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Abstract

The impressive developments in the semiconductor industry over the past five

decades have largely been dependent on the ability to continually reduce the di-

mensions of devices on a chip. However, as critical dimension requirements for

these devices approach the limits of photolithography, new fabrication strate-

gies must be introduced for these remarkable advances to continue. One tech-

nology listed by the International Technology Roadmap for Semiconductors

as a candidate for next-generation nanostructure fabrication is the directed

self-assembly of block copolymers. Block copolymers have received significant

attention of late for their ability to template large regular arrays of nanostruc-

tures with dimensions ranging from 10 to 50 nm. The production of denser

sub-10 nm nanostructures is also possible by reducing the size of these poly-

mers, but a reduction of the polymer size also compromises the quality of

nanostructures, making small polymers extremely difficult to use.

In this thesis, two different patterning approaches are introduced to push the

nanostructure density limits possible for a given polymer. In the first, a novel

patterning approach involving thin films of bilayer block copolymer domains



is used to effectively double the nanostructure density patterned by a given

polymer. The technique is successfully applied to different types and sizes of

polymer, and can also form highly controlled arrays of patterns with the help

of surface topography. By varying different process parameters during the self-

assembly or subsequent plasma steps, the dimensions of these density-doubled

patterns may be finely-tuned to the desired width and pitch. The surface

coverage of these density-doubled nanostructures is also maximized through

adjusting the film thickness and parameters in the self-assembly process.

Besides using bilayer films, dense arrays of nanostructures may also be pat-

terned using a multi-step patterning approach. In this approach, multiple

layers of block copolymer films are subsequently deposited onto the substrate

to template nanostructures. Because nanostructures from previous layers con-

tribute to the surface topography, they influence the self-assembly of successive

layers and more dense and complex patterns may be produced as a result.



Preface

This thesis is organized into 6 chapters. Chapter 1 describes the current

trends in nanostructure fabrication and why block copolymer self-assembly is

a promising patterning technology. Chapter 2 serves to familiarize the reader

with basic concepts in polymer chemistry and self-assembly, and describes

the recent developments in using block copolymer self-assembly to fabricate

nanostructures. Chapter 3 then introduces a new technique of effectively dou-

bling the density of nanostructures using bilayer films of cylinder-forming block

copolymers. Chapter 4 investigates various methods of tuning the dimensions

of these density-doubled nanostructures. Chapter 5 then explores the effect

of surface topography on density-doubled patterns, and uses multiple layers

of block copolymer films to create more dense and complex patterns. Finally,

chapter 6 summarizes the main conclusions of this thesis and highlights several

areas for future study.
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1
Introduction

Nanotechnology is the design and fabrication of materials with dimensions on

the order of 1 to 100 nm.[1] The field was first conceived in the famous 1959

lecture “There’s Plenty of Room at the Bottom” by Nobel Laureate Richard P.

Feynman, who envisioned that miniaturization and the manipulation of atoms

would progress to the point where the entire Encyclopaedia Brittanica would

be written using atoms on the head of a pin.[2] Since that time, interest and

development in this field has grown at an unprecedented rate due to interest in

the many unique chemical, electrical, optical, and mechanical properties that

manifest only with structures of this length scale. These unique properties

have allowed for the development of many novel devices for applications rang-

ing from photonic crystals, integrated circuits, memory storage, sensors, and

biological interfacing. Techniques now also exist that allow the manipulation,
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imaging, and characterization of structures of this scale and even of individual

atoms or molecules.

One particular area that has experienced the effects of this rapid growth and

development is the semiconductor industry. The past five decades have seen

a steady march towards smaller and smaller devices such that the number

of transistors per chip doubles every two years, as described by the trend

famously known as Moore’s Law.[3] This impressive exponential growth in

transistor density has led to the rapid growth of computing power and device

functionality, an exponential decrease in the cost per function of devices, and

has allowed computers to penetrate and transform every aspect of our lives.

To continue this development of technology, the Semiconductor Industry As-

sociation, in conjunction with other semiconductor associations around the

world have developed the International Technology Roadmap for Semiconduc-

tors (ITRS). The ITRS is a roadmap that provides an industry-wide consensus

of the most current research and developmental milestones that must be satis-

fied in the next 15 years if the growth described by Moore’s Law is to continue.

One area of particular importance as highlighted in the ITRS is the fabrica-

tion of increasingly narrow and dense nanoscale features for the production

of semiconductor devices. Devices produced in the industry are usually re-

ferred to by the half-pitch of line patterns used in their fabrication. The 22

nm device generation currently in production (see Figure 1.1) still makes use

of a patterning process known as photolithography, but as devices continue to

shrink to line half-pitches of 16 or 11 nm, photolithography will need to be

replaced by newer processes capable of producing these narrow features. This

chapter will first describe the process of photolithography, which has been in

use throughout the development of the semiconductor industry, as well as its

limitations and why newer technologies are required. Several potential can-

didates for the next generation of lithography are then introduced, including

extreme ultraviolet lithography (EUVL), maskless lithography, nanoimprint

lithography (NIL), and directed self-assembly (DSA). The work of this thesis

will then be introduced within the context of some of the challenges that need

to be overcome for DSA to be used in industry.
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Figure 1.1: Intel’s 22 nm tri-gate transistor was introduced into the market in
2011. An SEM of one such device is shown here (scale bars were not provided
by the source). Reprinted with permission from ref. [4]. Copyright © 2011
Intel Corporation.

1.1 Photolithography

The impressive advances of the semiconductor industry over the past five

decades have depended heavily on developments in photolithography.[5–7]

Photolithography is the process where an opaque geometric pattern from an

otherwise transparent photomask is projected by ultraviolet (UV) light onto

a photosensitive polymer film known as photoresist (Figure 1.2). When pho-

toresist is exposed to UV radiation above a certain dose threshold, chemical

changes occur in the film that manifest as local changes in solubility of the

polymer in a developer. Two different classes of photoresist may be used in

photolithography: positive and negative photoresists. In positive photoresists,

UV radiation facilitates the decomposition of the polymer, rendering exposed

regions more soluble in the developer; while in negative photoresists, the UV

radiation facilitates the cross-linking of photoresist, rendering exposed regions

less soluble in the developer. A subsequent development step immerses the
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Figure 1.2: In photolithography, a mask pattern is projected by refractive
optics onto a thin film of photoresist through UV light. The photoresist pattern
is then transferred to the underlying wafer through an etching process.

film in the developer, which removes the soluble portions of the photoresist

and leaves behind a geometric pattern corresponding to the one from the pho-

tomask. This geometric pattern is then transferred to the underlying material

through an etching process, which selectively removes the exposed material

not covered by the photoresist. When accompanied by material deposition

steps, this simple patterning process may be used repeatedly to build up de-

vices in a layer-by-layer fashion. As computer chips have continued to develop

with increasing complexity, more and more photomasks are required to form

these devices and connect them into a functional unit. A typical wafer process

flow will consist of over 450 different steps and require two to three months to

complete.[8]

The process of photolithography relies heavily on refractive optics to project
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the geometric pattern onto the photoresist. Thus, the ability to pattern small

features on a substrate is severely limited by the diffraction of light. The

resolution limits of photolithography from diffraction are described by the

Rayleigh equation (Equation 1.1.1), where R is the critical dimension; k1 is

the Rayleigh coefficient, which is dependent on processing conditions; λo is

the wavelength of the light in vacuum; n is the refractive index of the medium

above the substrate; and θ is the angular aperture of the lens. The product

n sin θ is known as the numerical aperture, NA of the optical system.

R = k1
λo

n sin θ
(1.1.1)

As feature dimensions continued to be reduced, methods to extend the diffrac-

tion limits of light were developed to keep up with the stringent specifications

required by the industry. From this equation, it is clear that one method of

reducing the critical dimension of the system is to reduce the wavelength of

light used. Between the 1960s and 1980s, spectral lines from mercury lamps

were originally filtered and used to produce 436 nm (G-line) and 365 nm (I-

line) light sources. However, with increasing demand for narrower features,

systems using excimer lasers such as KrF (248 nm) and ArF (193 nm) were

developed and used throughout the early 2000s into the present. With each

successive decrease in wavelength, new photoresists had to be developed to be

sensitive to the specific wavelengths in use. Attempts were made at reduc-

ing the wavelength further using F2 excimer lasers (157 nm), but because 157

nm light is easily absorbed by air, water, silica, and many other materials,

new photoresists and optical systems consisting of high-quality CaF2 lenses

also needed to be developed. Because these technical challenges could not be

solved within the time frame set by the ITRS, the reduction in wavelength

was not deemed to be worth the investment and the 157 nm iteration was

ultimately abandoned in 2004.[5]

Instead, the medium between the lens and the substrate was replaced with
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water to increase the NA by a factor of around 1.4. This technique became

known as immersion lithography, and was able to produce features with half-

pitch as low as 40 nm.[3] Immersion lithography was quickly adapted because

it was highly attractive economically, allowing the industry to reuse much of

the existing tooling infrastructure. Because of the failure to implement F2

excimer technology, 193 nm immersion lithography is the final iteration of

conventional photolithographic processes. As feature half-pitches continue to

decrease below 40 nm, next-generation lithography processes are expected to

replace the traditional photolithography process. To date, however, these al-

ternative approaches are still unready for implementation into the next genera-

tion of production processes. As a result, attempts to push 193 nm immersion

lithography further were made by using double-patterning techniques.[3, 6]

Several variations of double-patterning exist and their process flows are de-

picted in Figure 1.3. In standard double-patterning, features are patterned

from two separate photomasks, where the features are separated to create

patterns with twice the desired pitch. Once the first photomask has been ex-

posed, developed, and etched into the underlying material, a new resist layer

is deposited and the second photomask is aligned such that the features form

in between the features from the first mask. Because this requires two of each

of the coating, exposure, development, and etching steps, other methods of

double-patterning have been investigated to reduce the number of steps.

One alternative approach is to use a dual-tone resist, which contains both

positive-tone and negative-tone chemistries, and as a result exhibit two solu-

bility transitions at different levels of UV exposure.[9] As the initially insoluble

resist is exposed to larger doses of light, the first threshold is reached where

the positive-tone component becomes soluble, allowing the resist to dissolve in

solvent. As the exposure continues to increase, however, the negative-tone re-

sist becomes cross-linked, preventing further solvation by the developer. Thus,

one set of features from underexposed resist, and one set from overexposed re-

sist combine to form density-doubled features by using only one exposure and

development step. This method, however, only allows for very simple periodic

structures such as line arrays to be doubly-patterned, and would therefore not
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Figure 1.3: Process flows of standard double-patterning, dual-tone develop-
ment, self-aligned double-patterning, and double-exposure patterning.

be useful for patterning more complex, non-periodic structures.

Another approach is the self-aligned double-patterning approach. In this case,

a pattern is transferred to a template material. Spacers of silicon nitride are

then added to surround the template material. By subsequently removing

the template material, the resulting spacers become a mask with twice the

density of the template material. Again, similar to the dual-tone development

approach, this process is limited to the formation of periodic patterns because

the patterns are defined by the edges of the template material.

One interesting approach is double-exposure lithography. In this approach,

two separate patterns are sequentially exposed onto the photoresist to create

features with double the density. The photoresist is then developed once to
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produce a combination of both patterns. This approach is the most challenging

of all the methods described above because sub-threshold exposure of the

photoresist from the first layer affects the amount of light required in the

second step to bring the photoresist beyond the threshold. Methods must

be developed to allow the material to “forget” the sub-threshold from the

previous step before the second exposure is implemented. One possible solution

is the introduction of a photochromic contrast enhancement layer above the

photoresist. The contrast enhancement layer reversibly switches from opaque

to transparent in the presence of sufficient UV radiation, allowing only the

resist under the transparent regions to be exposed. The opacity is then restored

prior to the second exposure step, thus preventing sub-threshold exposure from

the two steps from accumulating in the resist and affecting the final pattern.

Investigations into materials that would act as good contrast enhancement

layers are ongoing.

As the feature densities continue to increase, the need for alternative pattern-

ing techniques become increasingly apparent. While double-patterning may be

extended to triple-patterning or quadruple-patterning, each additional mask

greatly increases the number of steps required in the process. This increases

the time required to fabricate these devices, while at the same time decreas-

ing the yield, making the additional steps highly costly for the manufacturing

process. Thus, newer technologies are being explored as potential candidates

to replace 193 nm immersion photolithography.

1.2 Next-Generation Lithography

The ITRS lists several candidates as replacements or complements for pho-

tolithography, including extreme ultraviolet lithography (EUVL), maskless

lithography, nanoimprint lithography (NIL), and directed self-assembly (DSA).

The following section will discuss these technologies in greater detail.

8
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1.2.1 Extreme Ultraviolet Lithography

One of the alternative technologies that has received heavy industry investment

is EUVL.[3, 10, 11] To push the diffraction limits of light, extreme-UV light

is generated from plasma sources with temperatures reaching up to 100,000

K. The favoured source materials are from gaseous tin compounds, which are

good emitters of radiation at 13.5 nm. Two methods of generating this plasma

are Laser Produced Plasma (LPP), where a CO2 laser pulse is used to gen-

erate the high-temperature plasma; and Discharge Produced Plasma (DPP),

where a low-temperature plasma is compressed into a high-temperature plasma

through the use of a magnetic field. While both methods are still viable op-

tions for EUVL, both also struggle in maintaining sufficient brightness for high

wafer throughput. Based on the manufacturing throughput standard of 100

wafers per hour, a power source capable of producing >180 W is required to

process wafers containing photoresists with a sensitivity of 10 mJ/cm2. To

date, this remains the greatest hurdle to overcome if EUVL is to take its place

as an alternative for next-generation lithography.[3]

With the introduction of 13.5 nm light as the illumination source, vast changes

must be made to the optics and masks. Because no material is sufficiently

transparent for light at this wavelength, the refractive optics in conventional

lithography systems cannot be used. Instead, the system is replaced by reflec-

tive optics, which make use of Bragg reflectors. These mirrors are made from

alternating multilayers of molybdenum and silicon. Similarly, masks for EUVL

are reflection masks with a base consisting of the alternating molybdenum and

silicon layers. Absorbing material is then deposited on the mask and the geo-

metric pattern is reflected onto the wafer with a size reduction factor of 4 or

5. A challenge associated with this reflective system that must be overcome

is the problem of defects and heat. As the optics are exposed to extreme-UV

radiation, the absorbed heat leads to diffusion of the silicon and molybde-

num or to reactions on the mirror surface to produce surface roughness. All

these effects lead to a decrease in the reflectivity of the optics, lowering the

maximum contrast possible in the system. In the masks, these temperature

9
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Figure 1.4: Cross section of an LPP EUVL system with a Xenon plasma source,
reflective optics and mask, and wafer. Reprinted with permission from ref.
[12]. Copyright © 2003 Society of Photo Optical Instrumentation Engineers.

changes also lead to thermal expansion, which could result in distortions in

the mask patterns. Defects on the mask substrate or in the multilayers also

pose significant problems in the patterning process and constitute the second

greatest hurdle that must be overcome in EUVL.

Once the light has passed from the illumination source through the optics and

mask, it must then interact with the photoresist films on the wafers. Due to the

absorption of 13.5 nm light by air, this entire system must also be enclosed in a

high-vacuum environment. Thus, the resists must also be compatible with this

environment. The chemically amplified resists commonly used in immersion

lithography consist of many small-molecule additives that may outgas in the

high-vacuum environment and contaminate the optics. In addition to this,

optimization of the resist sensitivity to 13.5 nm light, feature resolution, and

feature line edge roughness (LER) are all areas that must be addressed. While

significant progress has been made in these areas, LER continues to be a

challenge listed in the ITRS that must be addressed.[3]

10
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1.2.2 Maskless Lithography

Maskless lithography is a form of lithography, which as the name suggests, does

not require a photomask to transfer a pattern onto the substrate. Instead, the

pattern is written onto a resist one pixel at a time with a focused beam of

energetic particles. The approach is able to break the diffraction limit of light

through the use of particles such as electrons or ions, since these particles

have much shorter wavelengths (λ) than light, as described by the de Broglie

Equation (Equation 1.2.1). In the equation, h is Plank’s constant, m is the

mass of the particle, and E is the energy of the beam.

λ =
h√

2mE
(1.2.1)

The most common form of maskless lithography is electron beam lithogra-

phy (EBL), which operates similar to a typical scanning electron microscope

(SEM).[13] Electrons are extracted from an electron source and accelerated

across a high voltage through an anode to form a beam with energy ranging

from 10 to 100 keV. The beam of electrons enters a column of electromagnetic

lenses which transforms it into a highly focused beam with a narrow diame-

ter on the order of 1 nm by the time it reaches the substrate. The beam is

deflected by pairs of scanning coils or deflector plates to different positions

on the substrate during the patterning process. For the beam to remain in

focus, the deflection of the beam must remain within a range of a few hundred

microns. This range is known as a write field, and for patterns larger than a

write field, the patterns must be split into several write fields. For each write

field, the substrate must be repositioned with mechanical stage movements,

and consecutive write fields must be properly aligned with each other in a

process known as stitching.

As the electron beam impinges on the resist material, some of the electrons in-

teract with the resist, resulting in chemical changes similar to the ones observed

11
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in photolithography. Typical resists include hydrogen silsesquioxane (HSQ),

which is a negative-tone resist that forms silica-like features upon exposure;

and poly(methyl methacrylate) (PMMA), which is a positive-tone resist that

becomes soluble in the developer upon exposure to the electron beam. The

majority of the electrons, however, are deflected in different directions and

scattered within the resist. The resulting volume of exposed resist is known

as an interaction volume and is much larger than the original beam diame-

ter. The shape and depth of this interaction volume controls the resolution

limits of the process through the proximity effect, and is highly dependent on

the energy of the beam and the substrate material. Besides the shape of the

interaction volume, the duration of beam exposure and resist sensitivity are

also important parameters to control during the writing process. EBL has

been demonstrated to form structures with dimensions and pitch less than 10

nm.[14]

One of the major limitations of EBL is the serial nature of the writing process.

Because only one electron beam is available for pattern transfer, the process

is much too slow to match the 100 wafers per hour throughput required by

industry. This throughput issue is being addressed by MAPPER Lithography

through the introduction of a multi-beam system (see Figure 1.5).[15, 16] The

system design consists of electron optics capable of splitting a single electron

beam into over 13,000 parallel electron beams that may each be simultaneously

deflected independent of each other. The system is expected to produce high-

resolution features with as low as 11 nm half-pitch at a rate of 10 wafers per

hour. A technology demonstrator with 110 parallel beams was built as a proof

of concept and was shown to be able to produce patterns with a half-pitch

of 22 nm. The machines capable of patterning 10 wafers per hour are still in

development at the time of writing of this thesis.

Besides the use of electrons, ion beams may also be used as direct-write tech-

niques. The use of focused ion beams may be used to further increase the reso-

lution of patterned features.[17] Because ions are much heavier than electrons,

they tend to have significantly lower scattering, thus reducing the influence

12
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Figure 1.5: Schematic of the MAPPER EBL system demonstrating how a
single electron beam splits into multiple beams for parallel writing. Reprinted
with permission from ref. [15]. Copyright © 2008 Society of Photo Optical
Instrumentation Engineers.

of the proximity effect in resist exposure. Focused ion beams may also be

used to write patterns directly onto the substrate by direct ion bombardment.

However, similar to EBL, focused ion beams also experience long write times

due to their serial nature.

1.2.3 Nanoimprint Lithography

In NIL, surface nanoscale features on a polymer stamp are replicated onto

a substrate through mechanical contact.[18] The process is divided into the

imprinting, demolding, and etching steps (Figure 1.6). During imprinting, the

stamp is brought into intimate contact with the substrate and a resist. The

resist is displaced by the stamp features by squeeze flow and capillary forces

to conform to the features of the stamp before solidifying. By adjusting the
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Figure 1.6: Schematic of the NIL patterning process as a substrate is passed
through the imprinting, demolding, and etching steps.

features of the stamp, NIL could also be used to produce 3-dimensional reliefs

in the resist. In the subsequent demolding step, the stamp is removed from

the already solidified resist to produce free-standing structures that may then

be used as an etch mask. During this step, the stamp and resist are subject

to friction and adhesive forces that have the potential to damage the stamp

or the resist. To minimize these problems, robust anti-adhesive coatings such

as fluorinated silanes are commonly used for lowering surface energies. The

ability to demold the stamp without damage, degradation, or contamination

of the stamp is key, as failure to do so leads to defects in subsequent imprinting

steps.

There are many different variations of NIL, but most methods fall into two

categories depending on the method of resist solidification: thermal NIL and

UV-NIL. In thermal NIL, the resist is a polymer film that is heated around 50

to 70 ◦C above the glass transition temperature of the film (more on glass tran-

sitions in Chapter 2), which transforms the film into a viscous liquid capable

of conforming to the features of the stamp. The stamp is pressed into the film

by a hard platen and a soft layer to equalize the pressure across the stamp.

During the imprint step, the thickness of the resist film and the stamp feature

width are critical in determining the amount of force required by the stamp

to deform the resist. This process is governed by Stefan’s equation (Equation

1.2.2), which describes the force (F ) required to press a film of thickness h and

viscosity η with a cylindrical feature of radius r at a rate of dh
dt

.[19] After the
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imprinting is complete, the substrate is then cooled to temperatures around

20 ◦C below the glass transition to resolidify the resist and allow the stamp to

be demolded.

F =
3πr4

2h3

dh

dt
η (1.2.2)

In contrast to thermal NIL, UV-NIL occurs entirely at room temperature. In-

stead of using polymer films as the resist, liquid films or droplets of precursors

are used. Because of the low viscosity of the resist, only very low pressures

are required, and the stamp may either be allowed to sink into the resist or is

held at a constant position above the substrate as the voids between the stamp

and substrate are filled by resist. While the liquid precursor fills these voids

through capillary action to form a continuous resist, care must be taken to

avoid the trapping of air in the voids, which could lead to missing or deformed

structures. The back side of the stamps are integrated with a UV source,

and subsequent exposure cross-links the precursors to form a solid relief of the

stamp before it is removed. Resist materials for UV-NIL are designed for high

cure rates, minimal shrinkage, and high etch-selectivity in subsequent etch

steps that transfer the pattern from the resist to the underlying substrate.

NIL is an attractive patterning approach because it is a parallel and high-

throughput process, capable of high-resolution patterning with a relatively

low cost of ownership. While it is a candidate for next-generation lithography,

NIL is also increasingly being used for patterning applications where following

Moore’s Law is not as important. It has great potential in applications such

as data storage, optical displays, or even in sensor or biochip technologies.

The NIL company Molecular Imprints has recently developed tools capable

of patterning features for patterning hard disk drives, light-emitting diodes

and semiconductor devices with 22 nm half-pitch lines. The largest obstacle

preventing NIL from becoming a next-generation lithography process, however,

is defect control. While small amounts of patterning produce excellent results,
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Figure 1.7: The fabrication of a silicon multi-nanowire transistor patterned
using BCP DSA. The transistor channel was first lithographically patterned
(a) and subdivided using BCP DSA (b). A second lithographic layer was de-
posited to mask the drain and source regions (c), and the device was completed
after a subsequent silicon etch (d). Reprinted with permission from ref. [20].
Copyright © 2005 AIP Publishing LLC.

repeated stamp usage over multiple wafers demonstrate a dramatic increase in

pattern defects as the stamps begin to degrade.

1.2.4 Directed Self-Assembly

The use of block copolymer (BCP) self-assembly is another promising method

for next-generation lithography. BCPs have the ability to self-assemble into

arrays of nanosized domains on the order of 10 to 50 nm which can then

be converted into nanostructures, as will be described extensively in Chapter

2.[21–23] This low-cost process has been demonstrated to produce structures

for devices including silicon nanowire transistors and bit patterned media (see

Figures 1.7 and 1.8).[20, 24] Several other potential uses of BCP self-assembly

as listed by the ITRS include lowering feature LER, tuning via diameters in

integrated circuits, density multiplication for memory array patterning, and
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Figure 1.8: Plan view (a) and tilted (b) SEM images of bit patterned media
templated by BCP DSA. Reprinted with permission from ref. [24]. Copyright
© 2011 American Chemical Society.

density multiplication for logic.[3]

One limitation for this patterning technique, however, is the difficulty in con-

trolling defects during the self-assembly process. For DSA to be a viable

option for next-generation lithography, the defect densities must be <0.01

defects/cm2. Through the use of pre-patterned chemical guiding patterns, sig-

nificant progress was made recently to reduce the defect densities below 25

defects/cm2.[25] Though this is still far from the 0.01 defects/cm2 standard

set by industry, the introduction of defect-tolerant architectures may be able

to relax this standard and close the gap.[26] Besides the defect limitations,

there are limitations on the complexity and density of the structures due to

self-assembly.

Another limitation of BCP self-assembly is that the ability for BCPs to self-

assemble decreases with polymer size. Thus, the fabrication of dense nanopat-

terns is also a challenge. This thesis explores different techniques that may
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be used to increase the density of patterned nanostructures and add complex-

ity to the resulting structures. To begin the discussion, chapter 2 introduces

the basic concepts of polymer chemistry and BCP self-assembly. The chap-

ter then describes various techniques that have been developed to control the

self-assembly, ordering, and transfer of BCP domains to free-standing nanos-

tructures. In chapter 3, the concept of using bilayer cylinder BCP domains

to push the density limits of BCP-patterned nanostructures is investigated.

