with Figure 5.1.3h. The

simulations showed that both L2 and double cylinders had similar energies for these

post periods (inset image in Figure 5.1.3j).

The simulations assume periodic boundary conditions, whereas the real systems

have a finite post lattice area and the equilibrium cylinder structures surrounding the

post lattice boundaries might influence the morphologies in the templated region. Also,

the simulation does not address local film thickness changes caused by solvent annealing,

and since the simulations only yield saddle point solutions and do not reproduce realistic

kinetics, these structures will not correspond exactly to the experiment in cases where

kinetically trapped structures form. Despite this, the simulations give a very good

qualitative agreement with the experiment, and could therefore be predictively useful.

119



Two major discrepancies occurred between the model and experiment. First, in cases

where experimentally the cylinders oriented parallel to the axis with larger period

with Px > L0 and Py< L0, the model predicted that this was a higher energy state

than alignment parallel to the axis with smaller period. Second, the model could not

reproduce the superstructures because it included only one lattice period.

We now describe the various morphologies in more detail. When Px was similar to

or greater than L0 and Py < L0, the PDMS cylinders oriented along the y-direction,

Figure 5.1.3a. The cylinders in the templated region showed a small amount of

necking or undulation near the posts, and a different width compared to those in the

untemplated region: when Px > L0 the width of the cylinders was larger than the

untemplated case. When Px was similar to or greater than L0 and Py = ∼ L0, the

PDMS cylinders oriented along the x-direction, Figure 5.1.3b. The cylinders showed

distinct undulations caused by the PS-coated posts. These cylinder morphologies

occurred over a wide range of Px in both experiment and model. The SCFT examples

in Figure 5.1.3j show only small fluctuations in the cylinder width, but cylinders with

larger undulations oriented along the commensurate direction appeared for shorter or

thinner posts or a thicker BCP film.

Figure 5.1.3c shows a spherical morphology with a square symmetry that occurred

when Px = Py and the post period was incommensurate with L0. By increasing

the post period in both directions, a condition was reached in which the BCP was

commensurate with the lattice under a rotation of 45 degrees, which resulted in an

elliptical morphology for the PDMS, as seen in Figure 5.1.3d. Figure 5.1.3i shows that

the simulated spherical and ellipsoidal morphologies occurred within a small range

of post periods, and the ellipsoidal structures were oblate ellipsoids rather than the

45-degree-oriented prolate ellipsoids observed in the experiment. The higher symmetry

in the simulation may result from the periodic boundary conditions which do not

provide a preferential in-plane direction for the ellipsoids to orient.

Figure 5.1.3e shows a periodic superstructure of cylinders and ellipsoids. Periodic

superstructures of cylinders and ellipsoids or cylinders and spheres were observed

within a large region of post periodicity, in between template periods that generated
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either cylinders or perforated lamellae, as shown in Figure 5.1.3i. These superstructures

appear to be metastable combinations of the ellipsoidal and cylindrical morphologies.

Such periodic patterns were only produced in SCFT simulations of double cells in

which one of the cells was seeded with initial conditions consisting of a sphere of PDMS.

The simulations suggest that spheres or ellipsoids have similar energies to cylinders

(cylinders have a slightly higher energy) in this regime of post period, and this indicates

that the superstructure represents a combination of these states. Formation of a

cylinder may promote formation of ellipsoids in the adjacent unit cells, which then

favors formation of another cylinder, etc., building up the superstructure. Energy

differences between the superstructure and cylinder-only morphologies are small, for

example the superstructure had 0.034% higher energy for Px = 1.0 L0 and Py ∼ 1.5

L0 in the simulations.

Figure 5.1.3f shows a perforated lamellar morphology L1 which occurred when

the post periods in the x-, y-, and diagonal directions were between L0 and 2 L0.

The volume of the ox-PDMS between the posts was intermediate between that of one

cylinder and two cylinders.

Figure 5.1.3g shows perforated lamellae with additional perforations between the

posts (L2) which formed for Px = Py = 1.8-2.3 L0; for larger period, the structure

transitioned to pairs of cylinders lying between the posts, Figure 5.1.3h. The SCFT

simulations showed perforated lamellae L2 for Px = Py > 1.7 L0, but the model

did not reproduce the gradual transition between morphologies. Larger multi-cell

simulations may show such transitional structures. Larger unit cells (e.g. Px = Py =

2.29 L0) generated either double parallel cylinders or perforated lamellae L2, Figure

5.1.3j (inset), and these two structures had degenerate energies.

Considering that both the HSQ template features and the ox-PDMS are silica-based

structures with high etch resistance, they both constitute the final pattern produced

by the templated BCP. The areal density of HSQ plus ox-PDMS features in the final

pattern was therefore higher compared to the density of ox-PDMS features in an

untemplated film. For example, the feature spacing along the x-axis in Figure 5.1.3a,

or the y-axis in Figure 5.1.3b, is 17 nm, half of L0. This process therefore achieves
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Figure 5-4: SEM of a high-resolution hybrid BCP pattern on a substrate. White
and light grey colors represent HSQ and ox-PDMS, respectively. In the template re-
gion, ox-PDMS microdomains are spheres and outside of it, they are cylinders.Insets:
Zoomed-in images of areas inside and outside the template.

not only control over the film morphology and formation of square and rectangular

symmetry patterns, but a denser set of etch-resistant features than is possible from

the BCP alone.

The morphological control was further illustrated by templating a PS-b-PDMS

BCP with low molecular weight (16 kg/mol). This material formed in-plane cylinders

with spacing 17 nm on a smooth substrate, but a square array of posts with 25

nm period templated a square symmetry pattern of ox-PDMS spheres between the

posts, Figure 5.1.3. The ox-PDMS spheres and the posts together formed a square

pattern with feature spacing of 25/2 = 17 nm, similar to Figure 5.1.3c but smaller in

dimensions.

We next show how the size of the ox-PDMS microdomains can be predicted

analytically based on the geometry of the template and volume fraction of the BCP.

Consider first a film, which forms a single layer of cylindrical PDMS microdomains

with radius R0 on a smooth substrate. When templated into spherical microdomains

of radius Rs by an array of posts (as in Figure 5.1.3c or 5.1.3),

Rs =
(

3R0
2

4L0
[PxPy − π(r + T )2]

)
1
3

where r is the radius of the posts, and T the thickness of the PS brush layer on

the posts.
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For the case of a bilayer BCP film which forms two layers of cylinders on a smooth

substrate, if R01 and R02 are the radii of the ox-PDMS cylinders in the top and bottom

layers of microdomains, then in cases where post templating forms a monolayer of

spheres of radius Rs,

Rs =

(
3π(R2

01+R2
02)

4L0
[PxPy − π(r + T )2]

)
1
3

These results show that the radius Rs of the templated spherical PDMS mi-

crodomains depends on both the volume fraction of PDMS (which determines R0 for

a given L0) and the geometry of the template. Figure 5.1.3a-c shows the experimental

verification of this analysis for three different conditions, in which different post

geometries, film thicknesses and molecular weights (45 kg/mol and 16 kg/mol) are

used. Figure 5.1.3a shows a film consisting of a monolayer of cylinders on a smooth

substrate, and Figures 5.1.3b and 5.1.3c are from bilayers of cylinders. In Figures

5.1.3a-c, the square post lattice yielded PDMS spheres whose predicted diameters

from equations shown above were 24 nm, 11 nm and 31.5 nm respectively, which

compares well with the measured values of 24 nm, 11 nm, and 32 nm. The agreement

supports the interpretation of the templated morphologies as consisting of a monolayer

of PDMS spheres, consistent with the SCFT model.

5.1.4 Summary

The central result in this section is the use of an array of majority-block-functionalized

topographical posts to control the self-assembly of a BCP, allowing a variety of mor-

phologies to be produced, including arrays of spheres, ellipsoids, cylinders, undulating

cylinders, perforated lamellae, and superstructures, by varying the geometrical pa-

rameters of the post array which is enabled by an understanding of the solvent vapor

annealing of higher minority block fraction PS-b-PDMS. This understanding of the

effects of the SVA assisted self-assembly of a monolayer of BCP in an array of posts

functionalized with minority block PS help lay the foundations for enabling bilayer

self-assembly as discussed in the next section.
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Figure 5-5: SEMs illustrating the change of the morphology of ox-PDMS cylinders
to spheres using a PS-functionalized template. White and light grey colors indicate
HSQ posts and ox-PDMS microdomains, respectively. The unit of numbers in all
images is nm and a square lattice template was used for images (a-c). These images
are the results of: a) a single layer BCP with a molecular weight of 45 kg/mol, b) a
bilayer BCP with a molecular weight of 16 kg/mol, c) a bilayer BCP with a molecular
weight of 45 kg/mol, and d) a single layer BCP with a molecular weight of 45 kg/mol
and a rectangular lattice template.
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5.2 3D Self-Assembly

5.2.1 Introduction

The registration and alignment of a monolayer of microdomains in a self-assembled

block copolymer thin film can be controlled by chemical or physical templating methods.

Although planar patterns are useful for nanoscale device fabrication, three-dimensional

multilevel structures are required for some applications. This section shows that a

bilayer film of a cylindrical-morphology block copolymer, templated by an array of

posts functionalized with a brush attractive to the majority block, can form a rich

variety of three-dimensional structures consisting of cylinder arrays with controllable

angles, bends, and junctions whose geometry is controlled by the template periodicity

and arrangement and their formation is enabled through the use of solvent vapor

annealing. The following section explains the experimental methods used in details to

achieve this.

5.2.2 Experimental Methods

Template fabrication. The templates were fabricated by using electron-beam lithog-

raphy (EBL) of HSQ (Dow Corning XR-1541 2 solids), a negative-tone electron

resist. HSQ has several advantages such as high resolution, high etching resistance,

and easy imaging of its patterns by a scanning electron microscope without using a

conductive coating. The last advantage is useful for checking the templates before

the self-assembly of the BCP patterns. HSQ was spin-coated at 40 ± 2 nm thickness

(determined by ellipsometry) on Si substrates. Sample sizes were typically around 2

cm squares obtained by cleaving Si (100) wafers. The resist was exposed in a Raith

150 EBL tool at 30-kV acceleration voltage, 300-pA beam current, 40-fC to 116-fC

dot doses and 0.13-ms to 0.39-ms dot-dwell-time to obtain arrays of HSQ posts. After

exposure, samples were developed in a high-contrast salty developer36 of 4 NaCl and

1 NaOH in DI water at room temperature for 4 min followed by a rinse in de-ionized

water for 2 min and drying with N2 gas. The samples were further treated with an
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O2 plasma asher (50 W, 0.35 Torr) for 2 min to remove possible organic residues and

to convert the HSQ patterns to silica. The height of HSQ posts after exposure and

O2 plasma was less than the initial thickness of the HSQ resist. The decrease in the

thickness of the HSQ resist after exposure and O2 plasma is about 20% of the initial

film thickness.

Block copolymer self-assembly. After fabrication, the templates were chemically

functionalized with a hydroxyl-terminated-PS brush (1 kg mol−1, PolymerSource) by

first spinning the PS-OH solution onto the templates and then placing them in a vacuum

oven (20 Torr) at ◦170 C for 16 h and subsequently rinsing with toluene. Then, PS-b-

PDMS (45.5 kg/mol, fPDMS = 32) was spin-coated onto the substrates with the HSQ

templates to a thickness of 42± 1 nm (measured using spectral reflectometry). PS-b-

PDMS was chosen for its high Flory-Huggins interaction parameter (χ is approximately

0.226 at 25 ◦C) and its ability to act as a robust etch mask7. Solvent annealing was

done using a crystallization dish geometry (5 cm diameter, 1.5 cm height) where the

substrates were placed on a glass platform 0.6 cm from the base of the crystallization

dish. 1.5 ml of a toluene and heptane mixture with a 5:1 volume ratio of toluene:heptane

(toluene mole fraction = 0.874) was placed in the chamber and the chamber was capped

by placing a 10-cm diameter glass petri dish over it. This toleuene/heptane mixture

has been shown to correspond to toluene and heptane partial pressures of 19.5 Torr

and 7.8 Torr respectively at 25 C assuming saturated pressure conditions24. The actual

partial pressures directly adjacent to the BCP film were not measured. The solvent

leaked our of the chamber at a rate of 590 µg/min. However, the annealing conditions

can be further understood by considering the amount of solvent incorporation into

the BCP film.