Chapter 4 then describes how various processing parameters—including sol-

vent swelling, surface energy, and plasma—may be used to tune the dimen-

sions of these density-doubled nanostructures. Chapter 5 then explores how

a multi-step patterning approach may be used to create dense and interesting

patterns not normally possible with single-step patterning. Finally, chapter 6

concludes with a summary of the results and a discussion of future directions

for research.
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2
Basics of Block Copolymer Self-Assembly

The purpose of this chapter is to provide a brief introduction to BCP self-

assembly and to describe some of the important developments of BCP self-

assembly in the context of nanostructure fabrication. The chapter will begin

with an introduction to the basic concepts and terminology used in polymer

science. Following this introduction, the chapter will delve into the concept

of self-assembly, especially as it applies to BCPs. The chapter will then move

on to describe the complexities of BCP self-assembly in thin films, and some

of the methods that have been developed to control the ordering of the self-

assembly process. Finally, the chapter will end with a discussion on how these

self-assembled patterns may be transformed into physical nanostructures for

different applications.

2.1 Polymer Basics

Polymers are an important class of materials that are ubiquitous in our lives.

They exhibit a diversity of physical or chemical properties that may be tuned

through modification of the molecular structure. Polymers may be lightweight,

hard, strong, or flexible; they may contain special thermal, electrical, and op-

tical properties; or they may sometimes even be responsive to changes in the

environment. As a result, they are used as structural components in con-

struction materials like concrete and wooden beams; their lightweight and
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heat resistant properties make them ideal materials for different parts in the

aerospace industry; they are used extensively for communications through op-

tical fibres, cell phones, computers, books, and newspapers; they are found in

clothing, fabrics and carpets; they have been used in energy storage applica-

tions such as lithium polymer batteries; and they are the primary component

in many consumer products and toys.[1] In fact, polymers are the very basis of

life itself, as all of the structural components, information storage, and com-

plex machinery found in functioning living organisms depend on polymers such

as proteins, polysaccharides, and polynucleotides. While humans have been

using and manipulating natural polymeric materials throughout all of history,

interest and an understanding of polymers did not develop significantly until

the discovery of the vulcanization of natural rubber. The discovery of this

process allowed for many man-made products including toys, furniture, and

clothing to be produced for the first time. Over time, other synthetic polymer

materials were developed including nylon 66, polystyrene (PS), polytetraflu-

oroethane (PTFE), polyethylene (PE), and polyisoprene (PI). The usage of

synthetic polymers has grown to the extent that in the United States alone,

over 100 billion pounds of synthetic polymers are consumed each year.[1]

Derived from the Greek words for many (poly) and units (meros), the word

polymer describes any large molecular compound consisting of many basic

repeating units. These building blocks may be identical as in the case of

homopolymers, or they may be different as in the case of copolymers. The

simplest way for these building blocks or monomers to be assembled is to

connect them in a linear chain. However, as shown in Figure 2.1, polymers may

also form more complex configurations such as circular polymers, branched

polymers, star-shaped polymers, or even large cross-linked networks. Such

variations in configuration are important because they affect the mechanical

properties of the polymer. Several attributes of polymers are particularly

important in the self-assembly of BCPs, and will therefore be explained in

greater detail in the following sections.
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Figure 2.1: Polymers may take on a variety of configurations including linear
(a), circular (b), branched (c), star-shaped (d), or large network structures
(e).

2.1.1 Chain Sizes

One of the most important factors influencing a polymer’s physical properties

is its size or length. Short-chain polymers behave like small molecules, but

as more monomers are added to form larger polymers, greater chain entangle-

ment and intermolecular forces lead to higher polymer melting temperatures,

mechanical strength, and viscosity. There are several parameters that describe

a polymer’s length. One such parameter is the degree of polymerization (N),

which describes the number of monomeric units used to form a polymer chain.

A more common measure of polymer size is the molar mass of a polymer, which

describes the mass of a single polymer chain. Polymer melts are composed of

polymer chains with a distribution of molar mass that is dependent on the

synthesis method of the polymer.[2] As a result, when describing the polymers

in a particular melt, it is important not only to describe the average molar

mass, but also the distribution of the molar mass. Different averages of the

molar mass may be used, but two common ones are the number average molar

mass (Mn), and the weight average molar mass (Mw).
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The Mn is defined as shown in Equation 2.1.1, where ni is the number fraction

of molecules with molar mass Mi. Most of the thermodynamic properties of a

polymer film, including the density, specific heat capacity, and refractive index,

are dependent on Mn. Several ways of measuring Mn include osmometry and

end-group analysis or radioactive labelling, since osmotic pressures and the

number of end-groups are dependent on the number of molecules present, and

not the size.

Mn =

∑
iMini∑
i ni

(2.1.1)

The Mw is defined as shown in Equation 2.1.2, where wi is the weight fraction

of molecules with molar mass Mi. Mw is measured through analysing scat-

tering patterns of laser light, X-rays, or neutrons passed through solutions of

polymers. These scattering techniques are sensitive to Mw because scattering

intensity is dependent on the molar mass of a polymer.

Mw =

∑
iMiwi∑
iwi

=

∑
iM

2
i ni∑

iMini
(2.1.2)

The polydispersity index (PDI) describes the distribution of polymer chain

sizes within the melt. It is calculated by taking the ratio Mw/Mn, and will

equal unity for a monodisperse melt of polymer. As polymer melts consist of

wider distributions of sizes, the PDI also increases accordingly. This measure

of size distribution in a polymer melt is particularly important because some

physical properties such as tensile and impact strength are influenced more by

the shorter molecules in the melt; properties such as the viscosity are influ-

enced more by medium ranged molecules; and properties such as elasticity are

influenced the most by the longest molecules present.[2]
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2.1.2 Polymer Conformations

Most long-chain linear polymers have the capacity to assume a great number

of conformations due to the large degree of rotational freedom about each

single bond in the chain. The near-limitless number of possible configurations

allow for statistical methods to be extremely effective in predicting the average

behaviour of these chains. The physical properties of these polymers can then

be described as functions of this average conformational behaviour. The most

widely used parameter describing the conformation of polymer chains is the

displacement length.[3] The displacement length (RD), which describes the

root mean square (RMS) end-to-end distance of polymer chains within the

melt, is often used to describe the elastic behaviour or the effective size of

polymers.

The simplest model to describe polymer conformation is the random walk

model, which treats the polymer as N freely jointed, non-interacting rigid

Kuhn segments of length a (known as the Kuhn length). If each of these

segments are represented by a vector ~ak with magnitude a, the end-to-end

vector ~RD may be written as follows:

~RD =
N∑
k=1

~ak (2.1.3)

Subsequently, the results in Equation 2.1.4 may be obtained by taking the

ensemble average of the displacement length.

RD = a
√
N (2.1.4)

While the displacement length may be used to successfully describe many

physical properties of linear polymers, the definition becomes ambiguous if
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applied to non-linear polymers. In such cases, the radius of gyration (Rg),

which describes the RMS distance of a chain element from the centre of mass

of the polymer chain, is a much better descriptor of the non-linear polymer

conformations.

The radius of gyration of a polymer is defined as shown in Equation 2.1.5,

where the position of each monomer is denoted by the vector ~r, and the centre

of mass of the polymer is denoted by ~rmean. For linear polymers, it may be

shown that the ensemble average of Rg is related to the displacement length by

a factor of 1√
6

as shown in Equation 2.1.6. Branched polymers will have lower

Rg than linear polymers of the same molar mass, since the mass is distributed

more to the middle of the chains.

R2
g =

1

N

N∑
k=1

|~rk − ~rmean|2 (2.1.5)

Rg,linear =
1√
6
a
√
N (2.1.6)

2.1.3 Transition Temperatures

Typical small-molecule materials exist in one of three (solid, liquid, and gas)

phases and display sharp thermodynamic phase transitions between each of

these phases. At these phase transitions, known as first-order phase transi-

tions, physical properties such as density are discontinuous functions of tem-

perature and pressure.

Due to their large molecular structure, polymers exhibit more complex phase

behaviour.[2] For example, because the molar masses of polymers are so large,

the evaporation temperature greatly exceeds even the temperature for polymer

decomposition. Thus, polymers do not exist in a gaseous state. Polymers

generally exist in a partial or complete amorphous state, since they rarely

form purely crystalline states. As a result, liquid polymers encounter phase
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transformations that are very different from small-molecule materials as they

are cooled.

In polymers that are fully amorphous, transitions are governed by the kinetics

of polymer chains. As an amorphous liquid polymer is cooled, the polymer

chains gradually lose their mobility and gain a small degree of short-time

stiffness. These changes in polymer mobility are made evident as the polymer

melt becomes more rubbery. Rubbery polymers at room temperature such

as polybutadiene (PB) can be treated to introduce small amounts of cross-

linking, which chemically binds adjacent chains together (as in Figure 2.1e).

Small amounts of cross-linking transforms these liquid rubbery materials into

elastomers, which behave as solids due to the cross-links but still have the

ability to stretch due to the polymer mobility.

As the rubbery polymers continue to cool, they encounter a transition often

known as a glass transition temperature (Tg). At this critical transition point,

the mobility of the polymer becomes too low for the chains to reorder into the

equilibrium density. Because of these kinetic limitations, the polymer specific

volume is larger than its equilibrium volume, and there is a change in rate

at which the density decreases with temperature.[4] Below Tg, the polymer

becomes hard and brittle and the chain mobility is so low that the chains are

frozen and cannot slide past each other. The material is considered a glass, and

although it is still a liquid, it has extremely high viscosity and hardness. The Tg

is a transition that resembles a second-order phase transition because primary

quantities like specific volume display an abrupt change in slope instead of a

discontinuity. However, the Tg is not a true thermodynamic transition because

it is a transition that can be controlled kinetically. The rate of cooling, the

pressure, and the average molecular weight of the polymer are all parameters

that influence the Tg of a polymer.

Some polymers are capable of forming both amorphous and crystalline regions,

and are therefore considered semi-crystalline. These polymers characteristi-

cally have high degrees of geometrical regularity, which allows them to form

crystals. Thus, in addition to the glass transition temperature, these liquid
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polymers also exhibit freezing behaviour into crystalline regions as they are

cooled. This transformation, which occurs at temperatures above Tg, is a first-

order phase transition and thus a discontinuity in specific volume is observed

as the polymer is cooled.

2.2 Block Copolymers and Self-Assembly

As mentioned before, polymers may be composed of different combinations

of monomer units. The ability to combine different functional units together

allows polymers with multiple functionalities to be formed. More importantly,

however, the arrangement of different functional components within a polymer

can also lead to changes in the polymer chain conformation, which in turn

affects the way that the polymer interacts with the environment. This folding

and organization of polymers with respect to each other is sometimes known

as self-assembly. The most extreme examples of how different sequences of

monomer units can affect the overall polymer structure and properties are

proteins. In humans, proteins consist of 20 different amino acid building blocks

that combine into different sequences to give each protein its unique structure

and function in the biological system. The protein haemoglobin, for example,

is a good example of how self-assembly influences the conformation of polymers

to form functional transporters of O2 and CO2 in many vertebrates. Other

proteins self-assemble to form enzymes that catalyse specific reactions in a cell,

channels that regulate the concentration of ions within a cell, or motors that

are responsible for cellular motion. Similarly, DNA also consists of 4 unique

building blocks, which combine to dictate the genetic makeup of an organism

and encodes the program for all of its cellular functions.

While nature has proven itself to be extremely adept at using the self-assembly

of complex polymers to store information, to self-replicate, and to regulate

and perform cellular functions necessary for life; humans have a long way to

go before we can even begin to match the complexity of design and function

displayed in nature. However, even our elementary understanding of sim-
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ple copolymer systems and their self-assembly can lead to the development of

highly useful technologies. One type of copolymer that is particularly interest-

ing in self-assembly and has been studied rather extensively is the linear BCP.

Linear BCPs may be thought of as a collection linear homopolymer chains (or

blocks) of different composition connected together sequentially at the ends.

They are commonly denoted by listing all of the homopolymer block compo-

nents sequentially, and separating each block with a “-b-”. Thus, a copolymer

consisting of a PI block and a PB block is denoted as PI-b-PB. The simplest

form of a BCP is a diblock copolymer (diBCP), which consists of two distinct

homopolymer chains covalently bonded together. To minimize the free en-

ergy of the system, similar blocks from BCPs tend to aggregate together and

self-assemble to form a polymer melt with chemically distinct microdomains.

One of the important early uses for BCPs was as thermoplastic elastomers

(TPEs), which exhibit rubber-like elastic behaviour while also being easily

processable as a thermoplastic.[5] Kraton polymers, which are styrene-based

BCPs with butadiene or isoprene blocks, are great examples of TPEs, and have

been used commercially for components in automobiles since the 1970s.[6] The

low Tg of the PB or PI blocks gave these TPEs their elastic behaviour, while

the high Tg PS blocks phase-separated into glassy phases effectively acting as

cross-links that helped to maintain the shape of the polymer. To mold the

polymer into a different shape, the temperature of the polymer was simply

raised above the Tg of the styrene blocks, allowing the polymer to reconfigure

the styrene domain structures and be molded into the desired shape. Thus,

unlike other elastomers, TPEs required no chemical cross-linking process, and

so the polymers could be repeatedly and reversibly processed. Besides their use

as easily processable TPEs, BCPs were also used as adhesives, emulsifiers, or

coatings.[7] Another application for BCPs that has received significant atten-

tion recently is for the lithographic patterning of nanostructures on surfaces.

This application was first discussed in the early 1990s, and holds great promise

due to the inherent ability for BCPs to self-assemble into periodic arrays of

patterns with dimensions ranging from 10 to 50 nm.[8, 9]
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To gain an appreciation for why BCPs self-assemble into different structures,

one must first understand how polymers behave in solutions. Thus, in this

section, the Flory-Huggins theory of polymer solutions will be introduced.

Following the discussion on Flory-Huggins theory, a brief overview of some of

the concepts specific to BCP self-assembly in bulk and in thin films will be

presented.

2.2.1 Flory-Huggins Theory of Polymer Solutions

Due to their large molecular weights, the behaviour of polymers in solution

differ greatly from that of small-molecule solutes. A theoretical description of

the behaviour of polymers in solutions was developed by Flory and Huggins

in 1942,[7, 10, 11] and is briefly described below. The approach involves a sta-

tistical mechanical model consisting of interacting molecules within a lattice.

First, consider two pure small-molecule phases A and B made up of xAm

molecules of A (solvent) and xBm molecules of B (solute), within a filled lattice

of xo = xAm + xBm sites, as shown in Figure 2.2. Given that the entropy of

a system can be described by Equation 2.2.1, where kB is the Boltzmann

constant, and Ω is the number of arrangements, the entropy of the pure phase

prior to mixing is 0. Upon mixing, the entropy of mixing (∆Smix) may then

be described as in Equation 2.2.2, using the Stirling approximation. φA and

φB are the volume fractions of A and B, respectively (φA +φB = 1), assuming

the volume of each molecule is approximately equal to the volume of a lattice

cell.

S = kB ln Ω (2.2.1)

∆Smix = kB ln
(xAm + xBm)!

xAm!xBm!

∆Smix = −kB[xAm ln
xAm

xAm + xBm
+ xBm ln

xBm
xAm + xBm

]

∆Smix = −kB[xAm lnφA + xBm lnφB] (2.2.2)
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Figure 2.2: When xAm and xBm molecules of A and B are mixed from two pure
phases, A-A and B-B bonds with energies εAA and εBB, respectively, must be
broken so that A-B bonds with energy εAB may be formed. Linear polymers
behave in much the same way except the individual molecules are linked up
in a chain.

Besides the change in entropy of the system during mixing, there is also a

change in enthalpy of the system. During mixing, molecules of A and B must

be removed from their respective pure phases, breaking the A-A and B-B bonds

and reforming A-B bonds. The change in energy resulting from combining the

two pure phases into a mixture is described by Equation 2.2.3, where nAB is

the number of A-B bonds formed, and εAA, εBB, εAB are the energies of the

A-A, B-B, and A-B bonds. If nAB is estimated as the number of A molecules

multiplied by the bonds per molecule (z) and the fraction of neighbouring

molecules which are B, the equation may be rewritten as shown in Equation

2.2.4. A dimensionless parameter (χAB) also known as the Flory-Huggins

parameter, is introduced to describe the degree of incompatibility between A

and B.
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∆Hmix = nAB[εAB −
1

2
(εAA + εBB)] (2.2.3)

∆Hmix =
zxAmxBm
xAm + xBm

[εAB −
1

2
(εAA + εBB)]

∆Hmix = χABkBTxAmφB (2.2.4)

χAB =
z[εAB − 1

2
(εAA + εBB)]

kBT

Now, consider a solution of two polymers, where xAm molecules are con-

nected into xA linear polymer chains, each with degree of polymerization NA

(xAm = NAxA), and where xBm molecules are similarly connected into xB lin-

ear polymer chains, each with degree of polymerization NB (xBm = NBxB).

Under these conditions, additional constraints are imposed on the system, forc-

ing monomers of the same chain to be adjacent to each other. Through these

constraints, the entropy of mixing may be modified to become Equation 2.2.5.

This equation is similar to Equation 2.2.2 except xAm and xBm are replaced

with xA and xB, which differ by factors of NA and NB, respectively. Thus, as

the monomers A and B are increasingly polymerized (larger NA and NB), the

entropy of the system decreases.

∆Smix = −kB[xA ln
NAxA

NAxA +NBxB
+ xB ln

NBxB
NAxA +NBxB

]

∆Smix = −kB[xA lnφA + xB lnφB] (2.2.5)

The free energy of mixing of a polymer in solution (∆Fmix) as described in

Equation 2.2.6, may be written in terms of both the entropy and enthalpy

changes in the system during mixing. By substituting Equations 2.2.5 and

2.2.4, ∆Fmix may be written in terms of the χAB parameter, the degrees of

polymerization NA and NB, and the volume fractions of A and B (Equation

2.2.7).
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Figure 2.3: The free energy of mixing (∆Fmix) is plotted with respect to the
volume fraction of A (φA) for polymers with similar chain lengths (NA = NB =
N). As the χABN values increase, two minima in ∆Fmix appear, which allows
phase separation to be a viable route to minimizing the system free energy.

∆Fmix = ∆Hmix − T∆Smix (2.2.6)

∆Fmix = χABkBTxAmφB + kBT [xA lnφA + xB lnφB]

∆Fmix
xokBT

= χABφAφB +
φA
NA

lnφA +
φB
NB

lnφB (2.2.7)

The behaviour of a mixture of two different polymers may be described through

plotting ∆Fmix with respect to the volume fractions of A (see Figure 2.3). As-

suming that the two polymers have similar chain lengths (NA = NB = N), and

that the temperature is held constant, the product χABN may be varied to

alter the ∆Fmix, and thus also the behaviour of the polymer mixture. For low

values of χABN , the ∆Fmix exhibits only one minimum at equal volume frac-
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tions of A and B. In such a case, the lowest free energy attainable for a system

with any φA is to have one homogeneous phase with φA. As the product χABN

increases, however, the ∆Fmix develops into two local minima at different vol-

ume fractions. In these polymer systems, two free energy local minima exist

at φA = φA1 and at φA = φA2. For polymer melts with φA < φA1 or φA > φA2,

the lowest free energy state still corresponds to one homogeneous phase with

volume fraction φA. Polymer melts with φA1 < φA < φA2, however, may phase

separate into mixtures of φA1 and φA2 phases. Since the free energy of both

φA1 and φA2 phases are lower than that of φA, the phase-separated arrange-

ment of polymers is favoured over the existence of one homogeneous phase. As

the product χABN increases, the two phase compositions φA1 and φA2 rapidly

approach pure A and pure B, respectively. This means that the compositions

of the two phases become increasingly distinct as χABN is increased.∗

Thus, using this information about free energy, and assuming constant tem-

perature, a phase diagram for the mixing of two polymers A and B may be

constructed as shown in Figure 2.4.[12] Two lines, known as the spinodal and

binodal lines, denote the boundary of the phases. The binodal line traces the

volume fractions of the free energy minima as χABN is increased, and denotes

the boundary where phase separation is thermodynamically favoured. Outside

the curve, the solutions formed remain disordered, but within the curve, phase

separation becomes possible. The spinodal line traces the boundary of volume

fractions where ∂2∆Fmix

∂φ2A
< 0, and denotes where phase separation occurs spon-

taneously. Within the spinodal curve, phase separation occurs as random

fluctuations in φA are quickly amplified and spontaneously separate into φ1

and φ2 through spinodal decomposition. Outside of the spinodal curve, the

mixture remains metastable due to kinetic limitations, and phase separation

occurs through the nucleation and growth mechanism.†

∗Polymer mixtures with NA � NB will also behave similarly, except the ∆Fmix of the
φA2 minimum will be lower than that of the φA1 minimum. As χABN is increased, the φA1

phase will also approach a pure phase much more quickly than φA2.
†Polymer mixtures with NA � NB produce similar phase diagrams, except the curves

are asymmetrical.
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Figure 2.4: Phase diagram of a binary homopolymer blend. For low χABN ,
one homogeneous phase exists. When the binodal curve is crossed, phase sep-
aration is thermodynamically favoured. At first, this phase separation occurs
through nucleation and growth (NG) due to limitations in the kinetics. When
the spinodal curve is crossed, however, phase separation may occur sponta-
neously through spinodal decomposition (SP).

2.2.2 Self-Assembly in Bulk Diblock Copolymers

The results derived from the Flory-Huggins theory of polymer solutions are

useful in understanding the self-assembly of bulk diBCP melts as well. Bulk

diBCP melts may be thought of as a blend of two homopolymers with the

extra constraint of having each A homopolymer covalently linked to a B ho-

mopolymer. Thus, these diBCP melts follow similar trends as those observed

for a binary mixture of homopolymers. As the χABN of the polymer melt is in-

creased, the BCP melt remains as a homogeneous mixture until it reaches the

transition point where phase separation is favoured. This transition, known
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as the order-disorder transition (ODT), is dependent on the volume fraction

of the polymer. The minimum χABN for the ODT occurs when the volume

fractions of both blocks are identical. As the χABN increases past the ODT

point, the compositions of the two thermodynamically favoured phases be-

come more and more distinct, asymptotically approaching pure A and pure B.

This is the extent of the similarities between the phase separation of a binary

homopolymer blend and a diBCP melt.

The extra constraints to self-assembly in a diBCP melt lead to limitations

in the arrangement of polymers in the melt. Firstly, there is a limitation in

the size of the phase-separated domains. Because each A block must be at-

tached to a corresponding B block, the size of the A domains and B domains

is strongly related to the length of the A blocks and B blocks, respectively.

Secondly, there is also a limitation in the positioning of the junctions between

A blocks and B blocks. These junctions must all be located at the interfaces

between the phase-separated domains if the free energy of the system is to

be minimized. Finally, chain stretching also occurs during the phase separa-

tion, especially at higher χABN as the compositionally pure phase-separated

domains increasingly limit the available positions for the two blocks. Early

experiments demonstrated that these limitations force the phase-separated do-

mains to assume arrangements such as parallel lamellae, hexagonally-packed

cylinders, or spheres with body-centred cubic packing. Later, experiments

also demonstrated the existence of a bicontinuous network, known as a gy-

roidal phase. Points where one phase transitions into another are known as

order-order transitions (OOT).

Various theoretical models have been developed to predict the locations of

OOTs and ODTs in bulk BCP melts. These theoretical descriptions of BCP

thermodynamics historically fell into two distinct limits: the strong segrega-

tion limit, and the weak segregation limit.[13, 14] In the strong segregation

limit, χABN was assumed to be large such that the blocks segregated into two

distinct pure phases with very narrow interfaces with respect to the domain

dimensions. Polymer chain-stretching effects at these sharp interfaces were
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explicitly accounted for in this limit. Helfand and co-workers were among the

first to develop a self-consistent field theory in this regime to describe the

transitions between lamellar, cylindrical, and spherical BCP domains.[7, 15]

However, the study most associated with the strong segregation limit was per-

formed by Semenov, who estimated the polymer free energies at the asymptotic

limit χABN → ∞.[16] At the other extreme was the weak segregation limit,

where χABN was just large enough for phase separation, but where the vol-

ume fraction of polymers vary more gradually in space. At this limit, it was

assumed that no changes in polymer conformation took place. Most of the

work at this limit was inspired by Liebler, who constructed a Landau expan-

sion of the polymer free energy with respect to polymer composition.[17] Over

time, with the development of computational power and theoretical methods,

self-consistent field theories that spanned across both the strong and weak

segregation limits were developed.[18] It is through these models that BCP

phase diagrams such as the one in Figure 2.5 are created. From these models,

it is known that the minimum χABN for self-assembly to occur is 10.5.

As shown in Figure 2.5, the type of structures observed in the bulk film are

highly dependent not only on the χABN , but also on the volume fraction of the

blocks. As indicated in the figure, when the BCP blocks are highly asymmetric,

spheres (S) of the minority block inside a majority block matrix are observed.

However, as the length of the blocks become more comparable, minority-block

cylinder (C) and gyroidal (G) structures are observed. When the two blocks are

approximately symmetric, the structures become parallel lamellae (L). As to be

expected, the BCP phase diagram constructed through theoretical modelling is

similar in shape to the phase diagram for binary homopolymer blends in Figure

2.4. The phase diagram constructed through experimental results also bears

striking resemblance to the diagram constructed from the theoretical model.

The differences in the phase diagrams, especially the presence of a perforated

lamellar (PL) phase, have been mainly attributed to kinetic limitations in the

system.[19]
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Figure 2.5: As the volume fraction of block A increases, various domain mor-
phologies are favoured (a). The conditions required for each of these conditions
are plotted on the phase diagrams below. Phase diagrams of bulk BCPs com-
puted through theoretical models (b) and constructed through experimental
results (c) are displayed. Reprinted with permission from ref. [19]. Copyright
© 1999 AIP Publishing LLC.

2.2.3 Self-Assembly in Thin Films

The self-assembly of thin-film BCPs is held as a promising pathway for nanos-

tructure fabrication. Unlike bulk BCPs, the self-assembly of thin-film BCPs

are governed by an additional set of boundary constraints that contribute to

added complexities and the formation of additional phases. The constraint of

one dimension of the melt into a finite thickness reduces the symmetry of the

system, introducing the concept of structure orientation. In addition to these

dimensional constraints, the energetics of interaction at the two surfaces of the

film (the air/BCP and BCP/substrate interface) also govern the self-assembly

process and can alter the orientation of the resulting nanostructures depend-

ing on the specific application. For example, lamellar features parallel to the
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substrate surface may be used as diffusion barriers or optical coatings, while

perpendicular cylindrical features may be used for nanoporous filters.

In general, the interfacial energies between the blocks and each of the film

surfaces will differ due to differences in the chemical composition. As a result,

one block usually preferentially wets each of the surfaces to minimize the

surface energy at the interface. This preferential wetting at the interfaces

also results in the favouring of structures forming parallel to the substrate, as

observed in early studies of lamellar-forming BCPs.[20, 21] In these examples

of lamellar-forming PS-b-PMMA systems on bare silicon, the polar PMMA

blocks preferentially wet the native oxide at the BCP/substrate interface, while

the non-polar PS blocks preferentially lined the air/BCP interface. As the BCP

films self-assembled, the ordered structures parallel to the surface continued

to propagate towards the centre of the films until all the structures in the films

were oriented parallel to the surfaces.[21] The resulting films were asymmetric

systems of parallel lamellar structures with discrete thicknesses or terraces

equal to (n + 1
2
)L, where n was any integer, and L was the characteristic

period of the BCP (Figure 2.6a).

The energetics at the BCP/substrate and air/BCP interfaces could also be

altered by the introduction of polymer layers. For example, random copoly-

mers of PS-PMMA with tunable monomer compositions were synthesized and

grafted onto the substrate prior to BCP film deposition to create BCP/substrate

interfaces that were selective for PS, PMMA, or non-selective for both blocks.[22]

If, for example, a pure PS layer was grafted at the BCP/substrate interface,

then both air/BCP and BCP/substrate surfaces would be selective for the

same block, resulting in a symmetric system of parallel lamellar structures

with discrete thicknesses nL (Figure 2.6b). The introduction of a non-selective

polymer surface layer resulted in the formation of perpendicular lamellar struc-

tures (Figure 2.6c).[23, 24] Because the air/BCP interface remained selective,

however, the perpendicular lamellar structures did not propagate through the

entire film thickness, and instead were interrupted by parallel lamellae near

the air/BCP interface. Thin polymer films could be introduced above the
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Figure 2.6: The orientation of lamellar patterns in BCP thin films depend
on the surface conditions at the air/BCP and the BCP/substrate interfaces.
Surfaces that are selective for different blocks (a) or the same block (b), will
lead to discretized film thicknesses with step sizes equal to the characteristic
period L. When the BCP/substrate interface is non-selective, no discretization
of thickness occurs, but the air/BCP interface will consist of either parallel or
perpendicular lamellae depending on whether the interface is selective (c) or
non-selective (d) for a block.

BCP sample prior to the BCP self-assembly to alter the energetics at the

air/BCP interface. If the film was non-selective, the BCP film was allowed

to self-assemble into perpendicular lamellae that propagated across the entire

thickness of the film (see Figure 2.6d).[25–27]

Thin-film self-assembly of cylinder-forming BCPs was significantly more com-

plex than the lamellar structures observed above.[28–30] Besides the forma-

tion of perpendicular or parallel cylinders, other phases such as lamellar or

perforated lamellar structures were observed in theoretical and experimental

studies depending on the surface energies and the film thicknesses. To fully

describe the intricate behaviour of the cylinder-forming systems (in this case,

BCPs with 2:1 block volume fractions), a phase diagram was constructed to

denote the phase transitions with respect to the surface energies (assuming

both interfaces were identical) and the BCP film thickness (Figure 2.7).
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Figure 2.7: A phase diagram of BCPs with a 2:1 block ratio. The phases
are highly dependent on the film thickness (H) and the surface energy (εM).
Adapted with permission from ref. [28]. Copyright © 2004 AIP Publishing
LLC.

As shown in the phase diagram, if the surface was selective for the minor-

ity block (εM < 0), wetting layers (W) were formed on the surfaces, and

either planar lamellar (L) or parallel cylinders (C‖) were observed within the

middle film. As the surfaces became slightly selective for the majority block

(εM ∼ 3), perpendicular cylinders (C⊥) began to be favoured. These struc-

tures then gave way to parallel cylinders, perforated lamellae (PL), and lamel-

lae (L) as the surfaces became increasingly selective for the majority block

(εM > 0). As the film thickness increased, parallel cylinders were observed

more than their perpendicular equivalents at integer multiples of the cylin-

der layer thickness. Generally, films at these discrete thicknesses were also

more energetically favourable, so during the self-assembly process, films not at

these discrete thicknesses locally deformed to form regions with these discrete

42



Chapter 2: Basics of Block Copolymer Self-Assembly

Figure 2.8: A phase diagram of BCPs as the film thickness and volume fraction
of blocks varies. For ease in visualization the schematics displayed around the
periphery show only the minority blocks in a red-green BCP. The surface ener-
gies are fixed and selective towards the green block. Reprinted with permission
from ref. [31]. Copyright © 2013 American Chemical Society.

thicknesses.[29]

Recently, Li et al. used self-consistent field theory calculations to construct a

phase diagram with respect to the film thickness and block volume fractions

of a BCP (Figure 2.8).[31] In the calculations, χN = 20, and the surface was

set to be selective for the block represented in green. The dotted lines in the

phase diagram indicated the phase boundaries of a bulk BCP melt. The phase

diagram clearly demonstrated the added complexity of the system due to the

imposition of film thickness constraints. The use of these structures, especially

the multilevel parallel cylinders in the C2 phase, will be described in greater

detail in Chapters 3 and 4.
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2.3 Block Copolymer Ordering

As described in Chapter 1, significant interest has developed over the DSA of

BCPs for next-generation semiconductor manufacturing. However, for DSA

to become a viable manufacturing process, significant improvements must be

made in the area of BCP structure ordering and defect control. Precise regis-

tration and orientation of both line or dot patterns templated by these films

are necessary for proper alignment and connection with features patterned in

subsequent layers. The ITRS stipulates that defect densities must be as low

as <0.01 defects/cm2 before DSA may be considered to be a manufacturing

option. Additionally, the time required for BCPs to reach these low densities

must also be less than 4 min to fit within the processing framework of the

industry. The following section will first introduce parameters used in describ-

ing BCP order, and will then continue by describing various techniques that

have been used in controlling the ordering process such as improving the self-

assembly kinetics, introducing order-inducing fields, or modifying the surface

or lateral confinement.

2.3.1 Correlation Lengths and Defect Densities

Two very common 2-dimensional nanopattern systems that are produced with

BCP assembly are line or hexagonally-packed dot patterns. Line structures

are observed when BCP lamellae align perpendicular to the substrate or when

BCP cylinders align parallel to the substrate. Similarly, hexagonally-packed

dots are observed when BCP cylinders align perpendicular to the substrate,

or when BCP spheres are formed. Ideally, these systems have a high degree of

translational and orientational invariance such that the self-assembly occurs

in a simple and predictable manner. This invariance or order in the system

is quantified by the translational and orientational correlation lengths, which

describe the characteristic distance from an arbitrary point where the structure

positions or orientation cease to correlate with those of the reference point. A
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large correlation length corresponds to an array of structures that approach the

order observed in a perfect crystal. For an ideal line system, this corresponds

to a parallel array of equally spaced linear lines, while for a dot array, this

usually corresponds to a hexagonal array of dot patterns with perfect 6-fold

symmetry.

In practical situations, however, defects are always present in the crystal struc-

tures of the patterns. These defects, which are disruptions in the overall struc-

tural arrangement, cause deviations from the perfect crystal arrangement of

the patterns and manifest as either dislocations or disclinations.[32, 33] In the

case of lamellar line patterns, at sufficiently low temperatures, the only defects

observed are dislocations, which in line arrays, correspond to placement errors

in the line structures (see Figure 2.9). Each dislocation is associated with a

Burgers vector, which indicates the direction and magnitude of the lattice dis-

tortion. Dislocations themselves are usually generated from a perfect crystal

structure as pairs with oppositely directed Burgers vectors. In the solid or

crystalline phase, these dislocations are bound together to reduce the strain in

the system. When sufficient energy is applied to the system, these dislocation

pairs are allowed to unbind into individual dislocations, which transform the

solid crystalline phase into what is known as a nematic phase (characterized by

short-range translational order and quasi-long-range orientational order). As

the temperature of the system is increased, more energy in the system allows

more dislocations to accumulate in the 2-dimensional system. This continues

until another transition known as the dislocation-dissociation transition is at-

tained. At this transition, dislocations dissociate into new defects known as

disclinations. In line arrays, disclinations appear in the positive variety (line

terminations or dots) or in the negative variety (line junctions). A dislocation

may be thought of as a tightly-bound pair of positive and negative disclina-

tions, and as dislocations dissociate into disclinations, the strain on the system

is increased and the orientational order of the system is decreased. The fur-

ther separated a disclination pair is, the greater the distortion induced onto

the lattice. The result is an isotropic phase characterized by short-range trans-

lational and short-range orientational order. The high defect density causes
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Figure 2.9: Schematics showing a perfect crystal (a), a dislocation (b), a dis-
sociated disclination pair (c), and an individual disclination (d).

the line structures to resemble fingerprint patterns instead of a parallel array

of straight lines.[34]

In hexagonally-packed dot patterns, analysis of these patterns are conducted

through the use of Voronoi constructions, which takes the perpendicular bi-

sectors of the connections between adjacent sites to construct a polygon to

represent each site (see Figure 2.10). In a perfect crystal, all sites are repre-

sented by hexagons. Sites represented by 5 or 7-sided polygons are disclination

defects. These disclinations pair up to form 5-7 dislocations, which can be

eliminated by interacting with another 5-7 dislocation of the opposite direc-

tion. As with the line patterns, as the temperature is increased, an increased

number of dislocation pairs are formed in the crystal structure. At the tran-

sition temperature where the dislocation pairs are separated, a hexatic phase

is formed. With further increases in temperature, the disclinations themselves

gain enough energy to separate, forming the final isotropic state.
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Figure 2.10: Schematics showing Voronoi constructions of a perfect crystal (a),
a crystal with dislocation pairs (b), a hexatic phase with separated dislocations
(c), and an isotropic phase with isolated disclinations (d). The hexagons are
coloured pink, while the pentagon and heptagon defects are coloured blue and
purple, respectively.

2.3.2 Reducing Defects By Increasing Mobility

One of the most critical factors determining the order in BCP self-assembly

is polymer mobility. For BCP films to be useful in nanofabrication, the self-

assembled domains in the films must be stable at room temperature, which

dictates that at least one block component must have a Tg above room tem-

perature. Thus, when these BCP films are rapidly deposited onto a substrate

through spin casting, the polymer is kinetically trapped in a disordered state

and is unable to self-assemble into the thermodynamically favoured configura-

tions. To remediate this problem, polymer scientists have been implementing

annealing steps to temporarily increase the mobility of the BCPs, allowing

rearrangements into the lowest-energy configurations to occur. The oldest

technique to be used for such purposes is thermal annealing, where BCP films

are simply heated in a vacuum or inert atmosphere above the Tg of both

blocks.[35, 36] As the temperature is raised above the Tg of both blocks, the

polymer chains become significantly mobile, allowing self-assembly to occur

faster.

While the kinetic limitations of the system are reduced with increased tem-
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perature, some thermodynamic limitations begin to manifest at higher tem-

peratures. For example, studies on thermal annealing have shown that the

equilibrium defect density of self-assembled nanostructures also increase with

temperature.[37] Thus, although the same line or dot patterns may be ob-

served, samples annealed at higher temperatures produce patterns with con-

siderably lower lateral order than samples annealed at lower temperatures. As

the temperature of the melts continue to increase, a notable thermodynamic

feature characteristic of all BCP melts known as the order-disorder transi-

tion temperature (TODT ) is encountered. Above TODT , which is dependent

on the N , φ, and χ of the polymer, phase segregation fails to occur and a

homogeneous mixture of the blocks is obtained.[38] This critical temperature

may be determined using small-angle x-ray scattering (SAXS) measurements

by observing the position and spread of diffraction peaks as the temperature

is varied.[39] For high degrees of lateral ordering, some groups have first an-

nealed their BCP films above the TODT because in this disordered state, the

thermal history of the BCP is erased.[37, 40, 41] The films were then slowly

quenched such that the polymer structures had time to reorganize into struc-

tures with lower defect densities at the lower temperatures. Besides the defect

density limitations described above, another limitation to consider is the de-

composition temperature of a BCP, above which the polymer chain begins to

degrade.[42] Annealing must therefore always be conducted below the decom-

position temperature, and in cases where the decomposition temperature is

below the Tg, alternative approaches to increasing polymer mobility must be

used.

Unlike thermal annealing, where the only two parameters in self-assembly af-

fected by temperature are mobility and defect density, solvent annealing is a

much more interesting and complex form of anneal that has the potential to

affect the mobility of the BCP as well as the structure morphology and ori-

entation. The basic premise of solvent annealing is to expose a BCP film to

solvent vapour, which infiltrates and plasticizes the polymer film. This plasti-

cization results in a lower Tg and increased polymer mobility to self-assemble

into the thermodynamically favoured configurations.[43–45] Solvent annealing
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circumvents some of the limitations of thermal annealing and permits poly-

mers with a Tg above the decomposition temperature to self-assemble as well.

The effect solvent annealing has on mobility and structure morphology will be

discussed in greater detail in Chapters 3 and 4.

While much work has been done to investigate the self-assembly behaviour of

BCPs in the presence of different solvents, it was not until the late 1980s that

some interesting effects of solvent evaporation from BCP thin films were noted.

During that time, several groups observed that if solvents were allowed to

evaporate from the BCP thin films immediately after the film casting process,

perpendicular lamellar or cylindrical structures with non-equilibrium spacings

were observed instead of the expected thermodynamically favoured parallel

orientations driven by surface energy minimization.[9, 21, 46] Kim and Libera

then found that by controlling the solvent evaporation process to be either

faster or slower, both perpendicular and parallel structures could be produced

in the respective conditions.[47, 48] The Russell group also discovered that

during the solvent evaporation process, the ordered perpendicular structures

propagated from the air/BCP interface down to the rest of the film.[49] This

suggested that during solvent evaporation, a solvent concentration gradient

was established within the film perpendicular to the substrate surface, which

guided the growth of BCP structures along this gradient. This concentration

gradient may have been small in slow evaporation steps, but for faster evapora-

tion steps the solvent gradient became large enough to guide the self-assembly

of BCP structures.[47] It should be noted at this point, however, that if the

evaporation was too fast (<1 s), the BCPs did not have time to rearrange, and

were thus kinetically trapped in their arrangements.[50, 51] Thus, one common

way of performing solvent annealing was to place the BCP film inside a small

chamber with a leak, and allow the solvent gradient in the slowly evaporating

system to direct the assembly of the BCP. This approach was used successfully

by several groups to create highly ordered BCP structures.[49, 52, 53]

While thermal and solvent annealing have both been shown to be effective

strategies for increasing polymer mobility, a combination of the two methods
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Figure 2.11: A low-magnification SEM demonstrating the high degree of BCP
order induced by using the microwave-assisted annealing process for only 60
s. False colour was added to denote different line orientations. Reprinted with
permission from ref. [54]. Copyright © 2010 American Chemical Society.

has potential to be even more effective. Recently, we developed a solvent-

assisted microwave annealing technique to rapidly order the BCP structures.[54,

55] Films of cylinder-forming polystyrene-b-poly(2-vinylpyridine) (PS-b-P2VP)

or PS-b-PMMA on silicon substrates were placed in a sealed chamber contain-

ing solvent and exposed to microwaves for times ranging from 2 s to 180 s

(Figure 2.11). Ordering of these cylinder-forming BCPs occurred rapidly, and

for one polymer, the defect density dropped below 2 defect pairs/µm2 in a mere

60 s. The work has been replicated by others to create ordered polystyrene-b-

poly(dimethyl siloxane) (PS-b-PDMS) line patterns.[56] Recently, Jung et al.

also demonstrated another method of solvent-thermal annealing by adding a

heating source to a solvent anneal chamber and showed that high degrees of

lateral order could be obtained at temperatures below 100 ◦C.[57]
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2.3.3 Controlling Orientation Through External Fields

Increasing the polymer mobility reduces the kinetic limitations on the self-

assembly process, allowing structures with lower defect densities to be pro-

duced. However, the mobility has no influence over the orientation of the

BCP structures. For control over the orientation, the use of external fields has

been shown to effectively guide the self-assembly along a preferential direction.

Various types of fields have been used including shear forces, temperature gra-

dients, electrical fields, or even the solvent concentration gradients observed

during solvent annealing as described above.

One heavily studied area is the use of various shear fields to direct the assem-

bly of BCP lamellar, cylinder, or spherical structures. Shear fields produced

from various types of rheometers may be generated by sandwiching BCP films

between two heated plates with PDMS rubber pads or viscous PDMS oil to

prevent film rupture. These plates then apply pressure on the film and are

laterally displaced with respect to each other to generate shear stress in the

lateral direction. The shear coordinates with shear (~v), gradient (~∇), and

vorticity (~e = ~v × ~∇) basis vectors may be defined as shown in Figure 2.12.

Depending on the shear fields applied to the polymers, the temperatures of

the films, and the block compositions, the microdomains will align along one

of these coordinate axes to minimize the stress in the system.

For structure alignment to occur, the BCPs are usually heated to an elevated

temperature between Tg and the TODT , and different shear treatments (steady

or oscillating) with different shear rates may be applied for different effects.

It is important to note, however, that the TODT varies with shear rate.[58]

Under an oscillating shear, lamellar domains most often align with their sur-

face normals parallel to the vorticity axis. However, under special conditions

when the frequency of oscillations exceed a critical frequency (ωd) at temper-

atures close to TODT , domains with surface normals aligned to the gradient

axis are favoured instead.[59] Angelescu et al. found that with a large enough

shear rate, it was also possible to align cylindrical structures along the shear
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Figure 2.12: When a shear force is applied to a BCP film, a set of coordinates
with shear (~v), gradient (~∇), and vorticity(~e) axes may be defined to describe
the orientation of BCP domains.

axis.[60] While films with monolayer spheres cannot be aligned due to a lack

of mechanical anisotropy, it was possible to induce high lateral order in bilay-

ers of spheres.[61] This method is quite flexible and may easily accommodate

lateral ordering on larger substrates. The method has also been shown to be

successful in roll-casting techniques, which may provide a viable route towards

large-scale manufacturability.[62, 63]

Similar to the solvent gradients described in the previous section, tempera-

ture gradients have also been found to direct the assembly of BCPs. This

concept was first explored by Hashimoto et al. who employed a moving tem-

perature gradient field laterally across a film surface.[64] The device, which is

now known as a zone-heating device consisted of a hot bar with temperature

above the polymer TODT surrounded by gradually cooler regions. By pass-

ing the lamellar BCP films through the zone-heating device, ordered lamellar

domains grew from the disordered phase along the ordering front, and were

aligned with the lamellar planes perpendicular to the direction of the moving

temperature gradient.[64, 65] Zone heating may also be applied to cylindri-

cal structures to radically reduce defect densities. In a study where zone
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heating was applied at temperatures below the TODT , the cylinder structures

were still found to preferentially orient with their long axis along the tem-

perature gradient.[66] The process was found to be faster and more effective

at producing lines with high lateral order than conventional thermal anneals.

Investigations into oscillating temperature gradients also revealed that defects

in lateral cylindrical structures could be reduced further, although it was also

noted in this experiment that the cylinder orientation did not correlate with

the direction of the temperature gradient.[67] Besides oscillating temperature

gradients, very sharp spatial temperature gradients could also be used to form

vertically-aligned cylinder structures.[68] Thus, zone annealing has great po-

tential to be used in the large-scale manufacturing of polymer nanostructures

through roll-to-roll processing.[69]

When a contrast between the dielectric constants of the two blocks exists, local

variations in the dielectric constant may be coupled to an externally applied

electric field to direct the orientation of BCP patterns. Alignment of BCPs us-

ing electric fields was first explored in seminal work by Amundson et al.[70–72]

In these experiments, 1.8 V/µm electric fields applied to cooling PS-b-PMMA

polymers as they crossed the TODT were shown to direct the growth of lamellar

structures perpendicular to the electrode surfaces. The authors also explored

the kinetics and defect annihilation mechanisms for lamellae realignment in

an electric field at temperatures below the TODT . Electric fields were later

demonstrated by Morkved et al. to direct the alignment of cylinder-forming

BCPs parallel to the substrate surface (see Figure 2.13).[73] When a 3.7 V/µm

electric field ( ~E) was applied between the pre-patterned planar electrodes on

the substrate surface, the cylinders aligned themselves with their long axes

parallel to the field lines of the electrodes. The correlation of cylinder orien-

tation to the field lines was found to be directly related to the calculated field

strength at the region. Thus, for regions further from the electrodes, defects

in the cylinder alignment became more prominent. Electric fields could also

be applied perpendicular to the substrate surface but in such cases, stronger

fields were required to overcome the interfacial surface energy effects.[74–76]

To produce perpendicular cylinders, the BCP films were sandwiched between
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Figure 2.13: Transmission electron microscope (TEM) images of cylindrical
BCP domains between 2 planar electrodes. The ordering of BCPs halfway
between the electrodes decreases as ~E drops off from left to right (a). Cylinders

align along the field lines at the electrode when ~E is on (b), and become

randomly oriented when ~E is off (c). Scale bar is 500 nm. Adapted with
permission from ref. [73]. Copyright © 1996 AAAS.

two electrodes with Kapton films at each interface of the BCP film. Field

strengths greater than 11.5 V/µm were required to completely overcome the

surface energy effects to produce purely perpendicular cylinder patterns.

Since these initial investigations, studies have shown that for electric fields

perpendicular to the substrate surface, a competition between surface effects

and the electric field result, and an electric field must exceed the value Ec as

described in Equation 2.3.1 for structures to be completely perpendicular to

the substrate surface.[77, 78] ∆γ is the difference in surface energy between

the two blocks, εA and εB are the permittivities of the two blocks, and h is the

film thickness. Thus, if the surface energy difference is too large or if the film

is thin, Ec is larger than the dielectric breakdown and perpendicular alignment

is not possible. However, if no surface energy differences exist, then no electric

field is required for perpendicular structures.
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Ec = ∆γ1/2 2(εA + εB)1/2

εA − εB
h−1/2 (2.3.1)

One problem with electric field alignment of lamellar structures is that the

aligned lamellae are free to rotate about the electric field lines to form mul-

tiple orientations. This extra degree of freedom may be limited through the

application of another field. For example, Olszowka et al. combined a solvent

field (perpendicular to substrate surface) through solvent annealing in toluene,

with electric fields from planar electrodes (parallel to substrate surface) to pro-

duce highly ordered perpendicular lamellar patterns.[79]

2.3.4 Graphoepitaxy and Chemical Epitaxy

By controlling the polymer mobility and applying a guiding external field dur-

ing the self-assembly process, highly ordered BCP features with a predeter-

mined orientation can be formed. However, in patterning applications for the

semiconductor industry, slightly more complex patterns with locally varying

orientations are often desired. While it may be difficult to produce these small

local variations using an external field, techniques that make use of lateral film

confinement and locally varying surface chemistry more adeptly produce these

types of patterns. These techniques are the subject of discussion below.

Graphoepitaxy

Just as the confinement of a BCP film in one dimension results in the creation

of a new parameter of control over the self-assembly, confinement in the lateral

dimensions using topographical features from the underlying substrate also

allows for additional control over the self-assembly of the films. The use of

these surface features (usually produced through top-down approaches such as

photolithography, interference lithography, or EBL) to direct the assembly of
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Figure 2.14: (a) Hexagonal wells were patterned using photolithography, as
shown in the SEM image. (b) Single-crystal dot patterns were then self-
assembled within the wells, as shown in the atomic force microscope (AFM)
image and the fast Fourier transform (FFT) in the inset. Reprinted with
permission from ref. [83]. Copyright © 2007 The American Physical Society.

BCP films is known as graphoepitaxy.

The lithographically patterned features most commonly used in the graphoepi-

taxy of both BCP lines and dots are micron-sized trenches or wells.[37, 80–84]

In these studies, as the disordered BCP films were annealed, single crystals

of the BCP nanostructures began to nucleate at the walls of these trenches

and slowly propagated to the centre.[85] The ordering effects were observed

not only in narrow trenches, but also in trenches up to several microns in

width. In one instance, extremely large single crystals of BCP dot patterns

were created using 12 µm-wide hexagonal wells (see Figure 2.14). Beyond

these dimensions, however, these single crystals of spheres or lines start to ex-

hibit increasing numbers of defects until the order breaks down at sufficiently

large distances from the walls.

Besides the single-crystal nanopatterns, wells of various shapes could also be

used to guide the assembly of more complex patterns. For example, circular

wells were used to coax cylinder-forming BCPs into assembling concentric rings

or spiral patterns (see Figure 2.15).[86, 87] Lamellar-forming BCPs were also

shown to form concentric hexagons or densely-packed angled lines through the
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Figure 2.15: Cylindrical BCP patterns may self-assemble to form parallel lines
along a trench (a), parallel lines inside triangular wells (b), concentric rings
inside a circular well (c), or spiral patterns inside a circular well with defects
(d). Reprinted with permission from ref. [87]. Copyright © 2008 American
Chemical Society.

guidance of walls written by EBL.[88]

One disadvantage of using wells or trenches for graphoepitaxy is that the walls

often take up precious substrate real estate, which decreases the number of pat-

ternable elements on the surface. This is an especially important consideration

for applications in the semiconductor industry, where the goal is to pack as

many devices onto a substrate as possible. A method of graphoepitaxy that

minimizes this problem is the use of silica posts patterned by EBL.[89–91]

By tuning the spacings, shape, and surface chemistry of these silica posts,

the ordering and orientation of BCP dot and line patterns may be indepen-

dently controlled to create locally varying patterns (see Figure 2.16). Recently,

it was shown that silica posts could also be used to direct the formation of

cross-hatched line patterns from bilayer cylinder-forming BCPs.[91] The one

limitation of this method of graphoepitaxy is its heavy reliance on densely-

packed pre-patterned features.
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Figure 2.16: (a) A schematic depicting how the spacings in rectangular arrays
of posts affect the alignment of cylindrical line patterns. (b) A chart displaying
the area fraction of lines with different orientations as Lx/Ly was increased.
(c) SEM images of lines aligned along different different directions as the post
spacings are varied (Lx = 1.5Ly). Reprinted by permission from Macmillan
Publishers Ltd: Nature Nanotechnology,[90] copyright © 2010.