The initial film thickness was measured to be 42± 1 nm and the BCP film was

swollen to 101± 3 upon solvent exposure as measured by in-situ spectral reflectometry

(F20, Filmetrics). This corresponds to a swelling ratio of 2.4 and was reached within

10 min. After 3 hrs of solvent annealing, the chamber was rapidly evacuated with

N2 and the BCP film visibly collapsed within 1s. During the course of the solvent

annealing, the BCP film underwent hole and island formation which is expected in
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films containing in-plane cylinders in which the film thickness is intermediate between

that required to form 1 and 2 layers of microdomains. However, the HSQ post patterns

were nucleation sites for island formation which resulted in bilayer films in the region

of the substrate near the post arrays. When thicker initial film thicknesses were used

(e.g. 70 nm thick film, corresponding to approximately twice the periodicity of the

BCP), the HSQ posts would often act as nucleation points for > 2 layer films which

were not the focus of this study, hence thinner initial film thicknesses were utilized. A

5-s CF4 RIE (50 W, 15 mTorr) was done to remove the top PDMS wetting layer and

immediately followed by a 22-s O2 RIE (6 mTorr, 90 W) to remove the PS matrix and

leave the ox-PDMS patterns. SEM images were obtained using a Raith 150 scanning

electron microscope operated with an acceleration voltage of 10 kV at 6-mm working

distance.

Cross-section image. For cross-section imaging, a sample was made with a large

area (1 micron by 600 micron) on a Si substrate, which was then was cleaved across

the templated area. Cross-section images were taken at 10-kV acceleration voltage

with an immersion lens and a 30-pA beam current using a Helios D521 dual beam

system. The working distance was 4 mm. Dynamic focus was enabled, which allows

the depth of focus to be automatically changed during imaging. The sample had no

metal coating. The sample was rotated by 38 degrees for imaging.

5.2.3 SCFT Methods

Simulation. Using the same methods as presented by Mickiewicz et al.42, 3D SCFT

simulations were performed to permit improved insight into the 3D structure of the

features. In addition, the simulations allowed for the exploration of the inherent

metastabilities in the system between the competing morphologies. The system

was modeled using 3D unit cells with periodic boundary conditions in the x- and

y-directions as depicted schematically in Fig. 5.2.310. The posts were modeled by

constraining the fields in the region of the posts to be a large value so that polymer

density could not evolve in that region. To best match the model with experiment, a

preliminary screening of the patterns obtained with various post diameters and heights

127



was done for the post spacings where the mesh structure occurred in experiment,

as the dimensions of the field boundary conditions used to model the posts in the

simulation do not match exactly to the experimental post diameters from the images.

This led to the use of a simulation post diameter and height which are larger than

the experimentally measured post dimensions. The brush layer was modeled using

a field constraint around the boundary of the post area that was 100 preferentially

attractive to the larger block (PS) and thus 100 repulsive to the smaller block (PDMS).

The top air interface was modeled similar to the brush layer but 100% preferentially

attractive to the PDMS, because experimental observation shows PDMS to have a

lower surface energy with air than PS. System parameters to match experimental

parameters were modeled using a value of χN = 30.0 and fPDMS = 0.32. This value

for χN is determined by considering two factors. The first factor is the coarse graining

of the simulation where an effective statistical monomer is about twice the size of the

chemical PDMS and PS monomers such that NS =
NExperiment

2
. The other factor is that

the solvent is implicitly modeled in the simulation using the assumption that toluene

and heptane selectively swell both blocks equally and thus the volume fraction of

the BCP during the anneal is unchanged but that χeff ∼ χ (1− fs), with fs the total

fraction of solvent). An alternative approach would be to explicitly model the solvent

as a separate species with its own partitioning within the total partition function, but

since the equilibrium structures do not appear to depend on dynamic effects of solvent

evaporation, only implicitly modeling the solvent was deemed necessary by having

an effective interaction parameter. Since the films swell to a final thickness of ∼3.00

L0 from an original thickness of ∼1.20 L0, this gives an approximate solvent fraction

in the fully swollen film of 60%. For the 45.5 kg/mol polymer used χN is ∼100 near

room temperature, thus a value of ChiN = 30.0 was taken for the modeling. The

system initial field conditions were random and the system was evolved until a saddle

point solution to the field equations was obtained that was either an equilibrium or

metastable morphology. Since the solutions obtained by simulation can be metastable,

multiple simulations had to be performed to first see if the system converged on a

different saddle point solution, and then the energies of the resulting structures had
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to be compared to determine that was the lower energy structure (these structures

should correspond to the global energy minimum structures). Since these simulations

typically took several days to run, additional simulations were only done for select

cases where metastability was an apparent issue with the resulting structures having

defects that were most likely due to a metastable saddle point solution being reached.

Thus, some structures observed in the simulation may actually be metastable defects.

Metastable State Energy Comparison

In the SCFT simulations, the simulation is considered complete once the SCFT

condition is satisfied which corresponds to an unchanging total energy Hamiltonian,

H,with continued iterations. For the 3D model of size NX by NY by NZ = ∼20 by

20 by 42 cells, the number of iterations required to reach this condition is ∼300,000.

Since the state converged upon starting with a random field configuration may not

be a true global minimum, multiple simulations may be necessary to find the actual

equilibrium structure without a priori knowledge of the resultant morphologies. If a

general idea of the resultant morphology is known, the process of finding the actual

equilibrium structure can be expedited by creating an initial field configuration of the

expected morphology and seeding the simulation with those fields. For the case of the

mesh structure, random initialization conditions always converged on a structure with

the two layers connected. To study whether this represented a metastable defect, a

set of fields without the connection was created and a simulation ran from the seeded

state for the same 300,000 iterations as the randomly seeded simulations. The seeded

state evolved to create a slight bulge in the top PDMS microdomain but did not

connect to the bottom layer cylinder. From the energy curves, the final energy of the

seeded system converged to approximately the same energy as the randomly initialized

system to within 0.15%. Combined with the experimental evidence of connections in

SEMs, the states are thus likely metastable and we expect the connectivity between

the layers may be influenced by small changes in boundary or processing conditions.

Complex nanoscale pattern formation on two-dimensional (2D) surfaces can be

achieved using template-assisted self-assembly of block copolymer (BCP) thin films.

Approaches that depend on sparse patterns of lithographically defined chemical
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Figure 5-6: Total energy, H, versus iterations for seeded and randomly initialized
mesh shaped-structures for an x-direction post periodicity of 1.71 L0 and a y-direction
post periodicity of 2.00 L0. The inset shows 3D side view SCFT simulation of the
PDMS density images with φ = 0.5 green and φ = 0.7 red at 300,000 iterations.
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templates8,32,96,97 or physical templates6,9,16,99–101 have focused on controlling a single

layer of BCP microdomains. This layer is then used as a mask, in combination with

conventional planar processing techniques such as liftoff and etching, to fabricate

devices including patterned magnetic recording media, nanowire transistors, flash

memory, and gas sensors18,46,104–107.

The inherent 3D nature of self-assembled BCPs suggests their possible use in

fabricating 3D devices such as cross-point structures in a single step, rather than

building up the structure sequentially. There have been reports of the fabrication of

3D structures by self-assembly of thicker BCP films or by sequential stacking and

cross-linking of BCP films21,29,108–114, but stacking methods have disadvantages for

the fabrication of 3D structures because of the difficulty of aligning multiple layers,

the large number of processing steps required, and the poor order of the resulting

patterns. In the absence of templating, the achievable geometries of bilayer BCPs are

limited; for example, in a bilayer cylindrical-morphology BCP thin film, the cylinders

in each layer share the same orientation, whereas in a spherical-morphology BCP the

spheres form two offset close-packed layers115.

Chemical templating of bilayers of spherical microdomains29,108,109 and lamellae110

has been shown to yield square symmetry patterns and coupled perforated lamellae,

respectively. A wider range of 3D BCP structures can be achieved by confinement of

the BCP within parallel surfaces, narrow pores, or spherical cavities, which produce

structures such as helices, cylindrical shells, and stacked disks or tori not found in

bulk21,114,116. However, these processes do not enable the formation of interconnected

structures in which the microdomains can be routed or connected arbitrarily over a

large area.

In this section, experiment and self-consistent field theory show that simple periodic

arrays of posts can give control over the orientation of each layer of cylinders in a

bilayer BCP film, enabling the orientation of each of the two layers of cylinders to

be controlled independently, simultaneously, and locally. This was accomplished by

functionalizing the posts with a majority-block homopolymer brush, which rendered

the posts attractive to the majority-block matrix and repulsive to the minority-block
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cylindrical microdomains. The resulting self-assembled structures are understood by

considering the commensurability between the post period and the equilibrium BCP

period, as well as the energy costs associated with in-phase stacking of alternate layers

of cylindrical microdomains. Connections between cylinders in different layers can

form a cross-point-like architecture, and by locally controlling the post periodicity

and arrangement, one can create specific defects, bends, and junctions in the top and

bottom layers independently. Moreover, noncylindrical structures such as perforated

lamellae, as well as periodic superstructures with double the period of the template,

can be created. These results provide an approach for making 3D structures useful in

applications (e.g., cross-point memory devices) that require the precise placement of

nanowires in three dimensions. As an additional advantage, this process can produce

rectangular or square-symmetric structures, which are useful in applications such as

fabricating integrated circuit interconnects or bit-patterned media117.

5.2.4 Results and Discussion

Both layers of cylinders are clearly visible in scanning electron micrographs (SEMs)

after etching (Fig. 5.2.4, B and C) and are oriented with respect to the lattice vectors

of the post lattice. The PDMS cylinders typically lie between the PS-coated posts (Fig.

5.2.4A, step 4) because of the PS brush, unlike the case of PDMS-coated posts where

the PDMS cylinders lie atop rows of posts36. To describe the resulting morphologies

systematically, we introduce a notation [(a b),(c d)] in which (a b) refers to the top

layer and (c d) refers to the bottom layer of cylinders; (a b) and (c d) are analogous

to the 2D Miller indexing of crystal lattice planes. For example, if a = 2, then for the

top layer the spacing between cylinders in the x direction is half the spacing between

the posts (here, the y direction is that with the smaller periodicity). In cases where

the cylinders lie on top of the posts, a prime [e.g., (a b)] is included in the notation.

Some post lattices generate noncylinder morphologies, which are designated S, E, or B

for spheres, ellipsoids, or square-symmetry perforated lamellae, respectively, in place

of the Miller indices.

Figure 5.2.4B shows a bilayer film templated by a rectangular array of PS-
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Figure 5-7: Fabrication of 3D structures. (A) The major steps of the fabrication
process for the 3D structures: step 1, fabricating the post templates by electron-
beam lithography; step 2, chemically functionalizing posts with a PS brush; step 3,
spin coating and solvent annealing of the BCP; step 4, removing the PS matrix by
an O2 reactive-ion etch and leaving the ox-PDMS patterns on the substrate. (B)
SEM of an etched [(0 1),(2 0)] bilayer structure on a substrate. (C) Upper magnified
SEMs (red and green borders refer to Fig. 1B) and lower cross-sectional (lower inset)
SEM of the regions inside and outside the template. (D and E) SEMs of a [(0 1),(3
0)] perpendicular structure (D) and a [(1 1),(3 0)] angled mesh-shaped structure (E)
formed from two layers of ox-PDMS cylinder arrays. The bright dots and the light
gray linear features represent HSQ and ox-PDMS, respectively.

133



functionalized posts 21 nm in diameter and 33 nm in height, with x direction periodicity

of 100 nm and y direction periodicity of 36 nm. Figure 5.2.4C shows magnified and

cross-sectional SEMs of regions inside and outside the templated region. Outside

the templated region, the top and bottom layers of ox-PDMS cylinders shared local

orientation, with the cylinders in the top layer lying in between those of the bottom

layer without showing long-range order. Inside the templated region, the cylinders in

the top and bottom layers did not generally share local orientation between the posts

because of the energetic cost associated with incommensurability. As a result, the top

cylinders instead self-assembled into a meshlike array that covered the entire templated

region. Figure 5.2.4, D and E, shows another example of templated bilayer films in

which additional columns of square or parallelogram-shaped holes were generated

between the posts. These results demonstrate the ability to control the orientation of

the individual layers of microdomains within a bilayer.