Chemical Epitaxy

Besides using lateral confinement to control the assembly of the BCP, another

method is to exploit BCP surface energy effects. In the thermodynamic stud-

ies described above, the surface energies at the air/BCP and BCP/substrate

interfaces were constant in the lateral direction. If instead, the surface energies

were allowed to vary in the lateral directions, these lateral variations may be

used to guide the self-assembly of BCPs. Seminal work in this area was first

conducted by Heier et al., who created micron-sized chemical patterns on a

flat gold surface with self-assembled monolayers.[92, 93] Patterned areas with

CH3-terminated groups were first deposited through micro-contact printing,

and the unmodified areas were subsequently covered by OH-terminated thiols.

Polymer films deposited on these patterned regions formed parallel structures
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Figure 2.17: BCP structures may be directed to self-assemble into different
patterns useful for nanoelectronic fabrication. For example, nested jogs (a),
isolated jogs (b,c), and T-junctions (d) may be formed as shown in the SEMs.
Reprinted with permission from ref. [96]. Copyright © 2007 American Chem-
ical Society.

over the OH regions and perpendicular structures over the CH3-terminated re-

gions due to differences in the block selectivity of the surface. Since that time,

investigations by other groups have confirmed that surface chemical patterns

with similar periodicities as the BCPs cause the BCPs to assemble forming

the same pattern. Notable work in this area by the Nealey group demon-

strated that not only will BCPs align along simple regular chemical patterns

such as lines or dots, but they will also self-assemble to imitate the more com-

plex underlying chemical patterns. As a result, these self-assembled patterns

may be used for the patterning of different circuit elements in microelectronic

fabrication, such as junctions, jogs, single lines, and angled lines (see Figure

2.17).[94–96]

While the resulting patterns impressively self-assemble to resemble the under-

lying chemical patterns, this alone does not make the DSA of BCPs ideal for

nanoelectronic fabrication, because chemical patterns with the same pitch and

dimensions must be patterned on the substrate first. To address this concern,

work has been done to use sparser pre-patterns to direct the assembly of BCP

structures. So far, chemical patterns with half, a third, or a quarter of the

BCP feature density have been shown to be effective in directing the assembly

of BCP features with low defect densities.[97–99] Figure 2.18 is a good example

demonstrating how BCPs may be used to quadruple the density and improve
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Figure 2.18: Samples of EBL resist were first patterned to form dots with
spacings Ls = 39, 78, 27, 54 nm (a-d). These chemical pre-patterns were then
used to direct the assembly of BCP films with pitches Lp = 39, 39, 27, 27 nm,
respectively (e-h). The size distribution of both EBL and BCP patterns were
then compared (i-l). Reprinted with permission from ref. [97]. Copyright ©
2008 AAAS.

the overall consistency and quality of dots patterned by EBL.

2.4 Nanostructure Fabrication

The self-assembly process produces many domains within the BCP films. How-

ever, for BCPs to be used in nanostructure fabrication, a process to transform

these phase-separated domains into real free-standing nanostructures is re-

quired. Several different methods have been developed and used over time,

and will be described below.
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2.4.1 Block Copolymers for Precursor Localization

BCP micelles have been used in the past as solution-based nanoreactors for

the synthesis and stabilization of metal, metal oxide, and metal chalcogenide

nanoparticles.[100] Differences in the block solubilities in solution caused the

BCPs to form micelles with non-soluble blocks at the core, and soluble blocks

at the corona. When the BCPs were chosen such that the core blocks contained

functional groups for binding specific metal precursors, these micelle cores

became localized sites for the precursors to react. The result was the formation

of nanoparticles made of Au, Co, Pd, Fe2O3, or CdS, just to name a few.[101–

105] Common blocks for the micelle core included P2VP, poly(4-vinylpyridine)

(P4VP), or poly(acrylic acid) (PAA), while in aqueous solutions, a common

block used for the corona was poly(ethylene oxide) (PEO). This strategy, which

was proven successful when used for BCP micelles, could also be applied to

self-assembled BCP films.

Two strategies have historically been used to localize solution-based metal

precursors within a BCP film: the precursors have either been preloaded into

BCP micelles prior to film deposition onto the substrate,[104, 106] or they

have been allowed to infiltrate the BCP film through an immersion step after

film deposition.[87, 107, 108] Using both of these methods, Aizawa and Buriak

produced quasi-hexagonal dot arrays of Au and Ag nanoparticles templated

by PS-b-P4VP.[107] Au and Ag metal salts were reduced through galvanic

displacement with the semiconductor substrate (Si, Ge, InP, and GaAs). To

enable electrical contact between the metal and the substrate on Si surfaces,

dilute HF was also added to the metal salt solutions to remove the insulating

native oxide. The polymer was then removed through ultrasonication. Chai

and Buriak were able to extend the utility of this method to cylindrical struc-

tures as well (see Figure 2.19).[87, 108] The method was also generalized to

include the formation of metal structures such as Pt, Pd, Co, Cu, and Fe.

Through conducting AFM, they were able to confirm that these nanowires

were indeed solid and continuous metal.
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Figure 2.19: Top (a) and tilted (b) SEM images of PS-b-P2VP cylinders met-
allized with Pt and treated with plasma. Reprinted with permission from ref.
[87]. Copyright © 2008 American Chemical Society.

Besides solution-based precursors, vapour-phase precursors have also been

used to synthesize nanostructured materials. For example, by exposing PS-

b-PMMA films to tetraethyl orthosilicate (TEOS) and HCl vapour, silica

structures that resembled the patterns of the BCP film were created by one

group.[109] However, these vapour-phase reactions did not seem to produce

very uniform structures. One recently developed method that has produced

better results in fabricating metal or metal oxide nanostructures is sequential

infiltration synthesis (SIS).[110, 111] As the name suggests the process involves

sequentially exposing PS-b-PMMA films to different precursor gases. These

precursors infiltrate the PS-b-PMMA films and react specifically to the car-

bonyl bonds in the PMMA regions. After a quick purge, the films are exposed

to the second precursor gas, which reacts with the first precursors to form

metal or metal oxides within the PMMA regions. Through repeated steps,

these metal or metal oxides grow to form nanolines or nanodots that resemble

the PMMA domains within the BCP film. The method is very similar to the

atomic layer deposition (ALD) technique, and may often be performed within

ALD machines, but the precursor pressures and step times are much larger

and longer than conventional ALD steps.[112] For example, Al2O3 structures

could be created by alternating between Al(CH3)3 and H2O; while TiO2 struc-

tures could be created by alternating between TiCl4 and H2O.[110] Materials

that were more difficult to pattern due to a lack of selective chemistry for
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Figure 2.20: SEMs of Al2O3 (a) and ZnO (b) line structures templated using
cylinder-forming BCPs and the SIS approach. Reprinted with permission from
ref. [111]. Copyright © 2011 American Chemical Society.

PS-b-PMMA or difficulties in control could be fabricated by first running a

few cycles of Al(CH3)3. The presence of Al was then used to facilitate the

fabrication of ZnO, SiO2, or even W structures (see Figure 2.20).[111] Because

the SIS process is self-limiting in nature, highly flexible in precursor choice,

and highly controllable due to the cyclic nature, the process offers a great deal

of control over structure formation.

Besides directing the growth of new structures, BCP films can also guide the

etching of substrates in specific locations. For example, when self-assembled

quasi-hexagonal PS-b-P4VP films on silicon substrates were immersed in di-

lute HF or NH4F solutions, it was demonstrated that the BCP film directed

silicon etching only in areas where P4VP blocks were present.[113] The P4VP

blocks contained pyridyl groups that acted as Brönsted bases, which directed

the etching of quasi-hexagonal pits with hydride terminated surfaces. Un-

etched surfaces remained hydroxy-terminated. Differences in termination al-

lowed for the pit surfaces or the substrate surfaces to be independently al-

tered with organosilanes, which could then direct the growth of titania or gold

nanostructures.[114]
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2.4.2 Block Copolymer Films as Masks

Another class of methods for creating nanostructures is to use the BCP film

as a protective mask layer for an underlying substrate. In such a process, the

BCP film is first deposited above a thin film of the material to be patterned.

After the self-assembly process has produced the desired pattern in the BCP

film, the film is then subjected to an etch step to selectively remove one of the

blocks and leave specific regions in the underlying material layer exposed. One

of the most common BCP etching methods is to use O2 plasma to selectively

remove one block. For example, O2 plasma was applied to PS-b-PMMA to

create a PS mask for etching silicon nanowires.[115] O2 plasma, however, is

only slightly selective for PMMA, and so a significant portion of PS is also

removed during the process. For higher etch selectivity, other polymers such

as PS-b-PDMS or polystyrene-b-polyferrocenylsilane (PS-b-PFS) could also

be used.[116, 117] The presence of silicon or iron in the PDMS or PFS blocks

makes these blocks much more resistant to O2 plasma etching, which allows

for better, more well-defined mask layers.

Besides using polymers with higher etch selectivity, other approaches to mod-

ify the film to increase etch selectivity may also be used. For example, treat-

ment of PS-b-PMMA films with UV light leads to cross-linking in PS blocks,

and scission of bonds within PMMA blocks.[75] After subsequent immersion

in acetic acid solution, the PMMA blocks are dissolved away, leaving a free-

standing PS mask. In dot-forming PS-b-PB and PS-b-PI films, one of two

treatments may be used to produce either positive or negative masks.[118, 119]

By exposing the BCP films to ozone atmosphere, scission of the carbon double

bonds in PB or PI blocks allows these segments to be dissolved away in deion-

ized water, leaving behind a nanoporous cross-linked PS mask. The reverse of

this pattern may also be produced if instead of ozone exposure, the films are

exposed to the heavy metal stain OsO4. The OsO4 stain increases the etch

resistance of the PB or PI blocks, allowing the production of a hexagonally-

packed nanodot mask when the film is subsequently treated with CF4 plasma.

Other approaches such as SIS may also be used to drastically enhance the
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etch resistance of one block over another. These can then be used as masks

for underlying materials such as silicon, indium tin oxide (ITO), or permalloy

(Ni0.8Fe0.2).[120] It has also been demonstrated that in PS-based polymers with

perpendicular PMMA, PEO, P2VP or P4VP cylindrical domains, the intro-

duction of a solvent strongly selective for the cylinder blocks (such as acetone

or ethanol) encouraged slight restructuring of the films to form hexagonally-

packed nanoporous films without the need for etching.[121, 122]

Once the polymer mask is complete, selected areas of the underlying substrate

become exposed to the surrounding environment, and these exposed surfaces

can either be etched away or be used as nucleation centres for nanostructure

growth. In the former case, the mask material must be carefully selected to be

resistant to the etch process. Sometimes, the mask is robust enough to allow

direct patterning of the underlying substrate material,[115, 118, 120] but in

other cases, the material to be patterned requires an etch that also destroys

the BCP mask. In those cases, one or two intermediate layers are required for

the patterns to fully transfer onto the material layer. For example, to pattern

cobalt magnetic dot arrays, one group used a PS-b-PFS film above layers of

silicon dioxide, tungsten, and cobalt.[116, 123] Because cobalt, nickel, and

iron cannot be etched by a reactive ion etch (RIE) due to a lack of volatile

products, ion beam etching must be used instead. Thus, a tungsten layer was

added to act as a hard mask for the ion beam etching process. Silicon dioxide

was included on top of the tungsten to improve the pattern transfer from the

PS-b-PFS polymer to tungsten. A CHF3 plasma was used to transfer the

BCP mask pattern onto the SiO2 film. A CF4 and O2 plasma mixture was

then applied to transfer the SiO2 pattern onto the W film. Finally, the W

mask was used as a hard mask for Co etching using an ion beam.

BCP masks may also be used to limit interactions of a substrate surface with

chemical precursors during nanostructure synthesis. For example, by using

masks formed from PS-b-PMMA to expose only specific areas on a surface,

SiO2 posts may be grown with the introduction of vapour-phase precursors

such as SiCl4 or TEOS.[109, 124] A subsequent CF4 plasma or calcination step
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may then be used to remove the BCP film. Similar masks have also been used

to form GeSbSe phase-change nanomaterials from solution-phase GeSe and

Sb2Se3 precursors dissolved in hydrazine.[125] In these experiments, the mask

and extraneous GeSbSe were removed through a subsequent lift-off process

by ultrasonication in toluene. As in the case with etching, sometimes a mask

more robust than the BCP film is required for growth. One such example was

the growth of GaAs quantum dots on a GaAs substrate.[126] In this example,

a PS-b-PI BCP film was used to pattern a SiNx film to create a hard mask for

the underlying GaAs substrate. Once the BCP pattern was transferred to the

underlying SiNx mask, arsine and triethylgallium vapour, which reacted only

at exposed GaAs surfaces, was used to grow GaAs quantum dots on the GaAs

surface. The SiNx mask was then removed with buffered oxide etchant.

2.5 Conclusions

In summary, the self-assembly of diBCP melts are governed by the thermody-

namics of phase separation between the two distinct blocks. The driving force

behind phase separation increases with χN and the BCP domain morphology

is determined by the block volume fraction. These BCP melts may also be

deposited as thin films on substrates, and in such cases, the melt confinement

and the introduction of surface interfaces allow more complex morphologies to

be produced. However, for self-assembled BCP films to be of use in semicon-

ductor manufacturing, the domains must be highly ordered and tightly con-

trolled. This may be done through increasing the BCP mobility, introducing

external fields to direct the orientation of self-assembled domains, or utilizing

pre-patterned surface topography and surface chemistry. Once ordered, the

BCP domains must then be transformed into free-standing nanostructures. In

general, BCP films may either be used as templates to direct the formation

of nanostructures through the localization of solution-phase or vapour-phase

precursors, or they may be used as masks to block the etching or growth of an

underlying film into free-standing nanostructures.
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3
Density Doubling of Templated Metal

Nanostructures

3.1 Introduction

The versatility of linear diblock copolymers (diBCPs) in patterning periodic

nanostructures with dimensions between 10 to 50 nm is well known.[2–5]

Lamellar, cylindrical, and spherical structures can be assembled simply by

modulating the volume ratio of the templating polymer’s two block segments.

These structures can then be used to pattern nanolines or nanodots for ap-

plications including magnetic storage media,[6–9] flash memory,[10] nanowire

transistors,[11] photonic devices,[12, 13] and tissue interfacing.[14, 15]

The BCP self-assembly theory developed by Semenov in the strong segregation

limit,[16] predicts that the characteristic period (L) of spherical, cylindrical,

or lamellar structures in the strong segregation limit scale with the polymer’s

degree of polymerization (N), Flory-Huggins parameter (χ), and Kuhn length

(a), as described in Equation 3.1.1.

The material in this chapter is based on published work from [1]. In this work, Dr.
Xiaojiang Zhang helped with the solvent annealing of around half of the samples swelled in
the THF/water mixture; Jeffrey Murphy performed LER and line width measurements and
helped produce Figures 3.10b, 3.14, 3.17, 3.18e; Dr. Jinan Chai is credited as being the first
to demonstrate the potential of this technique; SAM was performed by the Alberta Centre
for Surface Engineering and Science (ACSES); Dr. Xiaojiang Zhang, Jeffrey Murphy, Dr.
Kenneth Harris, and Dr. Jillian Buriak all contributed to useful discussions.
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L ∼ aN2/3χ1/6 (3.1.1)

Thus, the dimensions and characteristic period of the self-assembled polymer

domains may be tuned by varying the length of BCP chains. However, while

linear diBCPs have been shown to efficiently create patterns in the 5 to 50

nm size range, self-assembly of structures at either extreme of this range be-

comes extremely difficult. The following sections will describe recent work in

extending the limits of this range.

3.1.1 Above 100 nm Block Copolymer Patterning

The motivation for using BCPs to self-assemble into domains with periods

greater than 100 nm has mainly been driven by the desire to fabricate photonic

devices or polarisers using self-assembly. Nanostructures with alternating di-

electric constants and periods ranging from 100 nm to 200 nm exhibit iridescent

behaviour useful for photonic applications in the visible light spectrum.[12] In

telecommunications, where near-infrared light is controlled, domain periods of

around 250 nm are required.[17] Although extending polymer chain lengths

do lead to increased periods as described by Equation 3.1.1, one significant

drawback is that these high molecular weight polymers have a high degree of

chain entanglement. This entanglement results in significantly reduced chain

mobility and high viscosity, even for T > Tg.

One strategy that has been employed to extend the periodicity of self-assembled

BCP domains is to blend homopolymer chains with moderately large BCPs

to swell the domains, thus enlarging the overall spacing of the resulting struc-

tures. For example, the blending of a PS-b-PI BCP with Mn,PS = 194 kg/mol

and Mn,PI = 197 kg/mol [henceforth denoted as PS(194k)-b-PI(197k)] with

PS homopolymer resulted in spherical patterns with centre-to-centre spacing

of around 180 nm.[17] Ternary blends of the same BCP with equal amounts
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Figure 3.1: Linear diBCPs with large Mn can self-assemble into line structures
with periodicities of 102 nm, 177 nm, and 200 nm. Reprinted with permission
from ref. [19]. Copyright © 2013 American Chemical Society.

of both PS and PI homopolymers resulted in lamellar patterns with tunable

periodicities. As the percentage of homopolymers in the blend increased from

0% up to 60%, the lamellar period could be tuned from 110 nm up to 200

nm.[12] However, the addition of homopolymer dopants to the films tended to

introduce defects to the final structures.[18] Homopolymer-rich regions, where

the homopolymer had completely segregated from the BCP, were common,

and made this technique highly undesirable for fabricating defect-free arrays

in this size range.

Recently, a method was developed to facilitate the self-assembly of ultra-high

molecular weight linear diBCPs by sequentially combining a non-selective sol-

vent anneal with a thermal anneal.[19] The solvent anneal in THF was found

to be effective in reducing the defect densities of the perpendicular lamellar

patterns but were also found to reduce the line periodicity according to the

dilution approximation.[20] This reduction in periodicity was reversed through

a subsequent thermal anneal, which restored the lines to their characteristic

spacing without reintroducing defects. The PS-b-PMMA polymers had total

molecular weights of Mn = 256, 733, 1000 kg/mol, and these produced lines

with periodicities of 102 nm, 177 nm, and 200 nm, respectively (Figure 3.1).
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One other particularly interesting solution to the BCP chain entanglement

problem has been the use of comb or brush copolymers. A comb or brush

polymer architecture consists of a linear polymer backbone with densely spaced

polymer arms. Block comb copolymers are comb polymers with backbones

divided into separate blocks, each with unique polymers for their arms. The

use of comb copolymers provide two major advantages over linear diBCPs.[18]

Firstly, the steric effects of the densely spaced arms lead to a straightening of

the backbone, thus causing these polymers to behave more as rigid rods than as

coils. These rigid rods avoid much of the entanglement problems experienced

by normal linear polymers, and are thus more able to self-assemble into the

desired structures. Secondly, the synthesis of these polymers is also a possible

pathway towards the production of polymers greater than 1000 kg/mol. This

is extremely difficult to do using linear polymers because the time required to

synthesize these linear polymers increases dramatically with the length of the

chains.

Runge and Bowden synthesized these block comb copolymers by first synthe-

sizing a BCP backbone and then grafting PS arms onto one of the blocks.[18]

Polymers with molecular weights in excess of 6000 kg/mol could be synthe-

sized, and could self-assemble into lamellar, cylinder, and spherical morpholo-

gies. One polymer with molecular weight of 1260 kg/mol formed cylinders

with domain periodicity of 258 nm. By tuning the volume fraction of the

blocks, the length of the PS arms, or the length of the backbone; lamellar,

cylindrical, and spherical morphologies with controlled periodicity could be

formed.[21] Polystyrene-polylactide (PS-PLA) block brush copolymers were

also synthesized by Rzayev, and these block brush copolymers self-assembled

into structures with domain spacing up to 163 nm.[22] Xia et al. developed

an alternate method of synthesis for these brush copolymers that did not re-

quire grafting polymer arms.[23] Instead, individual macromonomers already

containing an attached arm were formed first before they were polymerized

(Figure 3.2). As a result, both random and block brush copolymer architec-

tures were possible, leading to slightly different self-assembly arrangements.
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Figure 3.2: Macromonomer precursors were polymerized to form either random
or block brush copolymers. These polymers were then self-assembled into
lamellar structures. Reprinted with permission from ref. [23]. Copyright ©
2009 American Chemical Society.

3.1.2 Sub-10 nm Block Copolymer Patterning

There have also been significant efforts to form BCP structures in the sub-10

nm regime. This has primarily been driven by the requirements of the semicon-

ductor industry to fabricate nanostructures beyond the limits of conventional

lithography.[24] However, as described in Chapter 2, for self-assembly into seg-

regated domains to occur, Equation 3.1.2 must hold.[25] Thus, for any given

type of linear BCP type, there is a minimum possible domain spacing.

χN & 10.5 (3.1.2)

One strategy to reduce the minimum patternable feature size is to increase the

χ parameter of the polymer. By doing so, a lower N may be reached before

self-assembly ceases to occur. An added benefit to increasing χ is its effect

on the width of the interface (b) between two domains after self-assembly, as

shown in Equation 3.1.3.[26] A narrow interface, small b, indicates a sharp

transition from one domain type to another. This is particularly important in

the fabrication of nanolines when the line edge roughness is to be minimized.
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Figure 3.3: The oligosaccharide-silicon-containing BCPs shown in this figure
were synthesized and self-assembled into cylinder structures. The BCP dis-
played in (a) produced dots with 11.4 nm spacing, as shown in the AFM
image. Adapted with permission from ref. [32]. Copyright © 2012 American
Chemical Society.

b =
2a√
6χ

(3.1.3)

Because of the above mentioned reasons, there has been a gradual shift from

polymers such as PS-b-PMMA, PS-b-PEO, and PS-b-PI (χPS−PMMA = 0.04,[27]

χPS−PEO = 0.08,[28] χPS−PI = 0.09[28] at room temperature), to polymers

with higher χ parameters such as PS-b-P2VP and PS-b-PDMS (χPS−P2VP =

0.18,[29] χPS−PDMS = 0.27[28] at room temperature). Sub-10 nm features have

recently been produced through the use of polymers such as PS-b-PDMS,[30]

P2VP-b-PDMS,[31] poly(trimethylsilylstyrene)-b-polylactide (χPTMSS−PLA =

0.47 at room temperature),[32] and oligosaccharide-silicon-containing BCPs.[33]

With some of these new polymers, characteristic domain sizes as low as 5 nm

have been created, as shown in Figure 3.3.

One other way of tuning the size of self-assembled BCP structures is to alter

the architecture of the polymer chains. Cyclic copolymers have been found to

exhibit higher glass transition temperatures, lower viscosities, and decreased

hydrodynamic volumes when compared to their linear analogues.[34] Poelma et

al. synthesized these cyclic copolymers by coupling bisalkyne PEO chains with
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Figure 3.4: AFM images of cyclic copolymers (a) and their linear analogues
(b) along with FFTs of the images in the corner. The domain spacing of the
cyclic and linear polymers are 20 and 26 nm, respectively. Scale bars are 250
nm. Reprinted with permission from ref. [34]. Copyright © 2012 American
Chemical Society.

bisazide PS chains in a highly dilute environment.[34] When these cyclic poly-

mers cPS(13k)-b-PEO(5k) were compared with two of their linear analogues

PS(13k)-b-PEO(5k) and PS(7k)-b-PEO(2.7k), it was found that cPS(13k)-b-

PEO(5k) produced cylinders with spacing of 20 nm, while the linear PS(13k)-

b-PEO(5k) produced cylinders with spacing of 26 nm. The half-sized linear

polymer PS(7k)-b-PEO(2.7k), which corresponded to the length of the cyclic

copolymer folded in half, was unable to phase-separate into any meaningful

structures. Thus, the cyclic architecture of polymers resulted in a 33% reduc-

tion in the spacing of the cylinders (Figure 3.4).
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3.1.3 Density-Doubled Nanostructures

In this chapter, we demonstrate a simple and efficient approach that is compat-

ible with the above mentioned techniques to further reduce the periodicity of

structures templated by a given cylinder-forming polymer. In annealed BCP

films containing two layers of parallel horizontal cylinders, cylinders of the

upper layer form over the interstices of the cylinders in the underlying lower

layer (Figure 3.5a) as described in various studies.[35–38] While each layer of

cylinders has a pitch of L, if the three-dimensional assembly of parallel cylin-

ders collapses and the matrix between the cylinders is removed, an array of

parallel cylinders with half the original pitch (L/2) is formed. This effectively

increases the characteristic feature density of a given BCP by a factor of two

without requiring multiple steps of polymer pattern transfer.

PS-b-P2VP was chosen as the polymer platform to demonstrate the feasibility

of this method, and the resulting template was used to pattern metal lines at

twice the density normally possible for the polymer. SEM images of platinum

lines templated by monolayers and bilayers of cylinders from a PS-b-P2VP

polymer (Figures 3.5b,c) show that the line pitch is halved from 47 nm to 24

nm for this given polymer. Cross section SEM images (Figure 3.5d) also show

that the metal lines resulting from the upper and lower layers could be readily

distinguished due to their contrast in the SEM. The stacking behaviour of

two layers of hexagonally close-packed dot arrays allows this density doubling

approach to be similarly applied to dots,[39] as shown in Figures 3.5e-g.

Density doubling should be generalizable for pattern formation in other BCP

systems so long as one block can be selectively removed[40] (in the present case,

the PS block). If inherently etch-resistant polymer blocks such as PDMS[30,

41] or PFS[42] are chosen, or if the resulting density-doubled structures are

made etch-resistant through further processing steps,[43–45] then these pat-

terns from alternative BCPs could be used as etch masks in subsequent pat-

terning steps.[41]

86



Chapter 3: Density Doubling of Templated Metal
Nanostructures

Figure 3.5: (a) A schematic of the self-assembled horizontal cylindrical struc-
tures in a polymer film. In areas where only a monolayer of cylinders existed,
lines with characteristic spacing of L were observed after the metallization step
was performed (b). In areas where bilayers of BCP cylinders existed, the line
spacing was halved to L/2 (c). The cross-section image (d) demonstrated that
both layers of lines were made of clearly identifiable structures, with the top
layer lines being slightly brighter and narrower than those from the underlying
layer. It was also possible to create double-layer dot patterns (e-g), making it
possible to double the densities of dot patterns using this technique. All scale
bars are 100 nm. Reprinted with permission from ref. [1]. Copyright © 2011
American Chemical Society.
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3.2 Experimental

3.2.1 Materials

Silicon (100) wafers (prime grade, 100 mm diameter, n-type, phosphorous-

doped, resistivity ρ = 5–10 Ω·cm) were purchased from University Wafer.

38% HCl (aq) and 30% NH4OH (aq) were obtained from J. T. Baker; methanol

and 30% H2O2 were obtained from Fisher Scientific; tetrahydrofuran (THF)

and toluene were obtained from Caledon Laboratories Ltd. Ultrapure water

with ρ > 18 MΩ·cm from a Millipore Milli-Q system was used for all ex-

periments. Six sizes of cylinder-forming PS-b-P2VP BCPs were obtained from

Polymer Source: PS(125k)-b-P2VP(58.5k), PS(56k)-b-P2VP(21k), PS(50k)-b-

P2VP(16.5k), PS(44k)-b-P2VP(18.5k), PS(32k)-b-P2VP(12.5k), and PS(23.6k)-

b-P2VP(10.4k). Polystyrene with Mw = 192 kg/mol was obtained from Sigma

Aldrich. The metallization salts Na2PtCl4·xH2O and Na2PdCl4·3H2O were

obtained from Strem Chemicals.

3.2.2 Sample Preparation

Silicon wafers were diced into 1 × 1 cm squares using the Disco DAD 321 dicing

saw. The resulting squares were degreased with methanol in an ultrasonic bath

for 15 min and dried with a stream of N2 gas. Standard RCA I (1:1:6 solution

of 30% NH4OH (aq), 30% H2O2, and water at 80 ◦C) and RCA II (1:1:5

solution of 38% HCl (aq), 30% H2O2, and water at 80 ◦C) cleaning steps were

applied sequentially for 15 min each.[46] The substrates were then thoroughly

rinsed with water and dried in a N2 stream.

Cylinder-forming PS-b-P2VP was dissolved in toluene overnight at room tem-

perature to form casting solutions. These casting solutions had BCP concen-

trations ranging from 0.5% w/w to 3% w/w. By spin casting these solutions

onto the cleaned silicon squares at speeds of 1000 to 6000 rpm, films of varying

thicknesses (ho) were be formed. The resulting film thicknesses were measured
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Figure 3.6: Film thicknesses attained at different spin speeds.

using an L116S ellipsometer from Gaertner Scientific. The measurements were

made with the incident λ = 632.8 nm light source reflecting off the sample sur-

face 70◦ from the normal. Figure 3.6 demonstrates that any ho ranging from

30 nm to 70 nm could be attained simply by selecting an appropriate casting

solution concentration and spin speed.

Due to thin film interference, these BCP films displayed different colours de-

pending on their thickness.[38, 47] For example, 50 nm, 70 nm, or 100 nm films

as measured by ellipsometry were observed to be brown, purple, and blue, re-

spectively. The BCP films were uniform in thickness over the majority of the

surface, as was confirmed by ellipsometry measurements. However, especially

for films cast at lower spin speeds, the film thickness near the edge of the

samples tended to increase significantly. Thus, as long as characterization of

film and BCP structures were confined to the central regions of these samples,

the measured results remained uniform.
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3.2.3 Self-Assembly and Metal Templating

Solvent annealing was used as the method for increasing polymer mobility,

due to its ability to induce the self-assembly of large polymers into ordered

line patterns. Samples were placed in a 3.8 L desiccator system with sol-

vent vapour at room temperature, and sealed for a predetermined duration of

time. After completion of the anneals, the chambers were immediately purged

with air and the samples were removed. The resulting soft patterns were then

fixed through a metallization process, which involved immersing the samples

in metal salt solutions [10 mM Na2PtCl4 (aq) and 0.9% HCl (aq)] for 3 h, as

described in previous work by Chai and Buriak.[43, 44] Prior to immersion in

this solution, the horizontal P2VP cylinders are surrounded by a hydrophobic

PS matrix, which acts as a barrier between the P2VP blocks and the metal

anionic complexes.[43] However, P2VP is highly sensitive to pH, and in suffi-

ciently acidic conditions, it begins to swell due to the protonation of its pyridyl

groups. Studies have shown that P2VP microgel particle diameters can swell

up to 5 or 6 times the original size diameter when pH is lowered below its pKa

of 4.5.[48, 49] Thus, immersion of these BCP films in 0.9% HCl (aq) causes the

P2VP cylinders to swell. However, due to the lateral confinement by the sur-

rounding glassy PS matrix, these blocks are forced to pierce the PS overlayer,

forming mushroom-capped perforations on the surface, and thus allowing con-

tact between the swelled P2VP blocks and the anionic metal complexes in

solution (Figure 3.7).[43] Access of the water phase to the P2VP block allows

for anionic metal complexes such as [PtCl4]2− to be electrostatically bound to

the positively charged protonated pyridyl groups. After this 3 h metallization

process, the sample was treated with a 25 s O2 plasma in the Plasmalab Etch

system at 50 mTorr and 30 W RF power. This plasma treatment served to

remove the surrounding PS matrix and also to reduce the P2VP-metal salt

complexes into platinum metal nanolines. Once the nanostructures were fixed

by the plasma treatment, they were then examined inside a Hitachi-4800 SEM.
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Figure 3.7: P2VP blocks exposed to acidic conditions swell and perforate
the overlying PS layer, allowing loading of anionic metal salts into the P2VP
blocks. A subsequent plasma step reduces these complexes into metal nanos-
tructures. Reprinted by permission from Macmillan Publishers Ltd: Nature
Nanotechnology,[43] copyright © 2007.

3.3 Density-Doubled Structures

Density-doubled line patterns were obtained for PS-b-P2VP polymers of var-

ious molecular weights by annealing ho = 40 nm films in a 10:1 mixture of

THF and water (22 mL of solvent with a surface area of 65 cm2) for 20 h. As

shown in the SEM images in Figure 3.8, the pitch of these density-doubled

lines grew with the molecular weight of the templating BCP. For comparison,

the line pitches of solvent annealed monolayer and bilayer regions were com-

pared with the monolayer pitches obtained from thermal annealing in Table

3.1. The results showed that the pitches of lines templated from bilayer cylin-

ders were around half that of lines templated from monolayer cylinders. It was

also important to note that for the two largest polymers, thermal annealing

at 180 ◦C for 50 h was not enough to obtain line patterns. This highlights the

importance of using solvent annealing for larger polymers.

As shown in Figure 3.8, lines templated from the two different layers of cylin-

ders were visibly distinct from each other. Lines templated from the upper

BCP layer were brighter and slightly narrower than those templated from the

bottom BCP layer, possibly due to greater loading of the metal ion precursor
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Figure 3.8: Six SEM micrographs of metal line patterns formed using the
bilayer approach for various molecular weights of PS-b-P2VP. The samples
were each annealed with vapour from a 10:1 THF/water mixture for 20 h and
subjected to a Pt metallization and plasma step. Adapted with permission
from ref. [1]. Copyright © 2011 American Chemical Society.

Table 3.1: Line Spacings for Polymers after Annealing
Line Pitches & Standard Deviations (nm)

Polymer Thermal Solvent Anneal Solvent Anneal
Anneal Monolayer Bilayer

PS(125k)-b-P2VP(58.5k) Dots 84 ± 2 41 ± 5
PS(56k)-b-P2VP(21k) Dots 50 ± 4 25 ± 1

PS(50k)-b-P2VP(16.5k) 45 ± 5a 48 ± 3 24 ± 1
PS(44k)-b-P2VP(18.5k) 49 ± 7 52 ± 1 26 ± 1
PS(32k)-b-P2VP(12.5k) 40 ± 9 43 ± 4 21 ± 2

PS(23.6k)-b-P2VP(10.4k) 30 ± 6 35 ± 4 17 ± 3

aMixture of dots and horizontal lines; line spacing from the horizontal lines is
shown.
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Figure 3.9: Images displaying disordered regions of density-doubled metal line
patterns are used to determine whether lines are templated by upper or lower
layer cylinders.

in the upper layer. To determine whether the lines originated from the top or

bottom layers of cylinders, defect regions such as the one in Figure 3.9 were

examined for line overlap. The brighter lines were consistently found to cross

over the dimmer lines, suggesting that the brighter lines originated from the

top layer, while the dimmer lines originated from the underlying layer.

LER and line width measurements were performed on a selection of these

BCP samples annealed in the THF/water mixtures. These measurements

were performed by calculating the average point-to-point deviation of a line

edge from the corresponding model edge.∗ The LER was evaluated for line

segments at least 15 µm long, and 3σ values were reported. The measured

LER values ranged from 2.0 nm [PS(32k)-b-P2VP(12.5k)] to 4.3 nm [PS(50k)-

b-P2VP(16.5k)] for bright lines, and 2.2 nm to 5.4 nm for dark lines from the

same samples. The data showed that dark lines templated from the lower

BCP layer were somewhat rougher (2% to 44% greater LER values) than lines

∗Pixels belonging to the lines were distinguished from background pixels by their bright-
ness and isolated with the help of a threshold function. The effect of noise and pixelation on
the LER measurements was minimized by using high-resolution (2560 x 1920 pixels) SEM
images obtained at 300,000 magnification with 40 s scan times. Thus, in these images, 1
nm was approximately 6 pixels long.
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Figure 3.10: Metallized density-doubled line patterns templated by PS(125k)-
b-P2VP(58.5k) were characterized by AFM and SAM after plasma treatment.
(a,b) The AFM map and line scan of the sample showed that both layers
were present. The SEM image (c) with corresponding Auger map (d) and line
scans (e) of a sample metallized with palladium demonstrated that both layers
were metallized. Adapted with permission from ref. [1]. Copyright © 2011
American Chemical Society.

templated from the upper layer, but all of the measured LER values were

found to be similar to LER values in contemporary structures fabricated by

EBL.[50]

Further characterization using AFM and scanning Auger mapping (SAM)

was performed on PS(125k)-b-P2VP(58.5k) polymer samples annealed in the

THF/water mixture after plasma treatment (Figure 3.10). AFM was used to

determine the height profile of the sample, and the line scan obtained in (a)

confirmed that lines templated from the top layer were around 10 nm higher

than those templated from the lower layer. SAM was also used to determine

whether metallization had occurred in both layers of cylinders. For a stronger

Auger signal, the polymer was metallized using solutions of palladium salt in-
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Figure 3.11: PS(125k)-b-P2VP(58.5k) films were annealed in a 3.8 L desicca-
tor with 20 mL of neat THF. SEMs of the Pt-metallized structures demon-
strate the evolution from randomized dots in the as cast film (a), to bilayers
of hexagonally close-packed spherical domains after 24 h (b), and finally to
density-doubled lines after 72 h (c).

stead of platinum. The SEM image (b) and corresponding Auger electron map

(c) of a metallized sample after plasma treatment revealed that line patterns

from both layers were indeed metallized.†

Density-doubled dot patterns could also be made using PS(125k)-b-P2VP(58.5k).

This was found only to be possible through annealing the polymer in the pres-

ence of neat THF. When a 40 nm film was placed in the 3.8 L desiccator

system with 20 mL (12 cm2) of neat THF, the disordered structures in the

as-cast film slowly evolved into highly ordered density-doubled dot patterns

after 24 h (Figure 3.11). However, if the anneal was continued to 72 h, the

dot patterns were transformed into density-doubled line patterns. Thus, the

density-doubled dot patterns were likely only kinetic intermediate structures,

and were not the final equilibrium patterns of the polymer.

†Auger electrons at different energies were collected by the detectors, and a map of the
(P-B)/B signal of Pd MNN at 325 eV was created. This image pushes the resolution limits
of SAM.

95



Chapter 3: Density Doubling of Templated Metal
Nanostructures

3.4 Nanostructure Evolution

The progress of a solvent anneal has in the past been expressed in terms of

the anneal duration. However, the anneal duration is a limited measure of

anneal progress because it is highly dependent on many parameters including

the solvent chamber geometry, ambient temperature, and the solvent type. As

a result, the time required for a film to attain the desired structures through

self-assembly changes with each system. For higher reproducibility, a more

reliable metric for the progress of an anneal is required. To fully appreciate

all the intricacies of the solvent annealing system and understand how these

parameters affect the progress of a typical solvent anneal, one must first un-

derstand the dynamics of a typical solvent anneal.

3.4.1 Theoretical Derivations

The earliest solvent anneals consisted of an inverted container of volume V

enclosing the sample and solvent in liquid phase, as shown in Figure 3.12.

A mass was often placed on top of the apparatus to reduce the leakage of

solvent from under the edge of the container. The enclosed chamber allowed

the solvent vapour to increase within the chamber, which in turn increased the

infiltration of solvent in the sample film. This absorbed solvent swelled and

plasticized the polymer network, sufficiently increasing the mobility of polymer

chains to self-assemble into thermodynamically favourable configurations. The

amount of solvent infiltrating the polymer film is highly dependent on the

solvent vapour pressure in the chamber.[51] Thus, a relation describing the

solvent vapour pressure within the chamber would be highly desirable.

Assuming constant chamber volume and temperature, the ideal gas law (Equa-

tion 3.4.1) predicts that the time derivative of solvent vapour pressure (dP
dt

)

must vary with the time derivative of the amount of solvent vapour in the

chamber (dn
dt

). The amount of solvent vapour in the chamber is dependent

on the molar flux of solvent vapour produced at the liquid/vapour interface
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Figure 3.12: Sample placed under inverted container of volume V with a sol-
vent having surface area Aevap. Solvent vapour pressure, P (t), is a function of
evaporation flux, Jevap; adsorption flux, Jsurf ; and leak flux, Jleak. A mass can
be placed on the chamber to reduce solvent vapour leakage.

(Jevap), the molar flux of vapour adsorbing onto surfaces inside the chamber

(Jsurf ), and the molar flux of vapour diffusing out of the chamber (Jleak).

Given the liquid-vapour interfacial area (Aevap), inner chamber surface area

(Asurf ), and area for vapour leakage (Aleak), the time derivative for the num-

ber of solvent vapour molecules may be replaced to form Equation 3.4.3.

PV = nRT (3.4.1)

dP

dt
V =

dn

dt
RT (3.4.2)

dP

dt
=

RT

V
(AevapJevap − AsurfJsurf − AleakJleak) (3.4.3)
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A simple approximation describing the kinetics of solvent evaporation and

condensation at the liquid/vapour interface is the Hertz-Knudsen formula.[52]

Assuming uniform temperature and quasi-equilibrium conditions exist such

that the condensation and evaporation constants at the interface are the same,

the solvent flux at the liquid/vapour interface may be described as in Equation

3.4.4, where σ is the evaporation constant, NA is Avogadro’s number, m is the

mass of one solvent molecule, and Psat is the saturated vapour pressure of

the solvent. As the equation suggests, the solvent flux at the liquid/vapour

interface is composed of a forward evaporation rate, which is dependent on

the solvent properties and temperature (Psat); and a reverse condensation

rate, which is dependent on the solvent partial pressure P (t).

Jevap = σ

√
NA

2πmRT
(Psat − P (t)) (3.4.4)

A similar equation may also be applied to determine the flux of solvent molecules

adsorbing onto the inner chamber surfaces. As is the case in Equation 3.4.4, the

flux of solvent molecules on the chamber surface consists of both a forward ad-

sorption term and a reverse desorption term. However, since a non-observable

amount of solvent accumulates on the chamber surface during an anneal, the

difference between adsorption and desorption rates is negligibly small. Thus,

solvent sorption effects were ignored to simplify the model system.

The leak rate of solvent vapour from the chamber may be described by Fick’s

first law of diffusion (Equation 3.4.5). Rewriting the concentration gradient in

terms of the solvent vapour pressure inside [P (t)] and outside (Pout) the cham-

ber, the equation can then be further reduced to Equation 3.4.7 by assuming

Pout = 0.
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Jleak = −Ds
dC(x)

dx
(3.4.5)

Jleak =
Ds

RTx
(P (t)− Pout) (3.4.6)

Jleak =
Ds

RTx
P (t) (3.4.7)

Thus, by combining these parameters and simplifying assumptions with Equa-

tion 3.4.3, we obtain Equation 3.4.8. The equation may be further simplified

by replacing many of the terms with constants representing the evaporation

rate (kevap) and the leak rate (kleak).

dP

dt
=

Aevapσ

V

√
NART

2πm
(Psat − P (t))− AleakDs

V x
P (t) (3.4.8)

dP

dt
=

1

V
[kevap(Psat − P (t))− kleakP (t)] (3.4.9)

kevap = Aevapσ

√
NART

2πm

kleak =
AleakDs

x

Solving the differential equation with initial vapour pressure of 0 Pa, we obtain

an equation describing the changes to vapour pressure over time (Equation

3.4.10).

P (t) =
Psat

1 + kleak
kevap

(1− e−
kevap+kleak

V
t) (3.4.10)

P (t = 0) = 0

During solvent annealing, the solvent vapour pressure initially increases rapidly;

however, over time this increase slows down until a plateau is reached (Figure

99



Chapter 3: Density Doubling of Templated Metal
Nanostructures

Figure 3.13: Graph of solvent vapour concentration over time. The plateau
can be raised by increasing the surface area of the liquid/vapour interface with
respect to the vapour leakage. The plateau can be reached sooner if the volume
is small compared to the liquid/vapour interface and leakage rate.

3.13). The position of the plateau depends on the saturated vapour pressure

(Psat), as well as on the ratio between the leak rate and evaporation rate

( kleak
kevap

). For a higher plateau, evaporation rate may be increased with respect

to the leak rate by increasing the liquid-vapour surface area of the solvent.

However, a maximum in solvent vapour pressure occurs at the vapour pres-

sure of the solvent when the evaporation rate greatly exceeds the leak rate.

Equation 3.4.10 also predicts that as the volume of the chamber is increased

with respect to evaporation rate and leak rate, the time required to attain the

plateau becomes extended. Thus, if a desired vapour pressure is to be attained

quickly for solvent annealing, it is advantageous to use a small chamber.

100



Chapter 3: Density Doubling of Templated Metal
Nanostructures

Figure 3.14: Aluminum annealing chamber designed for compatibility with in
situ ellipsometry measurements. A glass window in the lid allows the samples
to be viewed during an anneal procedure, and the extensions on either side are
fitted with quartz windows to allow the polarized ellipsometer beam to pass
through and reflect from the sample. The sample was placed in the center,
and the wells around the perimeter were used to hold solvent. The chamber
was sealed with Kalrez o-rings for minimum leakage of solvent vapour.

3.4.2 In Situ Ellipsometry

As the solvent vapour pressure increases inside the anneal chamber, some of

the solvent infiltrates the polymer film, causing it to swell. Thus, by measur-

ing the thickness of the film during the anneal, the volume fraction of solvent

inside the film may be determined. A custom aluminum chamber was built to

accommodate in situ ellipsometry measurements of film thickness to monitor

film swelling (Figure 3.14). The BCP sample was placed in the centre recess of

the chamber, and wells for holding solvent were drilled around the periphery

of the recess. The surface areas for each of the wells were 1.3 cm2, and the

approximate surface area of the large crescent was 13 cm2. The cylindrical

extensions on either side of the chamber were tilted at 70◦ to the normal of

the sample surface and fitted with quartz windows. This allowed the incident

polarized laser beam to pass perpendicular to the quartz windows and reflect

off the surface of the sample. A large glass window was also used as a lid on
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Figure 3.15: The time evolution of PS(50k)-b-P2VP(16.5k) film thickness
throughout a typical 90 min annealing process for a ho = 45 nm film swelled
in neat THF. Representative SEM images of metallized structures templated
from identical BCP films, swelled to various thicknesses, are found around the
periphery. These SEM images depict the typical structures observed and their
evolution during the anneal process. All scale bars are 100 nm.

top to facilitate sample alignment and also to allow in situ optical microscopy.

Kalrez o-rings were used at all the windows to reduce unwanted solvent vapour

leakage. A chamber volume of 160 mL allowed for solvent anneals to be com-

plete within 90 min.

The anneal progress of a PS(50k)-b-P2VP(16.5k) film, with initial thickness

ho = 45 nm, was investigated in the presence of neat THF for a duration

of 90 min. 1 mL of THF was placed into a well with a total liquid-vapour

interfacial area of 1.3 cm2. The o-ring for the lid of the chamber was also

removed to increase solvent vapour leakage and prevent excessive swelling of

the film. During a typical anneal, as shown in the graph in Figure 3.15,

solvent was absorbed by the BCP film, causing a swelling behaviour that

closely resembled the rise in vapour pressure described in Figure 3.13. Besides

tracking the film thickness, the evolution of BCP structures as the film swelled
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was also investigated by subjecting identical film samples to identical annealing

conditions before terminating the anneal at different target thicknesses (hs).

The chamber was then opened and immediately purged with air, causing the

film to relax back to its original thickness. This relaxation process caused the

BCP structures to collapse uniaxially perpendicular to the substrate plane.[53,

54] The samples were then metallized using the procedure described in Section

3.2 and characterized in the SEM.

To understand why the structures evolved with the degree of swelling (D =

hs/ho), one must refer back to the phase diagram of confined BCP films (Figure

2.8). As shown in the phase diagram, the type of structure that self-assembles

in the film depends not only on the volume fractions of the BCP, but also on

the film thickness. During the solvent anneal, solvent molecules in the film

plasticize the polymer network, increasing the mobility of polymer chains.[51]

However, more importantly, the infiltration of solvent also leads to swelling

of the film, which change the boundary conditions of the film, leading to the

formation of different structures.[37] If the solvents are selective for one block

over another, there is also a slight change in volume fraction. In this inves-

tigation, the volume fractions remain the same because the solvent THF is

non-selective for both PS and P2VP. Thus, as D increases, the polymer chains

become mobile, and depending on the thickness, different structures become

thermodynamically favoured. In the case of PS(50k)-b-P2VP(16.5k), which

has 75% PS and 25% P2VP volume fractions, the phase diagram predicts

that hexagonal dot patterns (C⊥) eventually give way to monolayer horizon-

tal cylinders (C1), which then pass through a short hexagonally close-packed

perpendicular cylinder phase (SC), before transitioning into bilayer horizontal

cylinders (C2).

When the results in Figure 3.15 were compared to these predictions, many

similarities were observed. For example, as the swell progressed, the disor-

dered micelles in the as-cast films (D = 1.0) were slowly converted into quasi-

hexagonal dot patterns (D = 1.4), and then into monolayer lines (D = 1.7).

At this point, the results seemed to diverge from the model because instead
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of converting back into dot patterns (SC phase), the monolayer lines immedi-

ately transformed into bilayer lines (D = 1.9).‡ However, it is known that cer-

tain thicknesses of film are more energetically favourable than others: namely,

thicknesses promoting horizontal monolayer and bilayer line patterns.[35] Since

D was sufficiently large, the polymer films had the mobility to reconstruct into

terraced monolayer and bilayer cylinder regions to lower the total free energy

of the system, thus largely bypassing the SC phase. At the interfaces between

these terraces, however, the films must still gradually increase from a mono-

layer to a bilayer thickness. Thus, as shown at D = 1.9, hexagonally close-

packed dot patterns from the SC phase were observed between the monolayer

and bilayer line regions. As the swell continued, the ratio of bilayer to mono-

layer regions also increased to match the increase in average film thickness.

This persisted until around D = 2.0, where only density-doubled line patterns

were observed. At D = 2.5, the line patterns suddenly disappeared and were

replaced by disordered micelles similar to those observed in as-cast films. At

this point it was likely that the film had become so saturated with solvent that

it began behaving like a dilute BCP solution. The subsequent purge step was

then also too rapid for the polymers to reassemble into any reasonably ordered

patterns.

For further evidence that the changes in the nanostructures described above

were dependent on D, solvent anneals were performed under different swelling

conditions and terminated at a target D of 1.4 and 2.0 (Figure 3.16). For very

fast solvent anneals, 2 mL of neat THF was placed in the 13 cm2 crescent of

the aluminum chamber, and the anneal was carried out for 3 and 7 min to

attain D = 1.4 and D = 2.0, respectively (Figures 3.16a,d). For moderately

fast solvent anneals with 1 mL of THF in a well with surface area of 1.3 cm2,

the same D were attained in 15 min and 44 min, respectively (Figures 3.16b,e).

For extremely slow anneals, 1 mL of a 34% (w/w) PS homopolymer solution

in neat THF was used as the solvent in a well with 1.3 cm2 surface area.