By changing the post periodicities in the x and y directions, we achieved a

wide range of orientations and morphologies of both the top and bottom layers of

microdomains. Figure 5.2.4 shows examples, including parallel top and bottom PDMS

cylinders (Fig. 5.2.4, A and B); meshlike structures (Fig. 5.2.4, C to F); structures

containing a layer of ellipsoids, spheres, or square perforated lamellae (Fig. 5.2.4, G to

I); and periodic superstructures (Fig. 5.2.4, J and K). Each of these 3D structures was

observed within specific ranges of post periodicities in the x and y directions, and the

cylinders were oriented perpendicular to the direction in which the post periodicity was

commensurate with the BCP period. In general, the top layer of cylinders formed the

more commensurate arrangement. These structures are consistent with the equilibrium

morphologies observed in the self-consistent field theory (SCFT) simulations, which

modeled the morphologies present when the film was fully swollen (before quenching).

Figure 5.2.4, A and B, shows cases where the cylinders in both layers were oriented

parallel (in the y direction, Fig. 5.2.4A; in the diagonal direction, Fig. 5.2.4B) and

the cylinders in the top layer were offset from those of the bottom layer, as seen in

the untemplated bilayer film. The offset stabilizes the parallel arrangement, but it

incurs an energy penalty if there is contact between the cylinders and posts. The top
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Figure 5-8: Templating and modeling 3D self-assembled structures. (A to K) SEMs
of the ox-PDMS microdomains templated by post arrays. White and light gray
areas represent HSQ posts and ox-PDMS, respectively. Ox-PDMS microdomains
were commensurate in the same direction [(A) and (B)] or formed perpendicular
and angled mesh-shaped structures [(C) to (F)], cylinders on top of ellipsoids (G),
cylinders on top of spheres (H), cylinders on top of perforated lamellae (I), and
periodic superstructures [(J) and (K)]. Circles denote cylinders oriented along x or y;
triangles, stars, and squares denote cylinders oriented in a diagonal direction. (M to
Q) SCFT simulation results for representative post periods. Top images, isometric
views; bottom images, top-down views. Surface contours of constant minority-block
(PDMS) density φ are plotted; φ = 0.5 represents the boundary between the PS and
PDMS blocks.
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layer of cylinders could overlay the posts (Fig. 5.2.4B), but in cases where the bottom

layer lay along a line of posts, it was interrupted to form dash shapes.

In Fig. 5.2.4, C to F, the cylinders in the two layers became oriented in two different

directions and made a mesh-shaped structure. Mesh-shaped structures occurred when

the post period in the y or diagonal direction was equal to the BCP period, favoring

alignment of one layer of cylinders perpendicular to the y or diagonal direction, but

the period in the x direction was slightly less than an integer multiple of the BCP

period. In this case, the parallel alignment seen in Fig. 5.2.4, A and B, is less favorable

than a mesh structure. Depending on the commensurability of the post lattice, the

angle of the mesh was 90◦ (Fig. 5.2.4, C and E) or more (Fig. 5.2.4, D and F).

The mesh structures of Fig. 5.2.4, C to F, can be generalized to include larger

numbers of cylinders subdividing the x-axis period, as shown in Fig. 5.2.4, D and E,

where the post periods in the x direction were less than 4 times the BCP period. The

dimensions of the square and parallelogram holes in all the mesh-shaped patterns were

18 by 18 nm, and their periods in the y direction were ∼36 nm, matching the BCP

period. The resulting parallelogram and square holes demonstrated sharp corners

relative to those fabricated using conventional lithography, which suggests a role for

such structures in the generation of nanoscale square or rhombic features or pits.

Figure 5.2.4, G to I, shows examples in which the bottom layer of microdomains

formed ellipsoids (Fig. 5.2.4G) or spheres (Fig. 5.2.4H) between the posts, and square

perforated lamellae in which the holes in the PDMS surrounded the posts (Fig. 5.2.4I).

These structures occurred when the BCP period was not commensurate with either

the x or y direction spacing. We also observed periodic superstructures in which the

structure alternated between two morphologies between adjacent columns of posts,

resulting in twice the period of the post lattice. Examples are shown in Fig. 5.2.4, J

and K.

To analyze the experimental morphologies, a phase diagram (Fig. 5.2.4L) was

made in which the various morphologies are plotted as a function of post period Px

and Py in the x and y directions, respectively. The periods are expressed as multiples

of L0, the equilibrium period of cylinders in an untemplated film annealed under the

136



same conditions. Superposed on this graph are vertical and horizontal colored bands

representing approximate commensurate conditions (i.e., when Px and Py are within

±9% of an integer multiple of L0). Curved colored bands represent commensurate

conditions for the diagonal spacing. A value of 9% was chosen because BCP films have

been found to adjust their period in response to a template by up to approximately

this amount7,36. Examination of Fig. 5.2.4L shows that the observed morphologies

correspond well with the commensurate template conditions. The correspondence

indicates that commensurability in both x and y directions plays a dominant role in

determining which morphology forms.

SCFT simulations were carried out to investigate the 3D structure of the features,

as well as the metastability of the structures observed. The thickness of the unit cell

was set to the swelled BCP thickness observed during the solvent annealing, which

was ∼3.00 L0; the post diameter and height were 0.71 L0 and 1.64 L0, respectively.

The simulation results showed the same general trends as the experiments. Parallel

cylinders were predicted by the SCFT simulation for x direction post periods equal

to integer multiples of L0 (Fig. 5.2.4M). Perpendicular mesh-shaped structures were

predicted for x direction periods less than an integer multiple of L0 (2 L0, 3 L0) and y

direction periods equal to L0, as was seen in the experiments (Fig. 5.2.4, N and O).

Different morphologies in the two layers were predicted by SCFT, such as cylinders

over spheres (Fig. 5.2.4P) and cylinders over perforated lamellae (Fig. 5.2.4Q).

However, simulations of two unit cells did not predict the observed superstructures.

Consideration of factors not included in the SCFT, such as bending of the posts or

non-equilibrium formation during the solvent vapor annealing, may be required to

explain these structures. Crossed cylinders have been predicted in a BCP confined

between parallel surfaces with highly incommensurate spacing116.

In the simulations, the cylinders in the two layers were often connected (Fig.

5.2.4, N to P). These connections between the two layers may be metastable defects.

However, there is also experimental evidence in the mesh-shaped structures for these

connections. By seeding the simulation with a field configuration that represented a

mesh-shaped structure without a connection, it was determined that the energies of
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the connected versus unconnected systems were too close to distinguish a lower-energy

state. Thus, local connections between cylinders are likely to be present in the system

and should be considered in postprocessing applications for these patterns.

In addition to controlling the alignment and morphology of the PDMS mi-

crodomains in two different layers, we were also able to locally control the alignment

of the microdomains to form more complicated patterns with specific defects, bends,

and neighboring junctions. In particular, junctions and bends were placed in either of

the layers of cylindrical microdomains. Two approaches were used, separately or in

combination, to fabricate such aperiodic structures: (i) a post array with a variation in

the post periodicity in one or both directions to fabricate bends and junctions (T and

angled junctions) in the top layer; and (ii) a post lattice whose orientation varied while

the period was constant to fabricate bends and junctions (T, angled, and Y junctions)

in the bottom layer. These types of bends and junctions could potentially be used

to fabricate integrated-circuit elements24. Figure 5.2.4A shows a structure made by

the first approach in which, by increasing the post periodicity in the x direction, a

[(0 1),(2 0)] structure joined with a [(3 0),(2 0)] structure and, by increasing the post

periodicity in the y direction and decreasing it in the x direction, the [(3 0),(2 0)]

structure joined with a [(1 1),(2 0)] structure. Thus, the bottom layer of cylinders had

a fixed direction (y direction) and only the direction of the top cylinders was varied;

structures such as T junctions formed where the different orientations met. Figure

5.2.4B shows a structure made using the second approach in which, by changing the

post arrangement, the [(-1 1),(2 0)] structure contained a mirror plane parallel to the

[1 1] direction of the lower post lattice. The top layer of cylinders had a fixed direction

(x direction), and only the direction of the bottom cylinders was varied.

SCFT simulations were carried out to investigate both the 3D structure of the

features as well as the metastability of the structures observed114. The thickness

of the unit cell was set to the swelled BCP thickness observed during the solvent

annealing, which was ∼3.00 L0, and the post diameter and height were 0.71 L0 and 1.64

L0, respectively.The simulation showed the same general trends as the experiments.

Parallel cylinders were predicted by the SCFT simulation for x-direction post periods
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Figure 5-9: Templated 3D bends and junctions. (A) SEM of a locally controlled
structure fabricated by changing the post periodicity in the x and y directions. From
left to right, the structures changed from [(0 1),(2 0)] to [(3 0),(2 0)] and then to
[(1 1),(2 0)]. (B) SEM of a locally controlled structure fabricated by changing the
post lattice orientation. Top to bottom, the [(-1 1),(2 0)] structure contained a mirror
plane parallel to the [1 1] direction of the lower post lattice. The x and y axes make an
angle of 107◦. White and light gray areas represent HSQ and ox-PDMS, respectively.
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equal to integer multiples of L0 (Fig. 5.2.4M). Perpendicular mesh-shaped structures

were predicted for x-direction periods less than an integer multiple of L0 (2 L0, 3 L0)

and y-direction periods equal to L0, as was seen in the experiments (Fig. 5.2.4N,O).

Different morphologies in the two layers were predicted by SCFT such as cylinders over

spheres (Fig. 5.2.4P) and cylinders over bicontinuous cylinders (Fig. 5.2.4Q). However,

simulations of two unit cells did not predict the observed superstructures. To explain

these structures, factors not included in the SCFT such as bending of the posts or

non-equilibrium formation during the solvent vapor annealing may be important. In

the simulations, the bottom cylinders did not orient along the commensurate direction

due to the confinement of the posts while the top cylinders were able to orient along the

commensurate direction due to the increased swelling thickness of 3.00 L0. Recently,

crossed cylinders were also predicted in a BCP confined between parallel surfaces with

highly incommensurate spacing113. In the simulations, the cylinders in the two layers

were often connected, as shown in Fig. 5.2.4N-P. These connections between the two

layers may be metastable defects. However, there is also experimental evidence in

the mesh shaped-structures for these connections. By seeding the simulation with a

field configuration that represented a mesh shaped-structure without a connection,

we found that the energies of the connected vs. unconnected systems were too close

to distinguish a lower energy state114. Thus, local connections between cylinders

are likely to be present in the system and should be considered in post-processing

applications for these patterns.

It was also possible to locally control the post periodicity and arrangement to form

more complicated patterns with specific defects, bends and neighboring junctions.

In particular, junctions and bends were placed in either of the layers of cylindrical

microdomains. Two strategies or a combination of them were used to fabricate

such aperiodic structures: (1) a rectangular post array with a variation in the post

periodicity in one or both directions to fabricate bends and junctions (T- and angled-

junctions) in the top layer; and (2) a post lattice whose orientation varied while

constant period to fabricate bends and junctions (T-, angled- and Y-junctions) in

the bottom layer. These types of bends and junctions could potentially be used to
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fabricate integrated-circuit elements. Fig. 5.2.4A shows a structure made by the first

strategy in which, by increasing the post periodicity in the x-direction, a [(0 1),(2 0)]

structure joined with a [(3 0),(2 0)] structure and, by increasing the post periodicity

in the y-direction and decreasing it in the x-direction, the [(3 0),(2 0)] structure joined

with a [(1 1),(2 0)] structure. Thus the bottom layer of cylinders had a fixed direction

(y-direction) and only the direction of the top cylinders was varied; structures such

as T-junctions formed where the different orientations meet. Fig. 5.2.4B shows a

structure made using the second strategy in which, by changing the post arrangement,

the [(-1 1),(2 0)] structure contained a mirror-plane. The top layer of cylinders had a

fixed direction (x-direction) and only the direction of the bottom cylinders was varied.

5.2.5 Summary

The central result of this work is the independent and simultaneous control of the

morphology and orientation of two layers of BCP microdomains guided by an array

of functionalized posts. This forms the basis for the creation of more complicated

structures such as cylinders with specific defects, bends, and junctions, as well as

noncylindrical morphologies, and connections between the top and bottom layers of

cylinders can be made. These results were only found to be possible with SVA and

were not found to be possible with thermal annealing. The strategies demonstrated

here for the 3D routing of dense nanoscale cylindrical features using a single self-

assembly step could facilitate new methods for nanoscale device manufacturing when

combined, for example, with processes that convert microdomains selectively into

functional materials such as oxides or metals118. The next section is a continuation

of the previous two sections where HSQ posts were replaced with PMMA posts and

were found to also be viable candidates for nano scale bondary conditions.
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5.3 Removable Templates

5.3.1 Introduction

A sacrificial-post templating method is presented in this section for directing block

copolymer self-assembly to form nanostructures consisting of monolayers and bilayers

of microdomains. In this approach, the topographical post template was removed

after self-assembly and therefore was not incorporated into the final microdomain

pattern. Arrays of nanoscale holes of different shapes and symmetries, including mesh

structures and perforated lamellae with a bimodal pore size distribution were produced

and only viable with solvent vapor annealing.