According to Raoult’s law, the vapour pressure of a component in solution is

‡These bilayer regions featured density-doubled lines, but many of the lower layer lines
were missing. This was likely due to poor metallization, as will be described in Section 3.5.
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Figure 3.16: Identical BCP films thickness were swelled to the same target
D for different durations by adjusting the solvent evaporation rate within the
anneal chamber. The films were then metallized and examined in the SEM.
Films swelled to D = 1.4 were annealed for 7 min (a), 15 min (b), or 45 min
(c); while films swelled to D = 2.0 were annealed for 7 min (d), 44 min (e), or
210 min (f). All scale bars are 100 nm.

directly dependent on the mole fraction of the component present in solution.

Thus, by forming a solution with PS homopolymer, the vapour pressure of

THF inside the chamber was lowered. PS homopolymer was used due to the

fact that the vapour pressure of PS homopolymer is negligibly low. Thus,

unlike other cosolvents such as water, the PS would not interfere with the

annealing process. The addition of the PS-diluted solvent caused the target

D to be reached in 47 min and 210 min (Figures 3.16c,f). As demonstrated

in the SEMs, dot patterns were observed in all three cases where D = 1.4.

Similarly, line patterns were observed in all three cases where D = 2.0. This

strongly suggested that the nanostructure morphologies were dependent more

on the final thickness and D of the BCP film than on the anneal duration.
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3.5 THF/Water Mixtures

As the sample films approached various degrees of swelling, dot patterns

quickly gave way to both monolayer and density-doubled line patterns. The

observed line patterns, as displayed in Figure 3.15, were often rough and dis-

continuous. Regions with density-doubled lines often alternated between two

very distinct types of lines. The first group of lines were always narrow, rough,

and highly discontinuous; while the second group of lines always appeared be-

tween lines from the first group, were always thicker and more continuous than

the first group, but were often also missing.

It was hypothesized that these defects may have been a result of the met-

allization step. As demonstrated in Figure 3.7, P2VP block swelling during

the metallization step results in surface perforations as cylinders in the film

are swelled. If the upper cylindrical structures are too narrow, however, the

swelling action causing them to pierce the PS overlayer may also redistribute

them in such a way that they are no longer continuous. Even if enough P2VP

is present in the upper layer cylinders, the swelling may cause some of the

material to redistribute to the perforations, leading to narrower but taller line

structures with access to the film surface. The bottom layer lines, on the other

hand, are much harder to metallize than the top layer due to the fact that they

have more PS insulating them from the outside metallic solution. However, as

soon as a pathway from the ionic solution to the P2VP blocks is established,

the entire cylinder becomes a channel for metal ions, and thus the entire line

is metallized.

To address these problems, a small amount of water was added to the THF

solvent. It was expected that since water is a solvent that is selective for

P2VP blocks, this would lead to a swelling of the P2VP blocks during self-

assembly, producing slightly wider line features. A 10:1 (v/v) ratio of THF

to water mixture was used for annealing the PS-b-P2VP BCP films. 41 nm

thick PS(50k)-b-P2VP(16.5k) BCP films were sealed in the aluminum chamber

with 1 mL of the mixture placed inside the 13 cm2 crescent for 90 min. The
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Figure 3.17: The time evolution of film thickness throughout a typical 90 min
annealing process for a ho = 41 nm film is shown in the plot, with the colour
beneath the line matching the visually observed film colour at corresponding
stages during the anneal. Representative SEM images of metallized structures
templated from identical BCP films, swelled to various thicknesses, are found
around the periphery. These SEM images depict the typical structures ob-
served and their evolution during the anneal process. All scale bars are 100
nm. Reprinted with permission from ref. [1]. Copyright © 2011 American
Chemical Society.
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resulting swell curve and self-assembled structures were displayed in Figure

3.17. Similar to the anneals with neat THF, disordered patterns slowly became

quasi-hexagonal dot patterns, which were consistently observed from D = 1.6

to D = 2.5. As the films continued to swell to D = 2.7, the dots connected with

adjacent dots to form short line patterns with periodic bulges, similar to the

“necks” observed in previous studies.[55] Density-doubled line patterns were

also present at a few locations, but were not prevalent until D = 2.8, where

they were observed uniformly covering the entire sample. The density-doubled

lines that were produced in films swelled with the THF/water mixture were

much more continuous and thicker than those from films annealed with neat

THF. In addition, no lines templated by the lower layer cylinders were missing,

suggesting that the addition of water during the solvent anneal also allowed

the polymer films to metallize much more easily than films annealed with neat

THF. Thus, this was the solvent used in producing the density-doubled line

structures in Section 3.3.

3.6 Varying Film Thicknesses

To explore the dependence of structure morphology on the initial BCP film

thickness, PS(50k)-b-P2VP(16.5k) samples with initial thicknesses of 33 nm

and 52 nm were also annealed with the 10:1 THF and water mixture for

up to 90 min and compared to annealed films initially 41 nm thick (Figure

3.18a-c). One major difference in the thinner 33 nm films was the presence

of both monolayer line structures and density-doubled line structures on the

same sample, suggesting that an insufficient amount of polymer was present

for full density-doubled line coverage. One example of an interface between

a monolayer line and density-doubled line region is displayed in the SEM in

Figure 3.18a. AFM images at an interface before metallization and plasma

(Figure 3.18d) showed that the density-doubled region was 14 nm higher than

the monolayer region. For films with initial thicknesses of 52 nm, it was

observed that the BCP structures were never able to advance beyond the dot
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Figure 3.18: (a-c) SEM images of metallized structures templated from dif-
ferent initial BCP film thicknesses after annealing for 90 min with the 10:1
THF/water mixture. (d) 5 µm x 5 µm AFM image of a terrace edge in a ho =
33 nm film after the anneal but before the metallization process. A line scan
(position indicated by the white line) shows that the step height is approxi-
mately 14 nm (e). All scale bars are 500 nm. Adapted with permission from
ref. [1]. Copyright © 2011 American Chemical Society.

phases within 90 min. These observations indicated that the initial thickness

of a film also affects the ability for density-doubled lines to be formed. Thus,

for density-doubled lines to be produced in a homogeneous fashion over the

entire surface, there exists an ideal initial film thickness of around 41 nm for

this particular BCP.

3.7 Temperature and Film Swelling

Both the swell curves displayed in Figures 3.15 and 3.17 were similar in shape

to the solvent vapour pressure curves described in Figure 3.13. Upon closer

inspection, however, it was observed that the curves also contained some small

peaks and valleys that were not predicted in the vapour pressure curves. These

109



Chapter 3: Density Doubling of Templated Metal
Nanostructures

Figure 3.19: Two identical BCP samples were solvent annealed in identical
neat THF vapour conditions while the temperature fluctuations within the
room were monitored. The first sample (blue) started at a low point in the
temperature cycle, while the second sample (red) started at a high point in the
temperature cycle. The film thicknesses (solid lines) and measured tempera-
tures (dotted lines) of both samples were then plotted together for comparison.

variations appeared at unpredictable times and were not repeatable from sam-

ple to sample. After some investigation, it was observed that the room tem-

perature oscillated in 40 min cycles within a temperature range of 1.5 ◦C.

To determine whether these temperature fluctuations were the source of the

variations in the curves, two identical 40 nm BCP films were annealed in

identical solvent (neat THF) conditions, except that they began at different

points in the temperature cycle. A solvent anneal was initiated at a low

point in the cycle (see blue lines in Figure 3.19) while the ellipsometer was

monitoring the film thickness and a thermometer was monitoring the room

temperature. As shown in the figure, the peaks in the swelling curve coincided
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with the lower temperatures in the cycle, while the valleys in the curve was

found to coincide with higher room temperatures. This effect became more

pronounced as the film grew thicker, likely due to the increased solvent content

in the film. A second anneal on an identical sample was then initiated at a

high point in the temperature cycle (see red lines in Figure 3.19). The same

relations described with the blue sample were observed in the red samples

except that the locations of the red peaks were out-of-phase with the blue

peaks. These results strongly suggest that the culprit behind these variations

in swelling was the slight temperature fluctuations in the room. Thus, the

temperature during a solvent anneal has a significant impact on the swelling

behaviour of BCP films. To improve the repeatability of solvent anneals, the

anneal chamber must therefore be insulated from the effects of the oscillating

room temperature.

3.8 Conclusions

By using the three-dimensional arrangement of BCP templated bilayer cylin-

ders, metal lines may be patterned at double the density normally possible if

only a monolayer of cylinders was used. In situ film measurements during the

solvent anneal revealed that the solvent film swells to different thicknesses dur-

ing the anneal. By removing the samples at specific points in the anneal, it was

observed that the BCP structures slowly evolved from quasi-hexagonal pat-

terns to the desired density-doubled patterns. Through the addition of water

to the anneal solvent, issues such as missing lines or line discontinuities were

minimized, allowing for very well-defined metal lines to be produced. Control

over the initial film thickness and temperature was also critical for repeatably

producing the desired density-doubled patterns across the sample. Thus, by

controlling parameters such as ho, D, solvent composition, and temperature,

this technique holds great promise for pushing the limits of feature density in

BCP nanopatterning.
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4
Tuning of Silica Bilayered Structures

4.1 Introduction

Silicon dioxide is an important material in nanotechnology, not only because

it is cheap and ubiquitous, but also because of its many desirable proper-

ties. For example, thin film silica has been and remains a key component

in integrated circuit technology almost since the inception of the semicon-

ductor industry. It is used for dopant masks, surface protectors and passiva-

tors, component isolators, and gate insulators for metal-oxide-semiconductor

devices.[2, 3] Several reasons for its popular usage include the ease of forming

an amorphous oxide on silicon wafers with excellent insulating properties, high

electrical breakdown, and mechanical stability at normal operating tempera-

tures. Films of silica can be deposited through a high-temperature thermal

oxidation process, or through the lower temperature plasma-enhanced chem-

ical vapour deposition.[4] These films are then converted into nanoscale pat-

terns using top-down processing techniques such as photolithography. Silica

may also be patterned through spin on glass resists such as HSQ that are then

subsequently patterned via EBL.

In contrast to the top-down processing approach, the bottom-up approach to

The material in this chapter is based on published work from [1]. In this work, Dr.
Kenneth Harris and Dr. Jillian Buriak contributed to useful discussions. Jeffrey Murphy
and Andrew Wong also facilitated the investigation by developing a program to automate
the collection of in situ ellipsometry measurements.
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nanosilica production relies on the self-assembly of silica precursors to form

ordered nanostructures. One field in self-assembled silica nanostructures that

has attracted considerable interest is the use of mesoporous silica nanoparticles

(MSNs) for disease diagnosis and therapy.[5–9] MSNs are solid silica nanopar-

ticles with hundreds of hollow channels, and have been proposed as promising

candidates for carriers of therapeutic agents for diabetes, inflammation, cancer,

and bone/tendon tissue engineering. They are produced through the conden-

sation of silica precursors around self-assembled surfactant templates. Besides

the synthesis of MSNs, the bottom-up approach has also been used to create

inverse opal silica structures.[10, 11] Silica precursors are allowed to infiltrate

and condense around films of colloidal latex spheres. Subsequent removal of

these latex spheres produces inverse opal silica structures that may then be

used for photonics, sensing, tissue engineering, and catalysis.

4.1.1 PS-b-PDMS Block Copolymer Patterning

One other path towards silica nanopattern fabrication through self-assembly

is the use of silica-based BCPs. PS-b-PDMS is one such silicon-based polymer

that would be useful for nanofabrication purposes. One advantage of this

polymer is its high χ parameter (χPS−PDMS = 0.27 compared to χPS−P2VP =

0.18 at room temperature),[12, 13] which allows it to self-assemble into very

small, well-defined structures with lower LER.[14, 15] In addition to this, due

to the differences in block compositions, there is also a very high etch contrast

between the two blocks if plasma etching is used. Thus, very clean and distinct

structures may be observed after the polymer is etched.

One recent innovative application of PS-b-PDMS is the formation of phase-

change memory devices.[16] Lamellar patterns or hexagonally-packed silica

nanodot patterns with 6 to 18 nm diameters were self-assembled on electrodes

using PS-b-PDMS polymers (Figure 4.1). These structures were then treated

with a plasma etch, and could then be electrically stimulated either through

the deposition of an electrode layer or by probing by a conducting AFM tip.
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Figure 4.1: Hexagonally-packed SiOx nanodots templated by PS-b-PDMS were
used as memristor devices. Reprinted with permission from ref. [16]. Copy-
right © 2012 American Chemical Society.

In both cases, memristive switching behaviour with current-voltage hysteresis

loops were observed. In the hexagonally-packed patterns, reset and set voltages

were found to be 2.0 and 4.6 V, respectively. These properties remained after

over 80 cycles, and the signals were retained for over 104 s. This same group

also used various PS-b-PDMS polymers to tune the properties of Ge2Sb2Te5

(GST) based phase-change memory devices.[17] By inserting a self-assembled

PS-b-PDMS film between the GST and the heating element of the device, the

power consumption of the device could be minimized.

4.1.2 Density Doubling of PS-b-PDMS Structures

Bilayers of PS-b-PDMS cylinders have been studied in the past by Tavakkoli

et al.,[18] who showed that by using densely-packed pre-patterned posts, these

bilayered lines could be coaxed into overlapping arrays of lines intersecting at

controllable angles. These results suggest that multilayered BCP films could

provide promising solutions to patterning problems such as increasing feature

densities or interconnecting components in precisely controlled directions. In

this chapter, the process of density-doubling introduced in the Chapter 3 is

applied to bilayers of cylinder-forming PS-b-PDMS to generate closely-spaced

silica (SiOx) lines, as outlined in Figure 4.2. The method is almost identical

except the metallization step is avoided, since the PDMS may be directly

converted into SiOx upon exposure to plasma treatment.[16, 19] As films of
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Figure 4.2: Schematics of self-assembled PS-b-PDMS monolayer (a) and bi-
layer (b) cylinders after solvent annealing: PDMS cylinders (characteristic
spacing L and cylinder diameter d) are surrounded by a PS matrix and a thin
PDMS surface layer on top. After plasma treatment, the cylinders become line
patterns, as shown in the plan view and cross section SEM images to the right.
(c-e) Lines patterned from monolayers of PDMS cylinders have line pitch L
and line width w. (f-h) Ideal lines patterned from PS-b-PDMS bilayers are
separated and have line pitch L/2 and line width w < L/2. (i-k) Lines are not
neatly separated and may overlap when w > L/2. Reprinted with permission
from ref. [1]. Copyright © 2013 American Chemical Society.

PS-b-PDMS films are solvent annealed in THF vapour, they self-assemble into

ordered regions of monolayers (Figure 4.2a), bilayers (Figure 4.2b), and under

certain conditions, even trilayers of cylinders on each sample (quantification

vide infra). Monolayer regions of PDMS cylinders are converted, through

plasma-treatment, into silica lines with pitch L and width w (Figure 4.2c-

e). After plasma treatment of the bilayer regions, silica lines derived from

the upper PDMS cylinders are deposited onto the substrate between silica

structures from the lower layers. The resulting structure consists of silica lines

with a pitch of L/2 (Figure 4.2f-h).

Without process optimization, bilayer regions of PDMS cylinders produce SiOx

line arrays with significant overlap between the lines that originate from the

upper and lower layers of PDMS cylinders, as shown schematically in Figure

4.2i and in the SEM images in Figures 4.2j,k. In order to attain sufficient
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separation of the SiOx lines as observed in Figure 4.2f, fine control over the line

dimensions such as line width and pitch is essential. In this chapter, control

over the line width and pitch is demonstrated through tailoring of surface

brush layers, polymer film composition, annealing conditions and plasma etch

parameters. After the effects of each of these parameters are understood, it is

possible to independently control parameters such as line width and pitch to

produce distinct density-doubled silica lines from bilayer PDMS cylinders. In

addition to this, strategies for maximizing bilayer structures across the entire

sample are explored.

4.2 Experimental

4.2.1 Materials

Silicon (100) wafers (prime grade, 100 mm diameter, n-type, phosphorous-

doped, ρ = 5–10 Ω·cm) were purchased from University Wafer. 38% HCl

(aq) and 30% NH4OH (aq) were obtained from J. T. Baker; methanol, ace-

tone, isopropanol, hexane, and 30% H2O2 were obtained from Fisher Scientific;

heptane, tetrahydrofuran (THF), and toluene were obtained from Caledon

Laboratories Ltd. Ultrapure water with ρ > 18 MΩ·cm from a Millipore

Milli-Q system was used for all experiments. Cylinder-forming PS(31k)-b-

PDMS(14.5k), and OH-terminated PS(10k) and PDMS(5k) homopolymers

were obtained from Polymer Source. PS(192k) homopolymer was obtained

from Sigma Aldrich.

4.2.2 Nanopattern Fabrication

Silicon wafers were diced into 1 × 1 cm squares and cleaned using standard

RCA I and RCA II cleaning procedures as described in Chapter 3.[20] Casting

solutions of PS-b-PDMS, PS(10k), PS(192k) and their blends were made by

122



Chapter 4: Tuning of Silica Bilayered Structures

dissolving these polymers in toluene. Similar casting solutions of PDMS(5k)

were made except with heptane as the solvent. For samples with a brush layer,

the OH-terminated homopolymer solutions were spin cast onto the silicon

substrates and placed in the vacuum oven at 130 ◦C for 2 h. After the grafting

process was complete, the excess polymer was washed off with hexane, acetone,

and isopropanol. BCP solutions were then spin cast onto the silicon substrates

to create a thin film, and the resulting film was then either thermally or solvent

annealed. In thermal annealing, the sample was heated on a heating block for

a specified time and temperature. Solvent annealed films were placed in the

aluminum chamber described in Chapter 3 to allow monitoring of the film

swelling. This was done using the L116S ellipsometer from Gaertner Scientific

as described before. To isolate the samples from the fluctuations in room

temperature, the chamber was insulated with bubble wrap and placed on a

Teflon sheet. 1 mL of THF with an exposed surface area of 2.6 cm2 was then

deposited inside the chamber before being sealed. Once the desired swelling

ratio was obtained, the chamber was opened and immediately purged with air

to rapidly (<1 s) relax the swelled film to its original thickness. The kinetically

trapped film was then transferred to a Plasmalab µEtch reactive ion etcher for

two steps of plasma etching. Unless otherwise noted, the first step used 100

mTorr of CF4 at 50 W RF power for 10 s, and this was immediately followed

by the second step using 100 mTorr of O2 at 30 W RF power for 30 s. The

samples were then analysed using SEM or optical microscopy.

4.3 Tuning of Line Dimensions

As shown in Figure 4.2, well-spaced, density-doubled line patterns require

the tuning and optimization of various processing parameters. To attain

these well-spaced density-doubled line patterns, the anneal conditions, BCP

film composition, surface brush layers, and plasma treatment were all opti-

mized. To evaluate the success of each optimization strategy in producing

well-separated, density-doubled lines, SEM images of the samples after their
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Figure 4.3: Lines originating from upper layer cylinders could be identified by
their occlusion of one edge or of a junction found in the adjacent structures.

self-assembly and plasma treatment were acquired using a Hitachi S-4800 SEM.

SEM images of these samples revealed that both monolayer and bilayer line

regions were present in nearly all of the samples. Lines in bilayer regions

could be identified as originating from the top layer of PDMS cylinders if they

partially occluded one side of an adjacent line or defects/junctions in the un-

derlying layer (Figure 4.3). As in Chapter 3, the SiOx lines templated from

the upper layer of PDMS cylinders were consistently observed to be narrower

and brighter than their lower layer counterparts when imaged using SEM.

4.3.1 Line Metric Definitions

In the analysis of SEM images, it was important to identify key parameters

that describe the efficacy of a particular method in producing the desired

density doubled lines. In monolayer regions, these key parameters include the

line width (w) and the characteristic cylinder spacing (L) of the polymer. A

Quartz PCI imaging program was used for measuring both the w and L of lines
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Figure 4.4: Line structures templated from monolayer (a) and bilayer (b,c)
cylinder regions. The white lines indicate example measurements of monolayer
line pitch (L) and width (w), as well as bilayer top (wt) and bottom (wb) line
widths.

in the SEM images. Line width measurements were obtained by measuring

the distance from one side of the line to the other as shown in Figure 4.4a.

The average and standard deviation of at least 40 such measurements were

taken from at least 2 SEM images from different regions in the sample. Line

pitch was measured from the left side of one line to the left side of an adjacent

line, and similar average and standard deviation values were extracted from

the images.

Line dimensions of bilayer regions could be measured as well, although these

measurements proved to be more difficult as lines tended to be wavier and

were found to touch or occlude each other in many places. Measurements

could only be made at positions where sharp contrast delineated line edges

(Figure 4.4b). The line width measurements of lines in the top and bottom

layers were denoted as wt and wb, respectively, and were measured similar to

the monolayer line widths. Line pitch was measured from the left edge of a

top layer line to the left edge of an adjacent top layer line. Top layer lines

were used rather than bottom layer lines due to edge occlusion of the bottom

layer lines. The edge occlusions placed an especially problematic limitation

on the measurement of density-doubled regions of thick lines, because specific

defect regions with intersecting top and bottom layer lines (Figure 4.4c) were

required for the measurement of lower layer line width, wb. Restricting the

measurement positions to these locations with specific attributes may lead to

125



Chapter 4: Tuning of Silica Bilayered Structures

measurements that do not necessarily reflect the true average line width and

pitch for the entire sample. Thus, due to the edge occlusions and inherent

waviness of bilayer lines, a comparison of the bilayer line properties between

samples was extremely difficult.

One parameter that was especially useful in describing the overlap of bottom

layer lines by top layer lines was the monolayer fill ratio (F ). The monolayer

fill ratio, which is defined by Equation 4.3.1, describes the fraction of surface

occupied by silica line features templated by monolayer cylinders. As shown

in Figure 4.5a, a fill ratio of F = 0.50 describes lines separated by spaces equal

to the line width. If SiOx lines templated from a monolayer region of PDMS

cylinders have F = 0.50, then lines formed from a bilayer of PDMS cylinders

on the same sample will consist of silica lines in contact with one another,

with no visible line separation and no overlap (Figure 4.5c). If a fill ratio of

F > 0.50 is observed in a monolayer region, the corresponding bilayer regions

will display lines originating from the upper PDMS cylinders overlapping with

lines originating from the lower layer of PDMS cylinders (Figure 4.5b). Finally,

if a fill ratio F < 0.50 is observed in a monolayer region, the corresponding

bilayer regions will display density doubled lines separated by distinct gaps

(Figure 4.5d).

F =
w

L
(4.3.1)

It should be noted that these calculations are considered to be ideal, since it is

assumed that silica lines originating from bilayer regions have the same L and

w as those found in monolayer regions. In practice, while L remains the same,

lines templated from the lower layer of bilayer cylinders tend to be wider than

lines templated from the upper layer, and both tend to be wider than lines

templated from a monolayer. Also, as the fill ratio increased, increased line

occlusion or contact between adjacent lines prevented reliable measurements of

w, L, and F from being made. Because of these challenges, initial process op-
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Figure 4.5: (a) Schematic representation of lines derived from a monolayer of
cylinders. Fill ratio F is defined as the ratio of line width w to line pitch L,
as measured in a monolayer region. (b-d) Assuming the simplest case where
wt = wb in bilayer lines, F > 0.50 results in bilayer lines that overlap (b);
F = 0.50 results in lines that touch (c); and F < 0.50 results in lines that are
separated (d). Reprinted with permission from ref. [1]. Copyright © 2013
American Chemical Society.

timization was carried out on monolayer regions; the information learned from

the monolayer optimization was then applied to the more challenging bilayer

system. Unless otherwise stated, fill ratios, pitches and line widths were mea-

sured exclusively in regions of the substrate formed from monolayers of BCP

cylinders. Our goal was a monolayer fill ratio of F ≤ 0.25, which would then

lead to bilayer lines separated by gaps as wide as the lines themselves; this goal

may be overly ambitious, but was chosen to provide a buffer to accommodate

for line waviness, differences in line widths, and other phenomena.

4.3.2 Thermal Annealing

Thermal annealing is a viable approach to promote the self-assembly of hor-

izontal cylinders. By elevating the temperature above the glass transition

temperature of both blocks, enough thermal energy is given to allow the poly-
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Figure 4.6: Line structures of 43 nm thick PS-b-PDMS films annealed at
various temperatures for 40 min on a heating block.

mer chains to slide past each other and rearrange into thermodynamically

favourable configurations. The melting point of PDMS is around -50 ◦C, and

the glass transition temperature of PS is around 100 ◦C,[21, 22] thus heating

the BCP films above 100 ◦C should free the PS matrix and allow the BCP

film to assemble into the thermodynamic equilibrium configurations. 43 nm

thick neat BCP film samples were placed on a heating block for 40 min at

various temperatures, and the resulting structures after plasma treatment are

displayed in Figure 4.6.

As shown in Figure 4.6, the structures did not deviate much from the as-cast

film for temperatures below 100 ◦C. As the temperature increased towards

100 ◦C, the multiple layers of lines from the as cast film began to disappear

and were slowly replaced by well-spaced lines. For temperatures beyond 100
◦C, however, the lines suddenly became thicker, and other phases including

perforated lamellar and lamellar structures were observed. The lines from

the thermal anneal above 100 ◦C had line width, w = 32 ± 2 nm; line pitch,

L = 49 ± 2 nm; and fill ratio, F = 0.64 ± 0.06. The fill ratio for these

lines was much too large for any density-doubled line patterns to be useful in

patterning density-doubled lines, so this anneal technique was abandoned in

favour of solvent annealing.
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Figure 4.7: Schematic of hexagonally-packed cylinders with diameter d, cylin-
der spacing L, and the average area occupied by a BCP junction in a neat
BCP film σjo. If the film is altered such that the average area occupied by a
BCP junction changes to σj, the dimensions of the cylinders change.