In general, for topographical templating the template becomes incorporated into

the BCP microdomain array. Sacrificial methods have therefore been developed to

direct BCP self-assembly in trenches made from an etchable material, allowing the

subsequent removal of the template to result in a template-free final arrangement

of microdomains119,120. This section presents a sacrificial-post templating method

for block copolymer self-assembly which combines the capabilities of post templat-

ing with the sacrificial templating methods developed for trench topographies. The

method described here produces geometries previously not realized by physical or

chemical templating such as 3-D grid patterns and arrays of holes with bimodal size

distributions. Furthermore, sacrificial-post templating is expected to be integrable

with semiconductor manufacturing processes because the templates could potentially

be made using optical lithography and trim etching (instead of the electron-beam

lithography presented in this work). The use of a removable template could mitigate

potential pattern transfer difficulties caused by the dissimilar etch rates for physical

templates compared to the BCP nanopatterns. Prior work has demonstrated the use

of removable templates with feature sizes that are coarse compared with the period of

the BCP. Ilievski et al.119 used trenches made from an anti-reflective coating (ARC) for

graphoepitaxy of spherical-morphology poly(styrene-block-ferrocenyldimethylsilane).

The ARC was subsequently removed by O2 plasma etching along with the polystyrene

block to leave only the templated polyferrocenyldimethylsilane microdomains. Moon
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et al.120 made removable templates using deep-UV lithography to template lamel-

lar poly(styrene-block-methyl methacrylate), then followed the template removal by

infilling the spaces formerly occupied by the template with a second BCP thin film tem-

plated by the first BCP pattern. Several reports121–123 showed the fabrication of BCP

nanopatterns from reusable nanoimprint trench templates. These imprint processes

generated highly oriented patterns, and the patternless regions could subsequently

be filled by additional steps120,124. Post templating makes use of arrays of posts with

lateral dimensions on the order of the half the period of the block copolymer to create

a range of complex microdomain patterns including several morphologies on a single

substrate125 and bilayer meshes126 , but to date, the posts have been made from an

inorganic resist material, hydrogen silsesquioxane (HSQ), which is etch resistant. By

making the posts from an organic resist, polymethylmethacrylate (PMMA), the posts

can be removed along with the polystyrene block of a polystyrene-polydimethylsiloxane

(PS-b-PDMS) BCP in an O2 etch, leaving only the PDMS microdomains behind. This

section demonstrates the templating of PDMS nanostructures including in-plane

cylinders, spheres, ellipsoids, and superstructures; perforated lamellae and rectangular

meshes with holes of different diameters, symmetries (square and hexagonal), shapes

(square, circular, rectangular and hexagonal) and bimodal hole sizes; and with two- and

three-fold pattern multiplication, expanding on previous results125. The experimental

results for the bimodal size distribution and pattern multiplication gave excellent

agreement with self-consistent field theory (SCFT) models used. For applications

such as stepper mask generation and high-density magnetic memory which rely on

electron-beam lithography for pattern generation, this technology is a direct comple-

ment for increasing throughput, process latitude, and pattern variety. Furthermore,

BCP directed self-assembly is potentially applicable in areas such as integrated circuits,

nanowire transistors, cell analysis, gas sensing, magnetic nanopatterns.

5.3.2 Experimental Methods

Figure 5.3.2 shows the major steps of the sacrificial-post templating method for the

fabrication of monolayers (Figure 5.3.2, top) and bilayers (Figure 5.3.2, bottom) of
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Figure 5-10: Schematic diagram of the major steps in fabrication of monolayer
(top) and bilayer (bottom) microdomain arrays using the sacrificial-post templat-
ing method. (Step 1) electron beam lithography fabrication of arrays of posts of
negative-tone PMMA resist, (Step 2) functionalization of posts and substrates with a
PS brush, (Step 3) spin coating and solvent annealing of the PS-b-PDMS BCP thin
film, and (Step 4) RIE removal of the top PDMS layer with CF4 then the PS matrix
and PMMA posts with O2. The ox-PDMS nanostructure remained on the substrates
as the final nanopatterns.

microdomains from a PS-b-PDMS BCP in which the bulk morphology consisted of

cylinders of PDMS in a PS matrix. In the first step, the templates were fabricated

using electron-beam-lithography (EBL) exposure of PMMA resist on a silicon substrate.

Next, the templates were chemically functionalized with a hydroxyl-terminated PS

brush and the PS-b-PDMS was spin-coated onto the substrates and annealed at room

temperature in a cosolvent vapor resulting from a 5:1 ratio mixture of toluene and

heptane (by volume). An O2 reactive ion etch was used to remove the PS block and

leave the oxidized-PDMS patterns on the substrates. A variety of mono- and bilayer

structures was achieved using template patterns with different lattices, periods, and

diameters of the posts.

The templates were fabricated using EBL of 40 nm thick films of PMMA as a

negative-tone resist (Figure 5.3.2, Step 1). PMMA is typically a positive-tone resist but

previous studies have shown that this resist acts as a negative-tone due a carbonization

process when exposed to doses about 30 times the positive-tone dose and developed

with methyl isobutyl ketone (MIBK)127. When PMMA is exposed to high dose, there

are three regions with respect to the beam spot: a highly exposed region near the

beam spot from the primary beam and secondary electrons; a lightly exposed region in

proximity to the beam spot from the back-scattered electrons; and an unexposed region
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far from the beam spot. Development with MIBK only removed the PMMA from the

lightly exposed region127, and failed to remove the PMMA from the unexposed region,

so the process was modified by sonicating the samples in acetone for 2 min after

development. Acetone sonication removed the unexposed PMMA and left the posts

on the substrates. After the exposure and development, the diameter and the height

of the posts were about 17-30 nm and 30 nm, respectively. Next, the samples were

functionalized with hydroxyl-terminated PS brush, PS-OH (1 kg/mol, purchased from

PolymerSource) by spin-coating the PS-OH then annealing for 14 hrs under vacuum

at 170◦C (Figure 5.3.2, Step 2), which made the posts repulsive to the minority block

(PDMS) and attractive to the majority block (PS). PS-b-PDMS (MW=45.5 kg/mol,

fPDMS=0.32, equilibrium period approximately 35 nm, purchased from PolymerSource)

was spin-coated onto substrates to average 30 nm thickness in order to achieve a

single-layer of in-plane PDMS cylindrical microdomains on untemplated substrates,

and 42 nm thick to obtain bilayers of cylinders. Solvent annealing was carried out

using the vapor from a volumetric mixture of toluene and heptane (5:1) for 1.5 hrs

at room temperature (Figure 5.3.2, Step 3)128. A CF4 RIE was used to remove the

PDMS surface wetting layer, immediately followed by an O2 RIE to simultaneously

remove the PS matrix and the PMMA posts and to oxidize the PDMS, leaving the

final ox-PDMS nanopatterns on the surface (Figure 5.3.2, Step 4).

5.3.3 Results and Discussion

Figures 5.3.3 show the experimental results of the fabrication of monolayer structures

using the sacrificial-post templating method. The middle of the image shows regions

where the sacrificial-posts were present whereas the left and right sides of the images,

which were covered with randomly oriented in-plane cylinders, are representative

of unpatterned areas. Insets in these figures show the locations of PMMA posts

before removal by the O2 RIE. The microdomains of the BCP transitioned between

multiple morphologies as a function of the post pitch. For example, increasing the

pitch for a square or rectangular symmetry post array resulted in in-plane cylinders

transitioning to spheres (Figure 5.3.3a), ellipsoids, periodic superstructures, perforated
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Figure 5-11: SEMs of monolayer nanostructures fabricated by the sacrificial-post tem-
plating method. Shown are a (a) square array of spheres, (b) a square symmetry L1
perforated lamella, (c) square symmetry L2 perforated lamella with one hole gener-
ated between each group of four posts and (d) hexagonal symmetry L2 perforated
lamella of nanoholes with one hole generated between each group of three posts. Light
grey and dark grey colors represent ox-PDMS and the substrate, respectively. Insets
show the pre-removal locations of negative-tone PMMA posts in yellow. Red outlines
represent unit cells for the final nanostructures.

lamellae labelled L1 where each post corresponds to one hole (Figures 5.3.3b) and

perforated lamellae with additional generated pores that appeared in between the

posts, labelled L2 (Figure 5.3.3c,d). In the sphere array, Fig. 5.3.3a, the PDMS spheres

had similar diameter to the PMMA posts. The holes in the perforated lamellae were

not necessarily circular, e.g. Figs. 5.3.3b and 5.3.3c show holes with a rounded square

shape. Hexagonal post arrays also led to L1 and L2 perforated lamellae with hexagonal

symmetry (Fig. 5.3.3d). These transitions are driven by changes in commensurability

between the post spacing and BCP period, and are the same as those obtained from

HSQ posts125. This shows that the PS-brush effectively grafted onto the PMMA posts

and provided the same boundary conditions as those obtained from PS-functionalized

HSQ posts.

3D SCFT simulations125 were performed to gain insight into the effect of post

pitch on the morphology, shape and size of the experimental nanostructures. Figure

5.3.3 shows simulation results analogous to the nanopatterns achieved in Figure 5.3.3
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which were produced by changing the ratio between the post spacing and L0, the

BCP equilibrium period. These simulation results are based on a unit cell containing

one or two posts and periodic boundary conditions, in which the posts and substrate

surfaces are attractive to the majority block and the top (air) surface to the minority

block. In the case of the structures in Figure 5.3.3a, b, and c, the square symmetry of

the PDMS microdomains is driven by the square symmetry of the post array with

period <2 L0, which provides a strong templating effect similar to previous work

with square symmetry chemical patterns109,125 that promoted square symmetry arrays

of cylindrical microdomains. The SCFT reproduced the trend in morphology from

spheres to L1 and then L2 as seen experimentally with increasing template pitch, and

also showed that the curvature and the shape of the hole produced around the posts

was non-circular.

Perforated lamellar morphologies (L2). The perforated lamellar structures L2 are

of particular interest because of the density multiplication of the holes compared to the

posts, and because bimodal hole sizes can be produced. This structure was observed

in prior work using HSQ posts125, but the trends in hole size were not analyzed.

The L2 structures produced from HSQ posts are similar to Figure 5.3.3c,d produced

from PMMA posts. In each case, two types of holes were identified: post-holes,

which surround the posts, and generated-holes which formed between the posts. In

Figure 5.3.3.c,d, each post generated an additional one and two holes, respectively.

Figure 5.3.3 shows how the sizes of the post-holes and generated-holes varied with

the post pitch and diameter for the hexagonal symmetry L2 perforated lamella of

Fig. 5.3.3d. Here the post pitch is the center-to-center distance between posts. A

Matlab computer program was used to extract the experimental data points presented

in Figure 5.3.3 from SEM images. The simulated data points were determined from

only those simulations which formed the L2 structure. The coarse-graining limited the

values of post spacing and diameter that could be modeled. The post diameter in the

simulation was changed by increments of ∼3 nm. However, the simulations examined

a wider range of post pitches and post diameters than the experiment, up to 110 nm

(∼3.2 L0) and 43 nm (∼1.2 L0), respectively, where L0 is the cylinder spacing in the
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Figure 5-12: Top-down 3D view of self-consistent field theory simulation results of PS-
b-PDMS single-layer thin film equilibrium structures with PS-coated posts of different
pitch. (a) A square array of spheres at pitch L0, (b) a square symmetry perforated
lamella L1 for post pitch of 1.71 L0, (c) a square symmetry perforated lamella L2 for
pitch 1.86 L0, and (d) a hexagonal symmetry perforated lamella L2 for pitch 2.67 L0.
Each image is made as a composite of 9 (a-c) or 6 (d) identical images to show the
geometry more clearly. L0 is the cylinder pitch in the untemplated BCP.
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untemplated BCP, ∼35 nm. Out of 12 simulations, 4 had defects in which two of the

generated-holes connected. These data points are shown with a hollow triangle or

diamond in the plot, and such defects were observed experimentally as well. The L2

structure formed in templates with an interpost spacing (i.e. the difference between

post pitch and post diameter) of approximately 2 L0 over a range of post pitches and

diameters. The general experimental observation was that the generated-holes had an

approximately constant diameter, whereas the post-hole diameter increased with post

pitch and post diameter, giving a bimodal hole size distribution. The post-holes were

formed by the PS chains which surrounded each post, and their diameter therefore

increased (linearly) as the posts became larger. In contrast, the generated-holes had

an almost invariant diameter similar to that formed in an untemplated perforated

lamella, and there would be a large entropic penalty for the chain extension needed to

increase their size. The SCFT results agreed very well with the experimental results,

and suggested that the trends in hole size extended to larger template pitch and

diameter than the experimentally investigated range.

The minimum post pitch where the L2 perforated lamella was observed was ∼80

nm. If a cylindrical BCP of period L0 were to transition into a perforated lamella, the

row spacing of the holes would be L0 and the center-to-center distance between holes

would be
√

3
2
L0, meaning a post pitch of at least 2 L0 (70 nm) is necessary to allow

two rows of holes to fit between each pair of posts and thus stabilize the normally

metastable perforated lamellae structure. This commensurate condition stabilized

the hexagonal L2 structure, which persisted to post pitches of at least 3.2 L0 (in the

model) = 110 nm by accommodating the strain through increases in the post-hole

diameter. The post template helps to stabilize the normally metastable perforated

lamella due to the confinement effects39,129–131. Bilayer microdomain arrays. Figure

5.3.3 shows the results of the bilayer mesh-shaped nanostructures after post removal

(Figure 5.3.2, step 4). The mesh-shaped structures formed from a film that was thick

enough to produce a bilayer of in-plane cylinders over the region of the substrate

containing posts. The mesh formed when the post pitch in the diagonal or y-direction

was equal to L0, favoring alignment of one layer of cylinders perpendicular to the
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Figure 5-13: Experimental and simulation graphs of the post-hole and generated-
hole diameter versus the (a) post pitch and (b) post diameter. In (a), multiple data
points for a given post pitch represent templates with different post diameters. In
(b), multiple data points for a given post diameter represent templates with different
post pitch. In both simulation and experimental results, the generated-hole diameter
does not vary much with post pitch and diameter, whereas the post-hole diameter
increases linearly with post pitch and diameter. For experimental data, HSQ posts
were used instead of PMMA posts. Open triangles and squares represent structures
with defects.

150



Figure 5-14: SEMs of mesh structures fabricated by the sacrificial-post templating
method. (a) Mesh of rectangular holes from a template with period 35 and 96 nm
along the y and x-directions, respectively; (b) mesh of bimodal rectangular holes from
a template with period 36 and 136 nm along the y and x-directions, respectively. Light
grey is the ox-PDMS and dark grey colors the substrate. Insets show the locations
of negative-tone PMMA posts in yellow. Red outlines represent unit cells for the
nanostructures.

diagonal or y-direction, and the post period in the x-direction was slightly less than

an integer multiple of L0
126. The PMMA posts produced the same structures as the

HSQ posts of Tavakkoli et al.126, but post removal left rectangular holes. This is in

contrast to the untemplated regions of the substrate in which the upper and lower

layers of cylinders were parallel without long range order. Insets in these figures show

the locations of posts before removal. Figure 5.3.3.b shows bimodal rectangular holes

after etching bilayer structures, templated by posts with a larger x-spacing.

5.3.4 Summary

In summary, this work demonstrates a sacrificial post-templating method which

avoided the incorporation of the physical templates into final BCP nanopatterns.

These carbon based posts may be more susceptible to damage induced by higher

temperatures which would be required for a thermal anneal of this high-χ system
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thus necessitating the use of solvent vapor annealing. The removable PMMA post

array templated structures similar to those formed from an HSQ post array with

the same geometry, because the majority brush layer on the posts led to the same

boundary conditions on the self-assembly of the BCP irrespective of the post material.

This method was successfully used for the fabrication of both monolayers of in-plane

microdomains, including spheres, cylinders and perforated lamellae, and bilayers of

cylinders forming a mesh structure, and pattern density multiplication was achieved.

Perforated lamellae with bimodal hole sizes were analysed in detail, showing that one

set of holes had a diameter that was almost independent of template geometry while

the other set of holes had a diameter that increased with post diameter. These results

are expected to simplify pattern transfer in block copolymer lithography, and provide

a route to making hole arrays with bimodal size distribution and square, rectangular

or hexagonal symmetries and exemplify the importance of SVA for directing the

self-assembly of PS-b-PDMS.
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Chapter 6

Solvothermal Annealing

6.1 Introduction

As has been discussed in the previous chapters, solvent vapor annealing requires the

control of many parameters to be done effectively. Chapter 3 discussed the basic solvent

annealing setup and showed how important the solvent removal rate was to the final

self-assembled system. Chapter 4 discussed how properly controlling vapor pressures

allows for more reproducible and systematic studies of the self-assembly. Chapter 5

discussed the possibilities of patterns that can result from combining the knowledge of

self-assembly with templates to guide them and also reinforced the flexibility shown in

this PS-b-PDMS system which requires SVA for reasonable time scales of self-assembly

to be met. I consider this chapter to be the capstone of my thesis work, where all of

this knowledge was combined to enable fast and controlled self-assembly by properly

heating the BCP system during a time after introduction to solvent vapors. By

combining the knowledge of the importance of swelling ratios, annealing time, solvent

removal rate, and the effects of temperature, dramatic improvements to self-assembly

could be achieved.

After a BCP film is applied to a surface the polymers will have varying degrees of

kinetically trapped states that need to be removed before self-assembled patterns can

form. Thermal annealing is often used where the BCP films are heated above the Tg

but below the order-disorder transition temperature (ODT) to promote microphase
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separation. This can pose a problem for high-χ BCPs as they can have ODTs far

above the temperatures at which degradation or chain scission can occur68. Solvent

vapor annealing50 can help high-χ BCPs overcome this problem by allowing solvent

molecules to interact and swell a BCP film thereby reducing the diffusive energy

barrier11 and shortening annealing times. It is important to note that the solvent

removal rate can effect orientation and annealing quality within a BCP film allowing

an additional lever of variability not available to thermal annealing70,132–134 as was

mentioned in Chapter 3.

SVA and thermal annealing studies have typically allowed the BCP films to self-

assemble for many hours, and these timescales have been sufficient for producing

highly-ordered periodic structure over large area with low defectivity135. However, in

order for BCP self-assembly to be a viable alternative for next-generation lithography,

these annealing times have to be dramatically reduced to the seconds or minutes

timescales to keep pace with the stringent wafer/hour metrics required by industry.

To approach this problem, researchers have recently begun to try to combine the

best characteristics of SVA (morphology control, control over effective Tg, etc.) with

thermal annealing (higher diffusivities rates, ease of temperature control, etc.) so that

shorter annealing times can be achieved. Zhang et al. showed that microwave heating

combined with a solvent rich environment enabled templated self-assembly of BCPs

within minutes136. Park et al. found that by applying heat to a metal SVA chamber,

templated self-assembly could be achieved within minutes with very high resolution

(sub-10 nm half pitch) using the PS-b-PDMS system137. These studies proved that by

combining both solvent and thermal methods, annealing times can be dramatically

reduced.

The direct effects that the temperature and the solvent annealing have on the self-

assembly when the methods are combined is unclear. Heating a SVA chamber increases

the overall system temperature and allows solvents to reach higher vapor pressures

which may allow the BCPs to reach higher swelling ratios (final/initial thickness,

D/D0) and thus increase the BCP mobility. In this work we add clarification to

understanding the different effects that the application of solvent vapor and heat have
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on BCP thin-films by decoupling the temperature of the BCP from the temperature of

the surrounding solvent vapor environment and by tracking in situ swelling ratios of

templated thin films of PS-b-PDMS and monitoring the quality of the self-assembled

films. The following section provides experimental details to achieving the results of

this work.

6.2 Experimental Methods

Template fabrication. The periodic post templates were made with an Elionix F-125

SEBL system using HSQ (Dow Corning XR-1541 2% solids), a negative-tone electron

resist. HSQ was spun with 402 nm thickness on top of prime Si wafers. HSQ was

exposed with a 1 nA beam with 125-kV acceleration voltage. The posts were made

by a point exposure where the beam would dwell at each coordinate for 70 to 100

µs. Following this, the exposed samples were developed with a high-contrast salty

developer solution of 4% NaCl and 1% NaOH in DI water at room temperature for 4

min. This was followed by a 2 min rinse in de-ionized water, a 10 s IPA rinse, and

then dried with N2 gas. Next, the samples were ashed with an O2 plasma (50 W, 0.35

Torr) for 2 min to clean the surface and harden the HSQ patterns resulting in HSQ

posts 38 ± 2 nm in height

Block copolymer self-assembly. After the template was made, they were chemically

functionalized with either hydroxyl-terminated PS (11 kg/mol, PolymerSource) or

PDMS brush (0.8 kg/mol, PolymerSource) by spinning the brush solutions onto the

templated substrates and then heating in a vacuum oven (approximately 20 Torr) at

170◦C for 16 h and rinsing with toluene. The PS brush coated substrates were coated

with thin films of 45.5 kg/mol PS-b-PDMS (Polymer Source, Inc. P7517-SDMS,

fPDMS = .32, D0 = 45 nm, 2% PGMEA solution at 2650 RPM or approximately

1.5% cyclohexane solution at 8000 RPM) and a homopolymer of 1,350 kg/mol PS

(Polymer Source, Inc. P620-S, 3% toluene solution at 7000 RPM) . The PDMS brush

coated substrates were coated with thin films of 51.5 kg/mol PS-b-PDMS (Polymer

Source, Inc., fPDMS = .17, 3% PGMEA solution at 6000 RPM) and a homopolymer

155



of 1,390 kg/mol PDMS (100,000 cSt Dow Corning 200 fluid 3% toluene solution at

7000 RPM).The solvothermal annealing chamber was saturated with a vapor resulting

from a 5:1 by wt. mixture of toluene and n-heptane before the thermal quench

initiated. The temperature profiles were monitored with a K-type thermocouple

(Omega MWTC-A-K-915). Then a 5 s CF4 RIE (50 W, 15 mTorr) was completed to

remove the top PDMS wetting layer and was followed by a 22 s O2 RIE (6 mTorr,

90 W) to remove the PS matrix and oxidize the underlying in-plane cylinder sphere

forming ox-PDMS patterns. SEM images were obtained using the Elionix F125 at 125

kV accelerating voltage.

The device depicted in Figure 6.2 was built to track the changes that occurred

in thin films of BCPs that were exposed to solvent vapors and then heated in this

vapor environment. A N2 carrier gas was bubbled through a mixture of toluene and

n-heptane (5:1 by volume) to create a saturated vapor stream in the annealing chamber

at ambient temperatures of 23◦C which created vapor pressures of approximately 19.5

and 7.8 Torr of toluene and n-heptane respectively92. These were conditions that we

previously found to not change the characteristic thin-film morphologies of in-plane

cylinders for 45 kg/mol PS-b-PDMS (fPDMS= 0.32) or close-packed spheres for 52

kg/mol PS-b-PDMS (fPDMS= 0.16). A Si substrate coated with a polymer thin-film

(45-70 nm) was placed in the solvent rich annealing chamber on top of an initially-off

hot surface igniter and the swelling behavior of the polymer films was tracked within 1

s of introduction. After a time of 30 to 300 s a voltage was applied to the hot surface

igniter which heated the films and then the effects of the heating was monitored with

spectral reflectometry which supplied in situ film thickness measurements every 0.1 s.

The advantage of this system was the sequential two step nature of the process it

enabled, where the thin film was first exposed to a saturated solvent vapor at ambient

temperatures (23◦C) and then exposed locally to heat, which helped determine the

effects that each annealing step had on the final BCP morphology. Steps were taken

to achieve in situ film thickness measurements relatively quickly (within 1 s) after the

films were exposed to sufficiently saturated solvent vapors.
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Figure 6-1: A schematic of the system constructed to study solvothermal annealing,
which consists of a SVA followed by a thermal quench to remove the solvent in the
film. A N2 carrier gas passed through a solvent bubbler sending a saturated stream
of solvent vapor to an annealing chamber where a Si substrate coated with a BCP
rested on a silicon nitride resistor controlled by a variable voltage regulator. In situ
spectral reflectometry monitored film thickness changes throughout the entire anneal.
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6.3 Results and Discussion

Firstly, the transient swelling behavior of the thin films was explored. In Figure 6.3a,

non-monotonic swelling behavior resulted after the polymer films were exposed to a

high vapor pressure of solvents. The initial linear regime in this log-log plot indicated a

fast mass uptake typical of case 1 diffusion, where there is no mechanical resistance of

the polymer to the travelling solvent138. The higher rates of solvent incorporation and

swelling found in the PDMS was expected due to its low Tg (-90◦C) and correspondingly

higher free volume available for diffusion at these ambient temperatures. The initial

drop in swelling ratio likely corresponded to case 2 diffusion, where, after a critical

amount of solvent entered the film and the polymers became plasticized and started

to relax away from their previously kinetically trapped conditions that resulted from

the spin casting, the polymers decreased the total amounts of kinetically-trapped

free volume (similar to the specific volume behavior of an annealed metallic glass).