4.3.3 Polymer Film Swelling

One way to tune the fill ratio of the templated line structures is to tune the

dimensions of the BCP cylinders during the annealing step. Figure 4.7 shows a

cross section schematic of a hexagonally-packed cylinder system with cylinder

diameter (d), and cylinder spacing (L). During self-assembly, each BCP chain

assembles such that the PDMS blocks are found solely in the cylinder regions,

and the PS blocks are found solely in the surrounding matrix. The junctions

of each BCP, where the two blocks are covalently linked, are located at the

interface between the cylinders and surrounding matrix. Assuming that the

width of the interface is negligibly thin, that the polymer film is incompressible,

and that full phase separation has occurred, two key relations may be derived

from the geometry just as they were obtained for lamellar BCPs.[23, 24]

As the cylinder dimensions are reduced, the surface area to volume ratio of

the cylinders increases. Due to the incompressibility of the film, smaller cylin-

ders must invariably contain fewer polymer chains, and thus have fewer BCP

chain junctions at their interface. One important parameter that essentially
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describes the surface area to volume ratio of the polymer is the average inter-

facial area occupied by a single BCP junction, σj, which is found by geometry

to be related to d as described in Equation 4.3.2. Mn,PDMS is the molecular

weight of a single PDMS block, and %PDMS is the density of PDMS. Thus,

changes in σj will result in inverse changes in d.

d =
4Mn,PDMS

NA%PDMSσj
(4.3.2)

The volume fraction of PDMS, φPDMS, may be calculated from Figure 4.7 by

examining the fraction of the parallelogram unit cell covered by the PDMS

cylinders. The relation may be rewritten to describe the ratio of cylinder di-

ameter to cylinder spacing ( d
L

) as a function of PDMS volume fraction (φPDMS)

as described by Equation 4.3.3.[23] Ideally, if the PDMS cylinder geometry di-

rectly translates to the templated line morphology, the d
L

ratio is exactly equal

to the fill ratio F . Due to a non-zero block-to-block interfacial width, possible

changes during solvent annealing, and non-ideal plasma conditions, however,
d
L

and F may be different. Since the φPDMS of the neat PS-b-PDMS films is

known to be approximately 0.34, the d
L

of the thermally annealed samples vide

supra should theoretically be around 0.61, which agrees within error with the

experimentally obtained value of F = 0.64 ± 0.06. Thus, as shown here, F

is highly dependent on the ratio d
L

, and thus, also on φPDMS. If the volume

fraction of the PDMS block could be tuned, a greater degree of control on the

fill ratio could be gained.

d

L
= (

2
√

3φPDMS

π
)1/2 (4.3.3)

While synthesizing a new PS-b-PDMS BCP may be an option for tuning

φPDMS, a simpler solution which eliminates the need to synthesize new poly-
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mers for each new set of line parameters is the introduction of a selective

solvent or homopolymer to swell blocks in the BCP film.[25, 26] Selective sol-

vent swelling of a BCP film increases the mobility of the BCP, thus facilitating

the self-assembly process. However, the swelling is temporary, since at the end

of the treatment, the solvent is removed from the film, leading to a collapse

in the film structure. Homopolymer swelling, on the other hand, does not

increase the mobility of the BCP chains significantly. However, this type of

selective swelling of the BCP film is permanent, as there is little chance for

the large homopolymer chains to escape from the film. Since swelling occurs

during a solvent anneal, the effect of solvent swelling on the line structures

during solvent annealing was investigated first.

Solvent Swelling

Solvent annealing was performed inside the aluminum chamber designed in

Chapter 3, using neat THF and monitored by in situ ellipsometry. Since THF

is a selective solvent for PS,[27] it was expected that as the film swelled during

the anneal, the volume fraction of the PS would increase, thus ultimately

reducing the fill ratio of the line patterns. This phenomenon was also observed

in a P2VP-b-PDMS system by Jeong et al.[28]

As with the PS-b-P2VP films, the PS-b-PDMS films initially swelled rapidly

before reaching a plateau as shown in Figure 4.8a. Starting with an initial PS-

b-PDMS film thickness of ∼ 36 nm, the solvent vapour anneal was terminated

at different target degrees of swelling, D, with a quick purge of air to kinetically

trap the self-assembled structures. Representative SEM images of SiOx line

structures obtained by terminating solvent anneals at different predetermined

D are displayed in Figure 4.8b. For samples containing both monolayer and

bilayer line regions, the monolayer and bilayer regions are displayed in the top

and bottom halves of the images, respectively. The widths (w), pitches (L),

and fill ratios (F ) of monolayer line structures resulting from terminating the

anneal at different D are plotted in Figure 4.8, panels c, d, and e, respectively.
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Figure 4.8: (a) Plot showing swelling over 80 min of a 36 nm PS-b-PDMS
film in THF vapour. (b) SEM images of the plasma treated samples after
stopping anneals at different degrees of swelling. Images split in half display
monolayer and bilayer regions in the top and bottom halves, respectively. A
sample thermally annealed at 180 ◦C for 40 min is outlined in red and included
for comparison. Plots showing line width (c), pitch (d), and fill ratio (e)
after swelling to different D are also displayed. The red points represent the
thermally annealed sample. The error bars represent the standard deviation
of the measurements made. Adapted with permission from ref. [1]. Copyright
© 2013 American Chemical Society.
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Data and SEM images of a BCP film thermally annealed at 180 ◦C for 40 min

from the previous section are also included for comparison and are highlighted

in red.

During the solvent anneal, w, L, and F were all observed to increase for

D ≤ 1.50, before slowly decreasing as the film continued to swell to D =

2.63. The initial increase in w, L, and F could be attributed to a gradual

shift of polymer structures from their kinetically trapped as-cast state to a

more thermodynamically favoured state, as shown by the thermally annealed

sample. Because insufficient solvent plasticizer was present early on, the initial

reorganization was slow and non-uniform, as suggested by the large standard

deviation in pitch and line width in the D = 1.25 samples. As the solvent

content increased to D ≥ 1.50, however, the mobility of the polymer became

sufficient for a complete transition into the cylinders favoured at equilibrium,

and the standard deviation in cylinder pitch and width dropped markedly

(Figure 4.8c,d).

As expected with sufficient polymer mobility, swelling of PS-b-PDMS above

D = 1.50 with a PS selective solvent resulted in a decrease in F as D increased.

This was a result of an decrease in PDMS volume fraction, forcing the self-

assembled cylinders to reduce the d
L

ratio, as described by Equation 4.3.3.

Besides the decrease in F , there was also a decrease in w and L as D was

increased. This has previously been attributed to a solvent shielding effect,

which lowers the effective χ parameter of the system.[1, 28] Since the effective

Flory parameter χeff of a solvent swelled system is related to D and the BCP

Flory parameters between the blocks and solvent (χAB, χAS, χBS), as shown in

Equation 4.3.4, combining with Equation 3.1.1 results in the relation displayed

in Equation 4.3.5. The changes in line pitch with respect to D, however, are

much too large for a D−1/6 dependence. Thus, some other effects must also be

at work in reducing the line pitch.
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χeff =
χAB + χAS − χBS

D
(4.3.4)

L ∼ aN2/3(χAB + χAS − χBS)1/6D−1/6

L ∼ D−1/6 (4.3.5)

Another effect that may contribute to the decrease in w and L would be the

infiltration of solvent molecules between BCP chains. At the block-to-block

interfaces, this translates to an increase in average area per BCP junction (σj),

thus decreasing the diameter of cylinders (as described in Equation 4.3.2) in

the swelled film and the resulting line widths of the silica lines. Because of the

significant reduction in w (from 22± 1 to 12± 2 nm) during solvent swelling

(from D = 1.50 to 2.50) and the slower decrease in F (from 0.54 ± 0.07 to

0.34 ± 0.07), the L was forced to be reduced (from 34 ± 3 to 40 ± 2 nm) to

maintain the relationship in Equation 4.3.1. Significant line overlap was still

observed in all bilayer regions, and so additional experimental refinements were

required to form distinctly separated lines.

Homopolymer Swelling

Homopolymer blending has also been shown to be an effective way of tun-

ing the spacings of BCP templated features.[24, 25, 29, 30] In several studies,

it was found that the length of homopolymer played an important role in

the tuning of both cylindrical and lamellar domain sizes. For example, in

early studies by Winey et al.,[24] the introduction of PS homopolymer in a

lamellar-forming PS-b-PI polymer led to an increase in PS domain width and a

reduction in PI domain width. They also found that blends with larger molec-

ular weight PS produced structures with lower σj. This suggested that larger

PS homopolymers did not uniformly swell the PS domains especially near the

domain interfaces, but instead tended to segregate from the PS blocks and

formed their own region. Smaller homopolymers, however, tended to segre-
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Figure 4.9: (a) Neat BCP films self-assemble with an average area per junc-
tion of σjo. (b-d) As the homopolymer molecular weight, Mn,hp, is decreased,
the average area per junction increases from σjo to σj1 and σj2. The domain
dimensions also decrease, although the relative ratios between dimensions re-
main constant so long as the volume fractions remain the same.

gate more uniformly and were found at the block-to-block interfaces between

junctions as well. The presence of these homopolymers at interfaces resulted in

a greater separation between BCP junctions (increase in σj) at the interfaces

(as shown in Figure 4.9). This lateral expansion of the BCP along the cylinder

interfaces must be balanced by a reduction of the domain sizes in order for

the polymer density in both blocks to remain constant. It is important to

note, however, that although the size and periodicity of the polymers change

inversely with σj, the fill ratio remains constant so long as the relative volume

fractions of each block remain constant.

In the present case, by adding PS homopolymer to form a PS/PS-b-PDMS

blend, the volume fraction of PS would increase and thus lower the fill ratio,

F . A large PS homopolymer with molecular weight Mw = 192 kg/mol was

used to form a blended film with 20 wt% homopolymer. Figure 4.10 displays

the structures obtained from this polymer as cast, and also when swelled to
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Figure 4.10: A Mw = 192 kg/mol homopolymer was blended at 20 wt% with
the PS-b-PDMS polymer. SEM images of the resulting as cast films (a), films
swelled to D = 2.00 (b), and D = 2.25 (c) are shown.

D = 2.00 and D = 2.25. As shown in panels b and c, these blends produced

very large regions with no line structures, making the polymer unsuitable for

producing highly ordered patterns. These regions were likely the result of

homopolymer segregation, since the polymer chains were too large to properly

integrate with the BCP domains. Thus, a much smaller polymer was used for

homopolymer blending.

Solutions of PS/PS-b-PDMS homopolymer blends were prepared with the ho-

mopolymer PS (10 kg/mol) content varying from 0 wt% to 30 wt%. Films

of these blended polymers were then cast into 36 nm thick films; annealed in

THF vapour to D = 1.75, 2.00, and 2.25; and plasma treated as described

previously. SEM images of the self-assembled structures formed after swelling

films to D = 2.25 are displayed in Figure 4.11a. The measured w, L, and F

for these samples are plotted in Figure 4.11, panels b, c, and d, respectively.

As the homopolymer concentration was increased, there was a slight tendency

toward thinner and more widely-spaced lines. For example, in the case of

D = 2.25, line widths were reduced from 13± 1 to 10± 1 nm (Figure 4.11b),

the pitch increased from 35± 2 to 38± 2 nm (Figure 4.11c), and the fill ratio

decreased from 0.38 ± 0.05 to 0.26 ± 0.04 (Figure 4.11d) when a 25 wt% PS

homopolymer blend was used. It was interesting to note that unlike solvent

swelling, w decreased only very slightly and L increased as the homopolymer

concentration was increased. This could be explained by the fact that because
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Figure 4.11: (a) SEM images demonstrating the evolution of structures swelled
to a uniform D = 2.25 as the fraction of PS homopolymer in the films was
increased. The top half of each image displays patterns found in monolayer
regions, while the bottom half shows patterns found in bilayer regions, and
all scale bars are 100 nm. Plots of line width (b), pitch (c), and fill ratio (d)
as the concentration of PS homopolymer is increased up to 30 wt% are also
shown. All samples have an initial film thickness of 36 nm. The error bars
represent the standard deviation of all the line width or pitch measurements
that were made. Adapted with permission from ref. [1]. Copyright © 2013
American Chemical Society.
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the homopolymer was considerably larger than the solvent molecules, there was

a smaller increase in σj for homopolymer swelling as compared with solvent

swelling. To maintain uniform polymer density and to satisfy the volume

fraction requirements, the cylinder spacings, and thus also the line pitch L

increased as the homopolymer concentration in the film increased.

In the final panel of Figure 4.11a where a homopolymer fraction of 30 wt%

was used, the structures changed drastically from line patterns to dot patterns.

This morphological change delineates the upper limit for PS homopolymer in

the blend composition. Even at 25 wt%, the line structures displayed numerous

defects, such as interruptions with areas of hexagonal dots and discontinuities.

Similar trends were observed for D = 1.75 and D = 2.00 with respect to the

pitch (Figure 4.11c), although the decrease in line width was not as pronounced

and within the measured standard deviations (Figure 4.11b). It was concluded

that a homopolymer composition of 22.5 wt% PS/PS-b-PDMS with a solvent

degree of swelling D = 2.00 would be applied to the bilayer system (vide infra)

since it minimized the fill ratio while avoiding most defects observed at 25 wt%

and 30 wt% PS.

4.3.4 Brush Layers

It was observed in the annealing experiments described in Figure 4.12 that

the SiOx lines derived from top level lines were consistently 2 or 3 nm nar-

rower than their lower level counterparts. For example, in neat BCP films

annealed to D = 2.25, the line widths wt and wb were 14± 1 and 16± 1 nm,

respectively. While one possible cause may have been the difference in plasma

exposure leading to increased etching of upper layer lines, inspection of cross-

section and tilted SEM images revealed that lines originating from lower layer

cylinders were also flat and spread over the wafer surface, suggesting possi-

ble interactions with the silicon surface. To confirm this conjecture, PS and

PDMS brush layers were grafted onto clean silicon substrates by heating films

of hydroxy-terminated PS or PDMS at 130 ◦C in a vacuum oven for 2 h. The
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Figure 4.12: SEM images of SiOx line structures produced from solvent an-
nealed PS-b-PDMS BCPs on Si wafers with no brush layer (a,d), PS brush
layer (b,e), and PDMS brush layer (c,f). The ho of these films including their
brush layers were 35 nm, 40 nm, and 37 nm, respectively. In (a-c), monolayer
and bilayer regions are displayed in the top left and bottom right of each panel,
respectively. Close-up SEM images of the single-layer films tilted at 45 ◦ are
displayed below for bare wafers (d), PS brush (e), and PDMS brush (f). (g)
Graph of line widths measured from all samples. Reprinted with permission
from ref. [1]. Copyright © 2013 American Chemical Society.

excess polymer was then rinsed off with toluene, acetone, and isopropanol, and

the brush thicknesses for the PS and PDMS films were found by ellipsometry

to be 2 and 5 nm, respectively. The addition of brush layers modifies the

interfacial energy at the polymer-surface interface, which has the potential to

greatly modify the self-assembly of the polymer.[31]

When a BCP film was then deposited on the substrate, a film normally 35 nm

on the native silicon oxide was measured to be 37 nm on a PDMS brush, and

40 nm on a PS brush. A neat BCP film was spin-coated on a PS brush-coated

surface and annealed in THF vapour to D = 2.00. After plasma treatment,

the structures derived from the monolayer and bilayer regions were compared

to their analogues assembled on native oxide. The plot in Figure 4.12g demon-

strates that the use of a PS brush resulted in a very small reduction in mono-

layer and bottom layer line width. In contrast, the PDMS brush yielded lines

that were always wider than their analogues on native oxide or PS brushes.
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The PDMS brushes also resulted in line structures that were partially obscured

by a haze, likely of SiOx, originating from the brush (see Figure 4.12f). Thus,

it seems that the use of a PS brush allows a slight but observable advantage

with respect to line width.

4.3.5 Plasma Etching

Besides swelling the film with solvents and homopolymers or altering the in-

terfacial properties, another strategy for tuning feature dimensions and line fill

ratios is to control the plasma step after self-assembly. The plasma treatment

used thus far consisted of two distinct steps: a short 10 s CF4 plasma step

to remove the PDMS layer at the polymer-air interface,[32] and a longer 30 s

O2 plasma step to remove the PS matrix. These two steps rely heavily on the

etch selectivity or the difference in PS and PDMS etch rates of these plasmas.

The etch rates of PS and PDMS in O2 and CF4 plasmas were determined

by exposing PS and PDMS homopolymer films to these plasmas for different

durations. The change in film thickness after the plasma treatment was plotted

(Figure 4.13), and the etch rate for each material was calculated from the slope

of the trendlines. PS was etched at 54 nm/s and 15 nm/s in the presence of

O2 and CF4, respectively. PDMS was etched at 1 nm/s and 38 nm/s in the

presence of O2 and CF4, respectively.

By optimizing both plasma steps, reduced fill ratios F may be attained for a

particular self-assembled geometry as determined by film swelling and inter-

facial properties. For demonstration purposes, the plasma optimization was

carried out for a 22.5% PS blended film swelled to D = 2.00 on a PS brush.

Similar optimization routines may be applied to any other film.

Due to its etch selectivity for PDMS, CF4 plasma was used to remove the

surface PDMS layer formed during the solvent anneal. Samples were exposed

to this plasma (50 W, 100 mTorr) for different durations and SEM images of

the resulting lines were analysed (Figure 4.14). In samples where monolayer
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Figure 4.13: Film thickness changes after samples were exposed to O2 or CF4

plasmas at 100 mTorr and 30 W.

and bilayer line patterns produced different structures, the SEM was split

in half with the top and bottom images displaying monolayer and bilayer

regions, respectively. Faint line patterns were observed on the surface prior

to plasma etching, suggesting some surface morphology on the PDMS surface.

However, these patterns disappeared as the CF4 etch proceeded. At around

10 s, dark line patterns began appearing, and as the etch continued, it became

apparent that these dark lines were trenches formed from etching away the

CF4 cylinders. At the interfaces between monolayer and bilayer regions, dark

dots also suggested that hexagonally-packed pits were present. After durations

exceeding 20 s, the line structures in bilayer regions were also observed to be

more wavy and collapsed compared to monolayer line regions. Since the dark

lines first appeared around 10 s, this must be the point at which the PDMS top

layer was removed, and the plasma was just beginning to access the underlying

cylinder structures. Thus, the ideal duration for the initial step for a 22.5%

PS blended film swelled to D = 2.00 on a PS brush was between 8 to 10 s.

After optimizing this PDMS removal step at 10 s, the length of time of the

subsequent O2 plasma step (30 W, 100 mTorr) was then varied on identically
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Figure 4.14: SEM images of a 22.5% PS blended film swelled to D = 2.00 after
exposure to CF4 plasma at 50 W and 100 mTorr. Scale bars are 100 nm.

prepared samples (36 nm of the 22.5% PS blended film on a PS brush, swelled

to D = 2.00). The purpose of this second step was to selectively etch the PS

and convert the PDMS structures to SiOx.[17, 19] As the O2 plasma exposure

time was increased from 10 to 30 s, the edges of the cylindrical structures,

which were initially nebulous, became sharper and more well-defined (Figure

4.15a). With increasing O2 plasma time, however, these lines began to merge

and by 50 s, the bilayer line structures consisted of large agglomerations of

silica. Thus, after the initial 30 s of O2 plasma treatment, no improvement in

fill ratio was observed.

Another strategy to optimize the plasma treatment was to use a more aggres-

sive plasma to slightly etch the PDMS cylinders, while simultaneously remov-

ing the PS matrix. Since O2 and CF4 plasmas selectively etch different BCP

blocks, a plasma with tunable selectivity could be created from a combination

of the two gases. In an attempt to find the ideal plasma composition and time,

plasmas incorporating 10%, 20%, and 30% CF4 were used, and SEM images

of the resulting structures obtained from varying plasma exposure times are

displayed in Figures 4.15b-d. As observed in these SEM images, an increase

in plasma CF4 content led to a decrease in line widths derived from both the
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Figure 4.15: 22.5% PS blended samples swelled on a PS brush layer to D =
2.00, treated with 10 s of CF4 plasma to remove the surface PDMS layer, and
then subsequently subjected to 100% O2 (a) or mixed O2/CF4 plasmas (b-d)
for varying durations. The top halves of each image panel display monolayer
regions, while the bottom halves display bilayer regions on the same sample.
All scale bars are 100 nm. Reprinted with permission from ref. [1]. Copyright
© 2013 American Chemical Society.
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upper and lower layers of PDMS cylinders, and thus there was a noticeable

increase in the spacing between adjacent lines. As the concentration of CF4

increased, however, the differences in wt and wb also increased due to the fact

that the upper lines were exposed to the etchant for longer periods of time.

For example, a 20 s plasma exposure at 20% CF4 produced wt = 14±1 nm and

wb = 17±1 nm, while an identical exposure in 30% CF4 produced wt = 12±1

nm and wb = 16 ± 1 nm. As the plasma exposure times increased to 50 s

or longer, individual lines began to deform and stick to adjacent lines. Thus,

the plasma parameters had to be tuned such that enough CF4 was present to

fully separate adjacent lines without etching the top layers too quickly. For

the 22.5% PS blended films, a 10% CF4 plasma step for 25-30 s (Figure 4.16)

or a 20% CF4 plasma step for 20-25 s (Figure 4.17) gave optimum results.

Thus, after combining all these methods, the sample that minimized the F

was a 22.5% PS/PS-b-PDMS blended film swelled to D = 2.00, subjected to

a pure CF4 plasma step for 10 s, followed by a 10% CF4 plasma step for 25

s. The resulting densely-packed lines had a bilayer pitch L/2 = 19 ± 2 nm,

and widths of wt = 10 ± 1 nm and wb = 14 ± 1 nm. The monolayer fill ratio

of these samples was F = 0.27 ± 0.05, which was very close to the target of

F = 0.25.

4.4 Maximizing Bilayer Regions

Besides tuning the line width, pitch, and fill ratio, it was also important to

ensure that the bilayer patterns would be observed uniformly over the entire

wafer. Almost all the samples produced monolayer, bilayer, and sometimes

trilayer regions after the annealing step. These regions were distinct terraces

with discretized thicknesses as a result of the self-assembly of the BCP. When

observed under an optical microscope, the regions were visually distinct with

clear boundaries and different colours. The colours were a result of optical

interference, and since each terrace level had a specific film thickness, each

level was also uniquely coloured. Thus, by analysing images from optical
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Figure 4.16: SEM images of 22.5% PS blended film swelled to D = 2.00 and
exposed to 10 s of the initial CF4 plasma. These samples were then treated
with 10% CF4 mixed plasma at 30 W and 100 mTorr. The time in the top
left corner of each box indicates the duration of the mixed plasma treatment.
Scale bars are 100 nm.

Figure 4.17: SEM images of 22.5% PS blended film swelled to D = 2.00 and
exposed to 10 s of the initial CF4 plasma. These samples were then treated
with 20% CF4 mixed plasma at 30 W and 100 mTorr. The time in the top
left corner of each box indicates the duration of the mixed plasma treatment.
Scale bars are 100 nm.
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Figure 4.18: (a) SEM of a 22.5% PS/PS-b-PDMS blend swelled to D = 2.00.
The blue, red, and green false colours were added to highlight the different
regions, which corresponded to monolayer, bilayer and trilayer lines, respec-
tively, upon closer inspection (b). A close-up of the green trilayer region (c)
shows a third array of lines protruding from underneath one of the two top
layer lines.

microscopy, it was possible to determine the area fractions of each of these

regions. The samples were also characterized in the SEM so that structures

from different regions could be correlated to the appropriate coloured region

observed in optical microscopy.

4.4.1 Optical Microscopy Analysis

The bilayer coverage of a sample was measured by taking 200x optical mi-

croscopy images from 5 distinct regions in each sample. By taking high-

magnification SEM images of these regions, it was confirmed that these re-

gions corresponded to monolayers, bilayers, and trilayers (Figure 4.18). For

22.5% PS blended films, thin strips of dot patterns were also observed at the

monolayer/bilayer and bilayer/trilayer interfaces.

To characterize the coverage of each layer, optical microscopy images were

processed using the image processing program ImageJ (Figure 4.19). First,

the image was converted into a grayscale image. A threshold function was

then applied at different pixel intensities to create multiple black and white

maps. For the image shown in Figure 4.19, four separate maps were created,
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Figure 4.19: The optical image was first converted to a grayscale image.
Thresholding was applied 4 times to create 4 different maps, and these maps
were averaged. The rings were then filled in with black, and the pixels at each
grayscale level were counted.

which were used to differentiate monolayer, bilayer, trilayer, quadlayer, and

debris/higher level (5+ layers) regions. These level images were then averaged

to create a map with discrete levels of pixel intensity: white regions corre-

sponded to monolayers, each additional layer corresponded to a darker gray,

and black corresponded to any of the higher level regions or debris. The aver-

aged image sometimes contained ring structures because the grayscale image

could not distinguish the white monolayer regions from the blue, yellow, or or-

ange higher level regions. Thus, these rings were manually filled in with black

to group them with the debris/higher level regions. The completed image was

then analysed by counting the number of pixels at each intensity. This process

was repeated for 5 images in different locations in each sample, and the result

was averaged. Sample pixel counts of the image processed in Figure 4.19 are

displayed in Table 4.1.