Others have observed initial drops in solvent mass after the initial mass uptake and

swelling of thin films139, so it is possible that strain relaxation in the polymers might

have temporarily released some amount of absorbed solvent. After the rate of free

volume removal decreased and was counterbalanced by solvent incorporation, the

film monotonically swelled until a desired swelling ratio, determined experimentally,

was achieved. These three regions of initial mass uptake, polymer relaxation, and

steady-state swelling behavior have been observed during in situ studies of toluene

incorporation into polystyrene-block-poly(ethlyene oxide) system140. The initial dip

in the swelling ratio was not observable if the thin films were inserted into a solvent-

vapor-free annealing chamber before the flow-controlled SVA setup was turned on, as

Chapter 2 detailed that this system took approximately 15 min to reach steady-state

vapor conditions starting from ambient air conditions as the solvent vapor streams

were introduced. Rather, the polymer thin films would gradually and monotonically

swell as the vapor pressures increased and reached steady state conditions.

The difference in the magnitude of the dip in swelling ratio between the different

polymer films qualitatively correlated with the Tg of the films and their total MW.
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Figure 6-2: Swelling behavior of polymer thin films (PS-b-PDMS, PS, PDMS of D0
= 45, 82, 72 nm ) after they were exposure to saturated solvent vapors consisting
of a mixture of toluene and n-heptane. (a) Each film underwent a temporary drop
in swelling ratio after the initial solvent uptake with the higher-MW higher-Tg PS
experiencing the largest drop. (b) The magnitude of this drop depended in part
on the spin-casting conditions used to prepare the films and indicated that different
amounts of free volume were trapped in the film during spin casting depending on
the rate that the polymer thin film was formed and that this rate could be changed
by using different spin solvents and spin speeds.
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(High MW homopolymers were used, especially in the case of PDMS, to prevent

dewetting which can quickly occur in low molecular weight systems under these

solvent annealing conditions and which can nullify and interfere with reflectometry

measurements that assume continuous interfaces). To verify that the spin casting

conditions were vital to determining the magnitude of the drop in swelling ratio,

different spin speeds and solvents were used when casting a 45 nm thin film of 45

kg/mol PS-b-PDMS as shown in Figure 6.3b. When a lower spin speed and a higher

boiling point (146◦C) propylene glycol methyl ether acetate (PGMEA) spin-solvent

was used, the BCP film was observed to form within approximately 6 s by noting the

completion of the color cycling that occurred due to the gradual reduction in film

thickness. When a higher spin-speed and lower boiling point cyclohexane spin-solvent

was used, the BCP film was observed to form in < 1 s suggesting that the spun-cast

polymers had less time to form lower-energy relaxed thin-film configurations and

therefore likely had higher built-in strain and more free volume. Both films were spun

for a total of 30 s to allow the spin solvent to evaporate out of the film after the initial

film formation.

This spin casting hysteresis manifested itself within the first 30 s of the solvothermal

anneal, where the quickly-formed cyclohexane-based film had a larger drop in swelling

ratio relative to the gradually-formed PGMEA-based film and only finally caught

up to the swelling ratio of the latter film after 270 s. We found that the slowly

formed film had better microphase separation after the solvothermal anneal when

compared to the more quickly formed film after 270 s of solvent vapor exposure, and

this likely followed because the total effective time for self-assembly in a dynamic

system such as this is proportional to the total area under the swelling ratio vs. time

curve, as an increased swelling ratio decreases χ and increases diffusivity/mobility for

a self-assembling system. I.e. the faster that a BCP film can reach a desired swelling

ratio, the faster that an anneal can be completed. This means that future comparisons

of fast annealing times should mention the time required for the formation of the

BCP film, as there can be a trade-off between deposition speed and the amount of

non-monotonic swelling behavior that can delay how quickly a film reaches a desired
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Figure 6-3: After the polymer films reached a given swelling ratios, a voltage to
the resistive substrate holder was applied (here defined as t=0) causing the thin
films to undergo temperature increases which resulted in drops to the swelling ratio
as the solvents molecules in the films were boiled out. Depending on the rate of
temperature increase, which was controlled by the applied voltage, different rates of
collapse were achieved; and depending on the final temperature reached, different
steady-state swelling ratios were achieved. The two quenching behaviors shown (5
and 20 V) indicate the slowest (approximately 10 s) and fastest (approximately 1 s)
film collapses that were explored in this study.

swelling ratio and self-assembles.

After the films were allowed to swell, the effects of locally heating the sample

in ambient solvent conditions were explored. The thermal quenching step of the

solvothermal anneal resulted in a gradual film collapse as shown in Figure 6.3. This

change in swelling ratio was analogous to that explored by others70,141 where vapor

pressures during the SVA were gradually decreased; but instead of requiring many

minutes to gradually dilute and reduce the solvent vapor pressures, the thermal quench

required seconds and seemed to have analogous levels of improvements to the self-

assembly that were shown in the controlled film collapse studies. The time required

for the homopolymer and BCP films to collapse could be controlled by changing how
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fast the substrate heated. The temperatures reached during the quench determined

the amount of solvent left within the film. At lower temperatures, the films finished

with swelling ratios less than 1.3, which is insufficient for this system to undergo

any meaningful self-assemblies under these short time-scales. When compared to

typical quenching/solvent removal steps, which reduce the solvent vapor pressure

above the substrate at varying rates, the films in the solvothermal anneal are quenched

under saturated solvent conditions which could affect the top-film surface energies

and therefore effect the self-assembly by, for example, creating neutral or strongly

attractive boundary conditions for the different blocks although this effect was not

noticeable when the microdomain morphology was analyzed. After the swelling and

quenching behavior was determined, the quality of the self-assembly for two systems, a

monolayer of spheres and a bilayer of cylinders, was analyzed by reactive ion etching of

the majority block PS matrix with O2 to and imaging the oxidized-PDMS structures

with a scanning electron microscope (SEM).

The first example system, a templated monolayer of sphere forming 52 kg/mol

PS-b-PDMS, is characterized in Figure 6.3 which succinctly exemplifies the separate

solvent uptake and thermal quenching steps of a solvothermal anneal and points to the

complexity of the many different swelling ratio paths that are possible to explore (i.e.

rate of solvent uptake, swelling ratio to achieve, rate of solvent removal, etc.). This

experiment reproduced our previous work where an 18 hour thermal anneal at 170◦C

was used on an e-beam lithography templated Si substrate with a PDMS brush to

achieve a highly ordered arrangement of spheres. A high BCP mobility was expected

due to the PDMS brush-coated Si and due to the lower minority volume fraction of

PDMS as seen by others. We determined that the anneal could be completed within

30 seconds by allowing the film to reach a swelling ratio of 2.3 before a quench was

initiated. This BCP system was quenched before any non-monotonic swelling behavior

was visible and resulted in analogous quality of self-assembly when compared to the

thermal anneal. For the second system, a templated bilayer of cylinder-forming 45

kg/mol PS-b-PDMS, the solvothermal annealing profile consisting of that shown in

Figure 6.3(a), where a swelling ratio of approximately 2.8 was reached, combined with
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the 5V thermal quench in Figure 6.3 was found to result in similar quality self-assembly

when compared to our previous work, where we found that periodic arrangements of

posts made with e-beam lithography and functionalized with majority-block PS-OH

brush could template the self-assembly of a bilayer of cylinders to produce ordered

3D crossbars structures after a 3 hr SVA. A detailed discussion of the solvothermal

anneal of the bilayer are explored below.

First, the amount of swelling required for a bilayer of cylinders required was

determined. The film began as disordered micelles, Figure 6.3(a), so a sufficient

amount of time was needed in order that the BCP PDMS cylindrical microdomains

could separate from one layer of disordered domains into two layers of cylinders that

could be templated. After this amount of time, which was 270 s for this system, a

thermal quenching step resulted in changes to the film swelling ratios as previously

shown Figure 6.3.

Many changes occur in a short amount of time during a thermal quenching step.

In general, as a solvent is removed, diffusivity rates for the BCP should decrease as the

effective χ parameter increases. However, an increase in temperature can counteract

this to some extent as both the diffusivity and χ are dependent on it. The annealing

trends were very clear that even after the BCP films reached a set swelling ratio, a few

seconds (1-10 s) difference in solvent removal rate could drastically affect the qualities

of self-assembly that resulted as shown in Figure 6.3 (a-d). Here, we found that the

higher rates and the higher maximum temperatures reached resulted in a much lower

quality self-assembly, Figure 6.3a, when compared to the lower rates and the lower

maximum temperatures as in Figure 6.3d.

Finally, in order to verify that the thermal quench was vital to determining the

quality of self-assembly for this BCP system, a comparison was made to different

aspects of the anneal as shown in Figure 6.3. In Figure 6.3(a), the micrograph shows

the initial morphology of a 45 nm BCP film immediately after spin casting with

PGMEA followed by RIE. After a high-temperature thermal anneal, as shown in

Figure 6.3 (b), a small amount of self-assembly resulted, as indicated by the very

small domain size of the in-plane cylinders formed and by the lack of a visible post
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Figure 6-4: A short time (30 s) solvothermal anneal was required for a monolayer
spheres. (a) The entire solvothermal anneal is shown whereby an initial solvent incor-
poration step is used to swell the film to a critical value before a thermal quench boils
off the solvent. (b) An SEM micrograph after RIE showing that this fast solvothermal
anneal resulted in highly ordered templated self-assembly of a monolayer of spheres.
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Figure 6-5: Top down scanning electron microscope (SEM) images showing vastly
different qualities of templated self-assembly of a bilayer of PS-b-PDMS after the
films were each allowed to reach a same swelling ratio of approximately 2.8 and then
were exposed to different heating regimes that collapsed the films at different rates and
reached different maximum temperatures. (a)−(d) show the fastest (1s) to the slowest
(10s) film collapses with each accompanied by different maximum temperatures.
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template (approximately 38 nm in height) which should repel the PDMS domains

of a moderately mobile BCP due to the PS brush coating the posts. When this

annealing setup was used only as a SVA, with no thermal quench, for an entire hour,

a moderate but poor amount of templated self-assembly occurred as in Figure 6.3(c).

Both Figures 6.3(b,c) show the effects of what typically would be thought of as a

higher drive towards self-assembly, i.e. higher temperatures (6.3 b) and longer SVA

times (6.3c), then what is done on either of the solvothermal annealing steps as shown

in Figure 6.3d, where a comparison is shown between our previous work requiring

a 3 hr SVA versus a 5 min solvothermal anneal (270 s solvent incorporation + 30 s

quench). Controlling the swelling ratio and heating paths that a given BCP system

undergoes are important for finding the fastest and highest quality annealing process

available.

6.4 Summary

This chapter described a novel solvothermal annealing method developed that en-

compasses a SVA followed by a thermal quench which was able to quickly anneal the

templated BCP systems explored here, but is applicable to any BCP system with the

appropriate choice of solvent vapors and processing temperatures. Attention was paid

to the polymer film casting conditions as these were found to be important and could

result in changes to the quality of self-assembly with the hysteresis of these conditions

being manifested during the in situ monitoring of the non-monotonic swelling behavior.

This annealing strategy enables fast self-assembly times which is very important if the

DSA of BCPs is going to be a viable candidate for next-generation lithography.
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Figure 6-6: Micrographs of different annealing stages showing (after RIE) a cylinder
forming 45 kg/mol PS-b-PDMS (a) after spin coating, (b) after just a high temper-
ature thermal anneal, and (c) after just a 1 hr solvent vapor anneal (SVA). (d) A
comparison between a 3 hr SVA, left box, and a 5 min solvothermal anneal, right
box.
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Chapter 7

Conclusion and Future Work

This thesis explored the capabilities of the polystyrene-block-polydimethylsiloxane

block copolymer (BCP) system by investigating a number of solvent annealing strate-

gies and by applying these strategies to facilitate novel templated self-assembly

experimentation. The basic solvent annealing setup, with modifications to how fast

the solvent was allowed to leave the film and with subsequent etching, enabled for

example perpendicular features of cylinders or lamellae to form throughout thick

films (>100 nm) which was difficult to envision being possible for these high-chi BCP

systems.

Chapter 4 delved deeper into the work on a flow system to better control the solvent

vapor annealing. The lack of a high degree of control of the basic solvent annealing

setup, described in Chapter 2, is what prompted this work that explored fundamental

differences between the types of solvent vapor environments that could be formed when

the solvent liquids were separated and mixed together in a steady-state stream versus

the vapor environment formed from mixed solvent liquids. Due to the non-idealities

present in the toluene n−heptane system that was used, these differences were found

to be important. The flow controlled solvent vapor annealing setup allowed for

systematic and reproducible exploration of the the individual solvent vapor pressures

and the connection to the resulting morphologies that the block copolymer film would

undergo during the annealing. This control allowed for interesting comparison between

experimental and simulated self-consistent mean field theory results.
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With a better understanding and grasp of how to control of the self-assembly

of BCPs with solvent annealing, experimentation on templated self-assembly was

completed with a number of interesting finds. In Chapter 5, many different phenomena

were explored that were enabled by simply changing the chemical functionalization of

the post templates that were fabricated using electron beam lithography. Previous

work in this area used a PDMS-OH brush functionalization which caused the posts to

attract the minority-block domain of PDMS cylinders or spheres, our templated work

used PS-OH as a brush which tended to repel these microdomains. Working with

repulsion instead of attraction actually enabled a higher degree of control especially

when moving to three dimensional self-assembly.

Typically, the experimentation in this thesis involved annealing steps that lasted

on the order of 1 to 3 hours or longer. In the latter part of my work, I explored the

possibility of bringing this annealing time down to the seconds and minutes timescale.

This proved successful and the strategy is explored in Chapter 6. By decoupling the

temperature of the polymer film from the solvent vapor environment, solvothermo

annealing was a method developed where solvent was allowed to incorporate into the

film and then was thermally quenched and removed by the application of heat at the

polymer film. This method drastically reduced the required annealing times and hints

towards possible industrial applications where self-assembly needs to be completed

quickly in order to be economically feasible.

7.1 Suggested Future Work

7.1.1 Rapid Solvothermal Annealing

Although the shorter annealing times that were reached in the solvothermal annealing

experiments were quite low, I do believe that they can be made even lower. The

trick to doing this involves taking this methodology to even higher temperatures, and

it involves being able to expose a polymer film even more rapidly to a high vapor

pressure solvent environment. Currently, groups that are looking to improve upon
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the annealing time are simply adding heat and solvent simultaneously. I believe that

the best strategy is to take advantage of the decoupling of the temperatures of the

polymer film and of the solvent vapor environment.

If the solvent vapor environment and the polymer film are heated as one system,

then you run into limitations that have already been experienced by others in the field.

This is due to the difficulties, for example, of making sure there are no temperature

fluctuations in the vicinity of the polymer film. If there are, then any subtle decrease

in temperature of the polymer film relative to the solvent vapor environment will result

in some amount of condensation of solvents onto the polymer film. If condensation

occurs, then the droplets tend to break up the polymer film and cause dewetting

and other undesirable effects resulting in a failed anneal. It is therefore necessary to

ensure that the temperature of the polymer film is controlled such that the desorption

rate of the solvent molecules is high enough to prevent droplet formation and further

condensation independent of what the solvent adsorption rate is, which is a function

of the solvent vapor environment temperature. Simply put, we need to ensure that

the temperature of the polymer film is slightly elevated above the temperature of the

solvent vapor environment.

If this level of control could be achieved, then solvothermal annealing could be

initiated at temperatures above the ambient temperatures that were used during my

thesis. For example, consider the case where a polymer film at 81◦C is introduced to

a solvent vapor environment at 80.5◦C. (As a comparison, in my thermal annealing

experiments, polymer films at around 24◦C were introduced to solvent vapor envi-

ronments at the same temperature.) At these elevated temperatures, there would

be a couple of different advantageous effects. One is that the population of solvent

molecules in the vapor environments would be higher due to the higher temperatures

of the liquid solvent bath. The other difference would be that the solvent molecules

themselves would have higher amounts of thermal energy to facilitate faster diffusion.

During the first part of a solvothermal anneal, where we were waiting for a certain

population of solvent molecules to enter and swell the film, the faster that the film

could be swollen, the faster that the total anneal (including the thermal quench) could
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Figure 7-1: A schematic of a potential prototype to facilitate rapid thermal annealing.

be completed. Beginning the solvent incorporation at elevated temperatures and

controlling the polymer film temperature to prevent condensation and drop formation

would allow the polymer film to reach the desired swelling ratios at much faster rates.

This would be due to the increased initial concentration of solvent molecules at the

diffusion front (beginning at the top of the polymer film) due to the higher vapor

pressures and higher solvent population and due to the increased kinetic diffusion rate

due to the higher temperatures of the diffusing solvent molecules. Since the vapor

pressures and the diffusion rates would both increase and since both are exponentially

dependent on temperature, by increasing the temperature from 24 to 80◦C the initial

solvent swelling step would be predicted to be finished extremely fast (on the order of

a couple seconds for the systems I explored). This would even be true for the bilayer

crossbar structure that during my studies required over four minutes for the initial

solvent swelling step. I believe, based on my experience, that it could be done in 10

s or so with such a setup. This is especially true considering that the current glass

chamber setup would not allow for rapid exposure of the polymer film to a completely

saturated solvent vapor environment. This was because it was required that the quartz

window was opened slightly for the introduction of the polymer film allowing for some

amount of solvent vapor to escape.

Taking these points into consideration, I initiated some exploration of building

such a rapid solvothermal annealing system. The system would consist basically of the
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following: 1) A metallic temperature-controlled base with a trench where a small Si

substrate could be placed. 2) A stationary solvent annealing chamber containing small

amounts of solvent liquid that was temperature controlled to increase the solvent vapor

pressure. The top of the solvent annealing chamber would have a quartz viewing port

where spectral reflectometry measurements could be done. 3) A mechanism by which

the base could be rotated rapidly to introduce the trench (containing the polymer

film on the Si) to the vapor environment created by the solvent annealing chamber. 4)

Temperature controllers that would allow the base and the solvent annealing chamber

to reach separate setpoint temperatures that would be controlled through feedback

from embedded thermocouples.

A device such as this would have many advantages, including those mentioned

above. Additionally, the amount of solvent waste would be drastically reduce compared

to the flow controlled system which is constantly out-gassing solvent vapor to the

environment. An example of a foreseen experiment would go as follows: 1) Set the

temperature of solvent annealing chamber to 80◦C, and the base to be 80.5◦C. 2) Wait

at least 15 minutes until the solvent vapor chamber reaches equilibrium and place the

polymer film in the base trench. 3) Initiate the rotary motor that rotates the sample

into the annealing chamber and stops underneath the spectral reflectometer beam

measuring the swelling behavior in situ. 4) Once the polymer film reaches a desired

swelling ratio, initiate a temperature increase on the base to 90◦C or so and drive the

solvent molecules out of the polymer film. 5) When the swelling ratio is < 1.5 initiate

a rotation that removes the sample from the annealing chamber, and the experiment

is finished.

The important parameters that will determine the quality of the self-assembly

will be: 1) The swelling ratio reached before the thermal quench starts. 2) The

temperature of the entire system when the polymer film reaches said swelling ratio. 3)

The rate at which the film collapses during the thermal quench.
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Figure 7-2: Pairs of collapsing posts could be the cause of self-assembled cylindrical
inter-layer junctions that connect the top and bottom layers.

7.1.2 Controlling 3D Interconnects

Our work on 3D bilayer self-assembly resulted in some fascinating discoveries. The

ability to independently control the orientation and direction two layers of in-plane

cylinders of PDMS is a very exciting prospect, and there are still many areas to

explore here. One area in particular would be the ability to control when a cylinder

in a given plane switches between layers in the bilayer film. For example, if particular

post placement would force a cylinder on the bottom layer to jump in a continuous

manner (keeping the connectivity of the cylinder domain) to the top layer this could

result in very useful levels of self-assembly control.

In some of our work on 3D bilayer self-assembly, we occasionally encountered

defects that exhibited this type of behavior, but it was not intentional, as in Figure

7.1.2. Typically when the post patterns were created a dose matrix was done to

account for various experimental changes that could occur from day to day (beam

stability, development temperature/rate, etc.). The post patterns that received the

lowest dose of electrons tended to have lower levels of cross-linking density within the

negative resist of HSQ. This resulted in posts with generally lower moduli that tended

to collapse upon further processing. I believe that it is possible to control post collapse
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to force cylinders in a given layer to alter their trajectory and change layers. In Figure

7.1.2, it appears as if this post flexibility is one cause of the inter-layer defects.

An experiment to test this hypothesis would do the following: 1) Create a post

template that results in a 90◦ crossbar structure after BCP self-assembly, but use

a variable dose post pattern to create pairs of posts within the post template that

have a lower stiffness (use a lower dose) and therefore a higher likelihood of collapse.

2) Test pattern dose layout requirements multiple times to determine the critical

dose required for post collapse during self-assembly that initiates an interlayer defect.

3) Test whether subtle post placement alterations (I.e. move pairs of posts that

are supposed to collapse closer together) that deviate from the ideal post lattice

facilitate more reproducible post collapse. If it is possible to precisely control when a

cylinder changes layers, then this method enables for example the ability to create

self-assembled cross-point memory devices. For example, consider a simple crossbar

structure where the outer boundaries of the post patterns are engineered to collapse

and facilitate a transition where all of the bottom layer cylinders move to the top

layer continuously. If we could then use a method such as atomic layer deposition to

metallize all of these self-assembled cylinder wires, then the final pattern that would

result from this is a crosspoint memory device where we have direct access to all of

the relevant contacts because they would be in the top layer. This would be a step

towards solving the problem of how exactly to apply voltages to lower levels of metallic

wires deep in a self-assembled film.

7.1.3 3D TEM Tomography

Continuing on the theme of the bilayer self-assembly work, we have started to initiate

some experimentation on being able to image the self-assemble bilayer structure before

destructive reactive ion etching is done.

If self-assembled bilayer BCP films templated with posts of HSQ or PMMA could

be fabricated on in the center region of large (1 mm x 0.1 mm) substrate of a < 50

nm thick suspended silicon nitride, it may be possible to use a tilt sequence of TEM

images to reconstruct the 3D morphology of the self-assembled microdomains. The
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Figure 7-3: Possible regions showing inter-layer four-way junctions. These defects are
predicted to exist with SCFT.

trick to getting the experiment successfully completed is doing the entire fabrication

process on 3 mm diameter silicon nitride TEM grid. Initial TEM imaging being done

at NIST shows great promise in being able to produce 3D morphology data with

a predicted spatial resolution of 5 nm. At this level of resolution, we will be able

to compare the predicted SCFT morphology with the experimental results. This

will give us a great amount of insight into the effects of, for example, solvent vapor

annealing and solvent vapor removal during quenching, which results in the collapse of

the cylindrical microdomains during the self-assembly of the 3D crossbar structure. It

is necessary to determine whether or not connections exist at the crosspoint locations

where the bottom layer is immediately below the top layer of cylinders. SCFT energy

calculations currently indicate that the existence of a connection results in a negligible

energy penalty, but this model ignores the path dependence of the self-assembly that

occurs in the experiments due to the large amount of swelling and deswelling that

occurs during the solvent vapor annealing which may facilitate a higher probability of

disconnect between the top and bottom layers as they are stretched vertically during

the swelling.
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7.2 Looking Ahead

The future of SVA looks very promising, but there are some difficulties remaining

in this topic. This work and others have started to realize that controlling many

variables simultaneously is going to be necessary for achieving manufacturing levels

of control. Consider temperature as an example. When controlling for temperature

during a SVA, the temperature of the solvent vapor and the substrate must be precisely

controlled. Many of the important processes, such as the vapor pressure, swelling ratio,

and polymer/solvent diffusion rates are all exponentially dependent on temperature

and interdependent to each other. The exponential dependence of these important

quantities points to the engineering challenge of constructing such a system.

An annealing BCP substrate inside a temperature controlled solvent vapor needs

pathways for the thermal energy keeping the annealing BCP at a controlled but

steady temperature. The engineering challenge lies in trying to control steady state

temperatures of two coupled systems, but it seems to be necessary especially if future

solvothermal anneals need a step of constant swelling ratio condition for a given

time, because this would require that the substrate be heated at a slightly elevated

temperature (1 or 2◦C). Without proper thermal pathways, the substrate heating would

heat the solvent vapor which would then reach higher pressures and swell the polymer

more resulting in complicated feedback mechanisms to control for.Additionally, if the

temperature of the substrate varies to far below that of the solvent vapor, condensation

of liquid solvent droplets would occur and render the anneal useless.

If these challenges were overcome, a large amount of science could be done on the

effects of many parameters such as vapor pressures of one or more solvents, swelling

rate, temperatures of substrate relative to their Tg, and annealing time on the quality

of a self-assembled film. Additionally, my work has shown that the effects of the

precise BCP film casting conditions can have a hysteresis effect on the SVA, so a

better understanding of the proper way to prepare a BCP before a SVA is required,

but little work has been done in this area. Scientific understanding of these effects

will require a combined approach with theoretical modeling, but SCFT may not be
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the solution here, as a real solvent vapor anneal experiences many transient behaviors

that may be better suited to understand with coarse grain particle models that allow

swelling and that can track the location of solvent vapors in and out of the films as

has recently been approached142.

For SVA to become industrially viable, other considerations have to be taken into

account that are usually ignored in an academic setting such as the environmentally

friendliness of a process (this is of course due to the minuscule amount of waste that

an academic source would contribute compared to an industrial source). Supercritical

CO2 is looked at as one possible solution for solvent annealing due to its abundance and

non-toxic nature143,144, although a polymer system needs to be designed that allows for

selective swelling of each block, as studies on the PS-PMMA system show that sc-CO2

is not a viable annealing agent for inducing long range order in this BCP system145.

Now that researches have shown BCP proof of concept for many applications, an effort

should be made to find BCPs that for example 1) have industrially friendly synthesis

precursors, 2) have blocks that selectively swell to environmentally friendly solvents

like water, 3) have a high etch selectivity, 4) have a high χ parameter to enable small

features, and 5) are capable of being uniformly cast as thin films.

If the aforementioned solvothermal annealing chamber can be properly engineered,

it offers one possible solution for an almost zero-solvent-waste solvent anneal due to

the closed nature of the system. When a solvothermal anneal is finished, and the

substrate is heated, a majority of the solvent is removed from the BCP film and it could

theoretically be pulled out of the chamber with a minimal amount of accompanying

solvent vapor. Additionally, the solvent vapor that does escape through the exit,

could be condensed further back into a liquid state if the BCP film passed through an

intermediary step at reduced temperatures so long as the reduced temperatures do

not strain the BCP enough to induce defects.

If these and the accompanying engineering challenges can be overcome, I believe

it can result in a manufacturing-friendly solvent anneal that is superior to thermal

annealing and will enable many of the mentioned scientific questions to be explored.
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Appendix A

Supplementary Information

A.1 Self Consistent Mean Field Theory Code

The following is the complete Mathematica code for 2D SCFT. It can be useful to see

how the SCFT solving iterations for the diblock copolymer system is actually done.

Mathematica is far removed from assembly language (unlike programming in C), so

this code is quite slow. However, the plus side is that Mathematica is very succinct

and human readable, which is useful for helping to understand how different steps

are conceptually completed in the code. When the steps are understood, it is more

straightforward for implementing the solver in C or C++.
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Clear@"Global`*"D

H*Initialization Conditions*L
NX = 8; NY = 8; NZ = 1; H*Finite Element Simulation Box Size*L
LX = 1 * L0; LY = 1 * L0; LZ = 1; L0 = 3.5; H*Size of grids relative to polymer size*L
NS = 50; f = 0.5; NA = Floor@f * NSD; NB = NS - NA; G = 1000; CN = 24; H*Polymer chain length,

volume fraction, number of A block, Ginsberg, Flory Huggins*L

Dt1 = 5.0; Dt2 =

2

3
Dt1

G
; Iterations = 10 000; ΣNoise = 0.1; ΜNoise = 0.65;

H*SCFT step sizes. This is empirically found*L
FieldNoise = RandomReal@NormalDistribution@ΜNoise, ΣNoiseD, 8Iterations, NX, NY, NZ<D;

H*Noise for temperature fluctuations*L
ΡDeviationCap = 0.03; Μdevcountmax = 0;

DSk2@NN_, LL_, i_D :=
NN

NS LL

2 Π

NN

NN

2
- AbsBHi - 1L -

NN

2
F 2

;

expDsk2 = TableBã-DSk2@NX,LX,iD-DSk2@NY,LY,jD-DSk2@NZ,LZ,kD, 8i, NX<, 8j, NY<, 8k, NZ<F;

H*Value needed for psuedospectral method*L
H*The following just initialize arrays in memory for each field and propagators solved

during the SCFT calculations*L
iWPlus = ConstantArray@0, 8NX, NY, NZ<D;

WMinus = ConstantArray@0, 8NX, NY, NZ<D;

ΩFree@s_D := Piecewise@
88iWPlus@@All, All, AllDD - WMinus@@All, All, AllDD, s £ NA<,

8iWPlus@@All, All, AllDD + WMinus@@All, All, AllDD, NA + 1 £ s £ NS<<D;

qDbk = ConstantArray@0, 8NS, NX, NY, NZ<D;

qDbk@@1, All, All, AllDD = 1;

q†Dbk = ConstantArray@0, 8NS, NX, NY, NZ<D;

q†Dbk@@1, All, All, AllDD = 1;
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H*The SCFT loop follows:*L
DoB

H* Calculate qI r
®

,s + DsM & q†I r
®

,s + DsM *L
s = 1;

DoB
qDbk@@s + 1DD = FlattenB ã

ΩFree@sD
2 NS InverseFourierB

expDsk2 FourierBã

ΩFree@sD
2 NS qDbk@@s, All, All, AllDDFF, 0F, 8s, 1, NS - 1<F

DoB
q†Dbk@@s + 1DD = FlattenB ã

ΩFree@NS-s+1D
2 NS InverseFourierB

expDsk2 FourierBã

ΩFree@NS-s+1D
2 NS q†Dbk@@s, All, All, AllDDFF, 0F, 8s, 1, NS - 1<F

H* Calculate Q, ΦA, and ΦB *L
Q =

1

NX NY NZ
Total@Flatten@qDbk@@NSDDDD;

ΦA = HQ 3 NSL-1 H qDbk@@1DD q†Dbk@@NSDD +

Sum@H2 + 2. KroneckerDelta@Mod@s, 2D, 0DL qDbk@@sDD q†Dbk@@HNS + 1L - sDD, 8s, 2, NA - 1, 1<D
+ qDbk@@NADD q†Dbk@@NB + 1DDL;

ΦB = HQ 3 NSL-1 H qDbk@@NA + 1DD q†Dbk@@NBDD +

Sum@H2 + 2. KroneckerDelta@Mod@s, 2D, 0DL qDbk@@sDD q†Dbk@@HNS + 1L - sDD, 8s, NA + 2, NS - 1, 1<D
+ qDbk@@NSDD q†Dbk@@1DDL;

H* Check Deviations in ΦA + ΦB = 1 *L
ΡDeviation =

TotalAFlattenAHΦA + ΦB - 1L2EE
NX NY NZ

;

H* Update iΜ+and iΜ- *L
IfBΡDeviation > ΡDevationCap ì Μdevcountmax < 6,

iΜPlus +=
LX LY LZ

NX NY NZ

Dt1

2
HΦA + ΦB - 1L;

iΜPlusNormalize =
Total@Flatten@iΜPlusDD

NX NY NZ
;

iΜPlus -= iΜPlusNormalize;

Μdevcountmax += 1;,

ΜMinus = ΜMinus +
LX LY LZ

NX NY NZ

G Dt2

2
ΦB - ΦA + H2 f - 1L +

2

CN
ΜMinus + Dt2 FieldNoise@@IterDD;

Μdevcountmax = 0;F
H*Do this 'Iterations' number of times*L
, 8Iter, 1, Iterations<F
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A.2 Spectral Reflectometry

This section gives a brief explanation of spectral reflectometry which was used through-

out this thesis work. The two most popular optical methods for measuring film

thickness are ellipsometry and spectral reflectometry. Reflectometry measures over

a wide range of wavelengths the amounts of light that reflects off a surface normal

to the incoming light beam. Ellipsometry measures reflectance of polarized light

at non-normal incidence. Using reflectometry allowed for the chamber design to be

simplified, as a beam of light could simply reflect perpendicular to the surface, instead

of having multiple quartz windows required at the incident and reflection angles.

The index of refraction, both the real and complex components (n and k), are one

measure of how light propagates through a film. The time-independent propagation

of an electromagnetic field through a material can be given by:

E = A0cos
(
n2π
λ
x
)
e(−k

2π
λ
x)

The real component of the refractive index, n, measures the effective speed of

light in the material relative to the vacuum speed. As a photon is traveling through

a material it is constantly being absorbed and reemitted at the given wavelength.

Between these absorption and reemission events, it is traveling at the vacuum light

speed, c, but because these events take a finite amount of time, effectively the photon

speed decreases (even though it’s not the same identical photon, it is still a useful

concept to use an effect speed relative to the light speed, as it gives a sense of how

often photons are being absorbed and reemitted as it travels through a material.).

The effect on the electromagnetic field is a change in the real space distance between

peak to peak maximum intensity values. Hence, n is found in the cosine component.

Some fraction of these absorption events are permanent though, and the complex

component of the index of refraction, k, also known as the extinction coefficient,

measures the amount of light absorbed at a given wavelength. Hence, k is found in

the exponential decay factor of the electromagnetic beam.

When reflection occurs at a single interface, it can be shown that the fraction of

light that is reflected, R, is a function of the real and complex parts of the index of
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refraction:

R = (n−1)2+k2

(n+1)2+k2

When light hits the polymer sample for example, there are two interfaces where

reflection occurs: the top polymer-air interface and the bottom substrate-polymer

interface. Due to the wavelike nature of light, the two reflected beams can either

constructively or destructively interfere depending on their phase relationship. The

phase relationship is determined by the optical path length difference which is a function

of the film thickness, d, and the index of refraction as a function of wavelength. The

reflections are in phase when 2nd = iλ, where i is an integer.

One limitation of spectral reflectometry is that for very thin films, where the

light does not complete a full oscillation in amplitude as it travels through the film

and reflects back, it is very difficult to get an accurate measurement. In these cases,

ellipsometry is better, as incident like coming from an angle effectively passes through

a thicker film when compared to the spectral reflectometry beam which passes normal

to the film. The F20 system used in this thesis work had the additional deuterium

light source in order that smaller wavelengths of light were used. This gave a thickness

measurement range of 3 - 20,000 nm.

A.3 Mass Flow Controllers

This section gives a brief overview of how mass flow controller (MFC) operates. This

is intended to be supplementary information that helps rationalize some of the choices

mentioned in Chapter 2, where the setup of the flow controlled solvent vapor annealing

is discussed.

An MFC is basically composed of three components: a bypass, a sensing tube, and

a control valve. A bypass provides a path for much of the incoming gas flow to enter

and pass through to the control valve. Its other function is to allow a small amount

of gas to enter into the sensing tubes, where the gas properties are analyzed. The

sensing tube is a small diameter metallic piece which is designed to respond rapidly
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Figure A-1: A simplified overview of the basic components of a mass flow controller.

to changes in temperature that are provided by attached heaters. The bypass tube

provides the initial pressure drop, and it is the piece replaced and calibrated when the

MFCs are rebuilt to handle difference and/or larger volumetric flow rates. Physically

handling the MFCs and causing the bypass to vibrate can alter its calibration, thus,

it is necessary to keep the MFCs fixed and immobile.

The sensing tube has a number of heaters and temperature sensors along the tube.

The tube must also be long enough such that the gas that enters reaches a steady

state temperature before the last sensor. This is because the fundamental calculation

of the mass flow rates involve the response of the gas to a heating source which is a

function of its density and heat capacity. I.e. the rate of heat that the gas absorbs is

the heat capacity per unit mass times the mass flow rate.

HeatRateDeliveredtoGas
[
J
s

]
= Cp

[
J
gK

]
∗ FlowRate

[
g
s

]
∗ (Tgasexit − Tenter) [K]

Knowing the mass, temperature, and pressure allows one to calculate the volumetric

flow rate in standard cubic centimeters per minute (sccm), the typical units for MFCs.

The calculation assumes that the nominal temperature of the device lies in a certain

range, because far outside of this range the heat capacity of the gas may change

in a nonlinear manner. Thus, it is important that the MFCs are kept at a stable

temperature. Finally, the control valve opens and closes to respond to a given flow

rate calculated from the sensing tube data, it is an electronic feedback with the sensing

tube to reach a given set point set by the operator.
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