4.4.2 Degree of Swelling

To investigate the effect of film swelling on the fraction of monolayer, bilayer,

and trilayer regions, neat 36 nm thick BCP films were spin coated on a PS
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Table 4.1: Layer Coverage of Sample
Averaged Filled

Region Pixels Percent Pixels Percent
Monolayer 21666 1.13% 20137 1.05%

Bilayer 1420653 73.99% 1418840 73.90%
Trilayer 456976 23.80% 454495 23.67%

Quadlayer 11472 0.60% 8228 0.43%
Debris, Higher level 9233 0.48% 18300 0.95%

brush-coated sample and annealed to different degrees of swelling, similar to

the samples in Figure 4.8. The percent coverage of each region was then

determined for each sample using the image processing techniques described

above and displayed in Figure 4.20. Neat BCP films swelled to D = 1.25

showed some fluctuations in film thickness (Figure 4.20a), but discrete terraces

were not observed until after D > 1.50 (Figure 4.20b). Upon closer inspection

by SEM of the edges of these discrete terraces (Figure 4.20c), a clear transition

from monolayer to bilayer lines was observed. As the films continued to swell,

monolayer regions, which covered 97.2 ± 0.4 % of the sample at D = 1.50,

linearly gave way to bilayers until D = 2.25, when the distribution became

<0.1 % monolayers, 92.4 ± 0.8 % bilayers, and 6.6 ± 0.4 % trilayers (Figure

4.20d). After this point, if the anneal was left to continue, bilayer regions

began to convert into trilayer regions.

Experiments performed for the 22.5% PS blended films in identical conditions

showed behaviour similar to the neat BCP films with two key exceptions.

Firstly, inspection by SEM revealed a 400-500 nm-wide strip of hexagonal

PDMS dots at the boundary of monolayer/bilayer regions (Figure 4.20e). One

possible explanation for the presence of the dot interface at the boundaries

was that the film thicknesses fell in between that of the monolayer and bilayer

regions, and so these local film thicknesses favoured the local formation of

spherocylinders,[33] which were then converted into dot patterns upon expo-

sure to plasma. These dot patterns were not observed in the neat films because

this phase does not exist at the higher PDMS volume fraction (φPDMS ∼ 0.34

for neat films, ∼ 0.26 for 22.5% PS blended films). Secondly, unlike the swelling
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Figure 4.20: Optical micrographs of neat BCP films swelled to D = 1.25 (a)
and D = 1.75 (b). (c) SEM image showing the interface between monolayer
and bilayer regions for neat PS-b-PDMS films. (d) Plot of the evolution of
monolayer/bilayer/trilayer coverage with swelling, D, for neat PS-b-PDMS
films with initial thickness of 36 nm (excluding the PS brush). (e) SEM image
of the monolayer/bilayer interface within the 22.5% PS/PS-b-PDMS blended
films. (f) Plot of the evolution of monolayer/bilayer/trilayer coverage with
swelling, D, for 22.5% PS/PS-b-PDMS blended films with initial thickness of
36 nm. Reprinted with permission from ref. [1]. Copyright © 2013 American
Chemical Society.
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of neat BCP films, the monolayer regions did not begin to transform into bi-

layers until after D = 1.75 (Figure 4.20f). After D = 1.75, the monolayers

continued to convert into bilayer regions until at D = 2.36, where the bilayer

fraction peaked at 93.2 ± 2.1 %, with 5.6 ± 1.6 % monolayers and <0.1 %

trilayers.

4.4.3 Initial Thickness

Although the degree of swelling, D, clearly had an effect on the percent cov-

erage of these layered structures in the film, it was not a useful parameter to

tune the coverage of bilayer regions, as it also had great influence over line

widths and pitch. An alternative parameter was the initial film thickness, ho.

As shown in Figure 4.21, neat BCP films were deposited at various thicknesses

(from 32 to 48 nm) onto a PS brush coated sample and annealed to a fixed

degree of swelling of D = 2.00. The resulting terrace structures displayed

in Figure 4.21a clearly demonstrate that the monolayer, bilayer, and trilayer

fractions of a film could be tuned by varying the initial film thickness. As

shown in Figure 4.21b, an initial thickness of 41 nm produced monolayer, bi-

layer, and trilayer area fractions of 1.3 ± 0.9 %, 96.7 ± 0.8 %, and 1.7 ± 0.4

%, respectively. Thus, near-uniform bilayers were attained across the entire

sample when a 41 nm film was swelled to a degree of swelling of D = 2.00.

When these films were subjected to identical and optimized (10% CF4 for 25

s in the second step) plasma conditions, no obvious relationship between the

initial film thickness and the width or pitch of these lines was observed (Fig-

ure 4.21c). This decoupling of these parameters was important, since it meant

that initial film thickness could be independently varied to optimize for bilayer

formation without affecting line width and pitch.

As shown in the optical micrographs in Figure 4.22, 22.5% PS blended films

behaved quite differently when compared to their neat BCP counterparts.

When the same experiments were performed for these blended films, trilayer

regions started appearing and growing before all the monolayer regions were
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Figure 4.21: (a) Optical micrographs of neat PS-b-PDMS films of various
thicknesses on a PS brush swelled to D = 2.00. (b) Plot of the percent cover-
age of monolayer, bilayer, and trilayer regions in the same neat PS-b-PDMS
samples. (c) Plot of line width and pitch of monolayers in these same neat
PS-b-PDMS samples after a plasma treatment of 10% CF4 for 25 s. Adapted
with permission from ref. [1]. Copyright © 2013 American Chemical Society.

eliminated (Figure 4.22a). One consequence of this early onset of trilayers was

that although 22.5% PS blended films could produce line arrays at lower F

than neat BCP films, it was impossible to have a high percentage coverage of

bilayer regions. SEM images of these films also showed that the initial film

thickness had no obvious effect on line width or pitch (Figure 4.22c).

4.5 Conclusions

Utilizing films of bilayer PS-b-PDMS cylindrical assemblies as templates, it

was possible to generate closely-spaced SiOx line patterns on a silicon sub-

strate. By tuning the degree of swelling and/or blending the BCP film with
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Figure 4.22: (a) Optical micrographs of 22.5% PS/PS-b-PDMS blended films
swelled to D = 2.00. (b) Plot of the percent coverage of monolayer, bilayer,
and trilayer regions in the same 22.5% PS/PS-b-PDMS blended films. (c) Plot
of line width and pitch of monolayers in these same PS blended samples after
a plasma treatment of 10% CF4 for 25 s. Adapted with permission from ref.
[1]. Copyright © 2013 American Chemical Society.

PS homopolymer, it was possible to reduce the width and tune the pitch of

these silica lines. The line widths of these structures could then be more finely

tuned by adjusting a number of other parameters, including the brush layer

and the duration/composition of the plasma treatment. If 22.5% PS blended

films are used, the monolayer fill ratio could be reduced to F = 0.27 ± 0.05.

The coverage of bilayer regions across a sample on the multi-micron scale

could then be tuned by adjusting the initial thickness of the BCP film prior

to swelling. Thus, a PS-b-PDMS polymer that normally produces monolayer

silica lines with a pitch of 36 nm can be used to create denser line arrays at a

pitch of 18 nm with bilayer coverage as high as 96.7± 0.8 %.

There is considerable room for improvement with respect to control over the

resulting lines produced through the use of bilayer-based BCP films, particu-
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larly with regards to LER and related parameters. As can be seen from the

SEM images in Figure 4.2, the monolayer cylinders are smoother, and have

obvious lower peristaltic LER. The silica lines derived from the bilayer PS-

b-PDMS structures present considerable undulations, and will require careful

optimization to improve the LER.[34] One possible source of the undulations

observed include the melting or flowing of PDMS cylinders (melting point of

around -50 ◦C)[21, 22] if the supporting PS underlayer degrades before the

PDMS fully converts into silica. Solutions to this problem could be to add

groups to cross-link the PDMS prior to plasma, or to use more anisotropic

plasma etching conditions to prevent the underlying PS from degrading un-

derneath the cylinders before they become silica.[35] The undulations may also

be a product of the rapid change in film thickness at the end of the anneal. If

this was the case, a solution to remediate this problem may be to introduce

a gentle secondary thermal anneal.[36] In addition, placement accuracy will

also need to be thoroughly investigated with respect to graphoepitaxy and

the use of registration marks, as has recently been carried out by Doerk and

co-workers.[37] One particularly promising direction to improving LER is to

reduce the interfacial tension between the two blocks through the addition of a

third non-volatile component as a ‘compatibilizer’ to lower the surface energy

at the interfaces in these nanoscale phase-separated domains.[38] The second

direction for attention is the plasma conversion step — the transformation of

flexible PDMS into a brittle and fragile metal oxide (in this case, silica) locks

in the resulting specific shape under these low-temperature conditions. Thus,

silica precursors may not be the ideal material to produce lines with low LER

when compared with flexible organic, and possibly even metallic precursors

that are more readily annealed. These aspects will be the focus of upcoming

work.
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5
Block Copolymer Graphoepitaxy

5.1 Introduction

The focus of the previous two chapters was on using bilayer structures to

double nanopattern density and using anneal, surface, or plasma conditions to

tune the dimensions and coverage of these density-doubled features. In this

chapter, the graphoepitaxy of BCP structures will be explored. As described

in Chapter 2, guiding surface topography for graphoepitaxy is usually formed

using top-down patterning techniques such as photolithography or EBL. Thus,

this chapter will begin by using wide wells or trenches patterned by EBL to

guide the assembly of density-doubled BCP patterns. BCP self-assembly need

not, however, rely on lithographically patterned features for graphoepitaxy.

BCP-templated features may themselves be used as guiding features for the

self-assembly of subsequent layers of BCP. The second half of this chapter will

explore the use of multiple layers of BCP to create high-quality densely-packed

self-assembled features.

The material in this chapter is based on unpublished work. In this work, Dr. Kenneth
Harris and Dr. Jillian Buriak contributed to useful discussions.
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5.2 Experimental

5.2.1 Materials

Silicon (100) wafers (prime grade, 100 mm diameter, n-type, phosphorous-

doped, ρ = 5–10 Ω·cm) were purchased from University Wafer. 38% HCl

(aq), 30% NH4OH (aq) and 25% aqueous tetramethylammonium hydroxide

(TMAH) were obtained from J. T. Baker; methanol, acetone, isopropanol,

and 30% H2O2 were obtained from Fisher Scientific; heptane, tetrahydrofuran

(THF), and toluene were obtained from Caledon Laboratories Ltd.; methyl

isobutyl ketone (MIBK) was obtained from MicroChem; and 6% hydrogen

silsesquioxane (HSQ) in MIBK was obtained from Dow Corning (XR-1541).

Ultrapure water with ρ > 18 MΩ·cm from a Millipore Milli-Q system was

used for all experiments. The polymers PS(50k)-b-P2VP(16.5k), PS(31k)-b-

PDMS(14.5k), and PS(10k) were obtained from Polymer Source. The metal-

lization salts Na2PtCl4·xH2O and Na2PdCl4·3H2O were obtained from Strem

Chemicals.

5.2.2 Sample Preparation

Silicon wafers were diced into 1×1cm2 squares and cleaned with the RCA I and

RCA II procedures described in Chapter 3. A film of HSQ was then deposited

onto the wafers by spin coating dilutions of the 6% stock solution in MIBK at

3000 rpm for 30 s, and baked on a hotplate at 100 ◦C for 15 min. The baking

step was used to drive off excess solvent and prepare the HSQ film for use as

a negative resist in the subsequent patterning step. EBL was carried out on

the substrate using a RAITH 150-2 system. Patterns such as lines or circles

were written with a 10 kV electron beam with an aperture of 10 µm. The

electrons caused cross-linking of HSQ units, converting the exposed areas into

silica-like material. The samples were then developed in 25% aqueous TMAH,

which removed the unreacted HSQ, leaving behind silica walls for guiding BCP
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Figure 5.1: SEM images of linear trenches (a) and circles (b) patterned using
EBL to be used for graphoepitaxy.

self-assembly. Some examples of the guiding features produced are displayed

in Figure 5.1. Parallel lines were produced to delineate linear trenches ranging

in width from 200 nm to 10 µm (Figure 5.1a). To investigate the confinement

of BCP patterns within wells, circle patterns with diameters ranging from 500

nm to 5 µm were also patterned (Figure 5.1b). The wall features may then

be modified by a brush layer by depositing and annealing a brush solution on

the substrate at 130 ◦C for 2 h, as described in Chapter 4.

In the exploration of the effects of EBL patterned walls on BCP self-assembly,

the results discussed in this chapter were mainly from the 22.5% PS/PS-b-

PDMS blends described in Chapter 4, but neat PS(31k)-b-PDMS(14.5k) and

PS(50k)-b-P2VP(16.5k) films were also observed to behave similarly. In the

multi-step patterning investigation, all the line patterns were templated by

the neat PS-b-PDMS polymer, while the dot patterns were templated by the

30% PS/PS-b-PDMS blend. The PS-b-PDMS polymers were treated with a

two-step plasma treatment, with CF4 for 10 s to remove the top PDMS layer,

followed by a 10% CF4 step for 30 s to remove the PS matrix.
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5.3 Lateral Confinement of Block Copolymers

For BCPs to form ordered patterns assembled along the surface topography,

sufficient mobility must be granted to the system to allow the BCPs to self-

assemble. In most of the systems described in the introduction, thermal an-

nealing was used, which granted mobility through increasing the film tem-

perature. In the case of density-doubled line patterns, solvent annealing was

used as the method of granting polymer mobility. Because solvent annealing

involves the gradual swelling of BCP films as described in Chapter 3, both

the polymer mobility and thickness of the film vary throughout the duration

of the anneal. This complication in the system is further exacerbated by the

presence of topographical features, as will be described below. The following

section explores how the presence of topographical features affects the swelling

of the BCP film, which in turn controls the ordering and the type of structures

that may be assembled in these regions.

5.3.1 Trench Walls and Terracing

To investigate the effects of adding surface topography, 105 nm tall parallel line

features were patterned onto flat substrates using EBL (as shown in Figure

5.1). The wall height was selected to be much greater than the BCP film

thickness so as to isolate adjacent trenches and limit the movement of BCP

from one trench to another. This lateral confinement of BCPs was maintained

even during swelling, as BCP films originally 40 nm thick would need to be

swelled above D = 2.5 before the BCP could begin overflowing into an adjacent

trench. Thus, by spin coating BCP films onto these topographic structures,

the effects of complete lateral confinement during solvent annealing may be

studied.

A 37 nm film of blended 22.5% PS/PS-b-PDMS was swelled to D = 1.8

and after plasma treatment, the resulting structures were characterized by

SEM (see Figure 5.2). The images revealed that narrow trenches 200 nm in
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Figure 5.2: SEM images of a 22.5% PS/PS-b-PDMS blend swelled to D = 1.8.
The self-assembling behaviour of BCPs within 200 nm (a), 600 nm (b), and
800 nm (c) wide trenches are shown in the SEM images.

width mainly produced hexagonal dot patterns, but some isolated trenches

were also able to form density-doubled line patterns aligned along the long

axis of the trench (Figure 5.2a). As the width of the trenches were increased,

however, mixtures of patterns were observed in the trenches. For example,

in 600 nm wide trenches, hexagonally-packed dot patterns lined the edges of

the trenches, while monolayer line patterns were observed in the trench cen-

tres (Figure 5.2b). In 800 nm wide trenches, the walls were lined with bilayer

cylinders, which then transitioned into hexagonally-packed dots and mono-

layer cylinders at the centres of the trenches. Similar effects were observed

for films of PS(50k)-b-P2VP(16.5k) or neat PS-b-PDMS except in neat PS-

b-PDMS films with similar thicknesses and D, bilayer cylinders transitioned

immediately into monolayer cylinders without displaying any evidence of dot

patterns. The structural transitions observed were strongly reminiscent of the

transitions observed at the edges of terraced regions as observed in Chapter

4. They suggest that variations of film thickness exist across the width of the

trench, with thicker regions near the walls, and thinner regions near the centre

of the trenches. This tendency for thicker terraces to accumulate at the trench
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Figure 5.3: Optical micrographs of a PS-b-P2VP film near topographical pat-
terns as it is swelled in THF.

walls was also observed by Segalman et al. in their work with spherical BCPs

in trenches.[1]

The affinity of the BCP to the trench walls also resulted in the diffusion of

BCPs toward the wall structures. This diffusion of BCP, likely due to capil-

lary action, has been applied in the past to lamellar-forming BCPs to induce

greater order.[2] In our experiments, the phenomenon was made especially

clear through in situ monitoring of the swelling process of PS-b-P2VP in THF

using an optical microscope. While no exact measurements of film thickness

could be made in situ, the changes in film thickness were qualitatively mon-

itored using colour. As the films were swelled, the observed colours slowly

changed from light brown to purple, and finally blue, which corresponded to

thickness changes from 40 nm to approximately 100 nm (see Figure 5.3). After

12 min, the first signs of diffusion was observed at the end of the trenches. A

net flow of BCP into the trenches was evidenced by the depletion of BCP film

just outside of the trenches (the formation of a beige region) and the accumula-

tion of BCP film just inside the trenches (the formation of a blue region). The

beige and blue regions both expanded from the left to right, suggesting that

this redistribution effect was stronger in areas with denser topography. The

result was that the trench regions swelled to purple and then blue colour much
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Figure 5.4: SEM images of line patterns from a 22.5% PS/PS-b-PDMS blend
swelled to D = 2.0 along trenches with short walls. (a) A close-up of the pat-
terns demonstrate that the same patterns span the entire width of the trench.
(b) An SEM demonstrating how fingerprint patterns and terrace boundaries
span across several trenches.

sooner than the rest of the unpatterned substrate. This meant that films con-

fined by densely-packed lines increased in thickness more quickly than those

confined by sparse lines, and BCP material moved from open areas to more

confined areas. As a result, the use of topographic structures has the effect of

changing the relative swelling rates of the films in different areas. This may

be problematic if uniform swelling across the entire substrate is desired.

One possible strategy to reduce this problem may be to use shorter guiding

features. The wall heights were reduced from 105 nm to 50 nm. These shorter

wall features were expected to direct the assembly of line structures in the

lower layers while still allowing some BCP spill over from adjacent trenches

during the anneal step. Because of the lower degree of confinement, it was ex-

pected that the capillary action from these shorter walls would be significantly

reduced, and that there would be less accumulation of thicker terrace regions

near the walls. Figure 5.4 displays the BCP structures obtained when films of

the 22.5% PS/PS-b-PDMS blends were self-assembled on these short line fea-

tures. Uniform structures were formed across the entire width of the trenches

irrespective of their widths. Some BCP features were also found to assemble

on top of the walls (Figure 5.4a). However, because insufficient material was

present to form bilayers uniformly across the entire substrate, terraced regions
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Figure 5.5: SEM images displaying a 22.5% PS/PS-b-PDMS blend self-
assembling along wall features without a brush (a), and with a grafted PS
brush (b).

similar to those formed on flat substrates were formed. These terraces did

not accumulate along the walls, as was the case for the 105 nm walls, but

instead spanned across trench regions and thus did not seem to correlate at

all with the placement of the trench walls. Unlike in Figure 5.2, any defects or

terraces that were observed in one trench often continued on to the adjacent

trench. Figure 5.4b demonstrates several examples where fingerprint patterns

span the widths of several trenches. Thus, while it seemed that lowering the

height of the walls was an effective strategy for reducing the accumulation of

trench patterns along the walls, it also allowed for the propagation of defects

across trenches.

Besides altering the height of the topographic features, the features may also

be modified with a brush layer to control the wetting behaviour of the BCP.

Given a topographically patterned substrate with no brush layer modification,

PDMS blocks were found to preferentially wet the sides of the patterned silica

walls (see Figure 5.5). While this did not affect the orientation of the cylinders

after self-assembly, it did lead to extra silica accumulating at the wall after

the polymer structures were exposed to plasma. To rectify this problem, a

PS brush was grafted to the substrate prior to the BCP film deposition and

self-assembly. The PS brush changed the affinity of the sidewalls to favour

PS wetting. Because PS may be subsequently removed by plasma, the result-

ing patterns always resulted in a space separating the BCP structures from
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Figure 5.6: (a) Films annealed to D = 2.0 produced high-quality density-
doubled lines with poor ordering. (b) When annealed to D = 2.1, the order
of the lines was greatly improved, but the lines were also much thinner and
wavier.

the silica walls. The brush layers did not have an affect on the terracing or

structure types observed along the trenches.

5.3.2 Block Copolymer Ordering

For the BCPs to form perfectly aligned lines along the trenches, there must be

sufficient mobility to allow the polymers to assemble into their thermodynam-

ically favoured state. This may be done by increasing the degree of swelling

to plasticize the BCP film. 22.5% PS/PS-b-PDMS films were annealed to

D = 2.0 along trench patterns, but as shown in Figure 5.6a, this D was insuf-

ficient for inducing the growth of highly ordered lines. While some areas close

to the trench walls displayed perfectly straight lines, other regions displayed

fingerprint patterns. New BCP films were then annealed to a slightly higher

degree of swelling (D = 2.1) to increase the mobility of the polymer films. As

shown in Figure 5.6b, there was a significant improvement in the ordering of

the BCP structures, and all the lines were shown to orient along the trench

direction. However, the new problem was that the resulting structures became

very narrow and wavy. This was likely due to the narrower diameters of these

self-assembled cylinders, which made them more susceptible to etching and

degradation during the plasma etch.
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Thus, it may be concluded that while alignment in solvent annealing may be

improved by increasing the degree of swelling, this approach is also limited by

the fact that as the D is increased, there is also a corresponding increase in the

line waviness. To attain structures with higher order while still maintaining

the line quality, slower anneals to D = 2.0 must be implemented so that

more time is given to the polymers to self-assemble and align along the trench

directions.

5.4 Block Copolymer Multi-Step Patterning

While the density-doubling technique described in the previous chapters was

effective in halving the feature pitch, several issues arose from using that

method. As mentioned in Chapters 3 and 4, lines templated from the up-

per layers tended to be narrower than lines templated from the lower layers.

The lines were also found to be more wavy than monolayer lines, suggesting a

possible collapse in the PS underlayer. One alternative method of producing

density-doubled features is to utilize multi-step patterning, similar to the dou-

ble patterning techniques used in the semiconductor industry. One advantage

gained from using multi-step patterning is the ability to tune and control the

dimensions of each layer of cylinders separately.

Figure 5.7 demonstrates how this process may be applied. A thin film of BCP

is initially deposited and self-assembled into a monolayer of cylinder or dot

patterns. These BCP nanopatterns are then converted into silica or metal

nanolines or nanodots, depending on the type of BCP used. To create metal

nanostructures, PS-b-P2VP is simply self-assembled and metallized in an O2

plasma step, as described in Chapter 3. To create silica nanopatterns, PS-

b-PDMS is self-assembled and etched by a two-step CF4 and O2 plasma, as

described in Chapter 4. A second BCP film is then deposited onto the pat-

terned substrate, and the nanopatterns from the first step act as graphoepi-

taxial guides for the self-assembly of nanostructures in the second step. The

cylinders or dot patterns from the second step are then converted into solid
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Figure 5.7: Schematic showing the sequential self-assembly and templating of
nanostructures.

patterns using metallization or plasma treatments. This process could con-

ceivably be repeated multiple times if so desired. The main limitation of this

technique is the control of impurities and defects, as these would accumulate

with the number of steps used in the fabrication process. Thus, although

this method provides a high degree of flexibility in the type of nanostructure

produced, it is also limited by the ability to maintain a high yield of desired

structures at the end of each step.

The use of BCP-templated nanostructures to guide the assembly of more BCP-

templated nanostructures has also been developed by other groups. The Ross

group first used structures templated from a PS(31k)-b-PDMS(14.5k) poly-

mer to guide the assembly of a smaller polymer, PS(11k)-b-PDMS(5k).[3] The

work was then extended by using large line or perforated lamellar patterns

templated from a large polymer to graphoepitaxially guide the assembly of

dot or line patterns in a smaller polymer.[4] The result was a variety of hierar-

chical nanostructures patterned using two self-assembly steps (see Figure 5.8).

168



Chapter 5: Block Copolymer Graphoepitaxy

Figure 5.8: SEM images showing three examples where the self-assembly of
small BCPs are guided by structures templated by a larger BCP. Reprinted
with permission from ref. [4]. Copyright © 2011 Wiley-VCH.

Similarly, Polleux et al. also used a sequential BCP self-assembly process to

produce titanium dioxide nanolines or nanodots around gold nanodots.[5]

Park et al. showed that self-assembled patterns from PS-b-PMMA could be

used to create surface chemical patterns, which could then be used to direct the

self-assembly of another layer of perpendicular lamellar PS-b-PMMA to form

an identical pattern.[6] Similarly, Ruiz et al. demonstrated that horizontal

cylinders could be etched half-way to produce aligned chemical patterns that

could template the formation of subsequent perpendicular lamellar patterns.[7]

This strategy was used because horizontal cylinders form ordered line patterns

faster than perpendicular lamellae. Thus, by producing ordered lines assem-

bled by the cylinders first, the authors hoped to reduce the overall assembly

time of the ordered perpendicular lamellar lines.

5.4.1 Two-Step Patterning of Lines

While using a large polymer to guide the assembly of a smaller BCP has been

demonstrated to be successful in producing hierarchical structures, the use of

structures templated by the same polymer to guide its self assembly is slightly

more difficult. One of the reasons is due to the fill ratio of the polymer: if the

fill ratio of a monolayer structure is greater or equal to 0.5, then the second
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layer of lines is expected to touch the other cylinders. The methods for tuning

nanostructure dimensions developed in Chapter 4 enables this approach to

feasibly create density-doubled nanopatterns.

To demonstrate this process, a 38 nm neat BCP film was spin cast onto a

sample coated with a PS brush, and solvent annealed with THF to D =

1.75. After a two-step plasma treatment, a low-magnification SEM image

demonstrated that both monolayer and bilayer regions were present in the

sample (Figure 5.9). To facilitate identification of the regions, false colour

was added to the SEM images to help identify the different structures in their

corresponding regions. The monolayer and bilayer structures were as described

in Chapter 4. A second BCP film of approximately the same thickness was then

deposited and solvent annealed with THF to D = 1.75. After another two-

step plasma treatment, the resulting structures were examined using an SEM

again. Each BCP film contributed both monolayer and bilayer regions, and so

in the multi-step approach, combinations of these regions resulted in three very

distinct regions, as observed in the low-magnification SEM image in Figure

5.9d. An image displaying the intersection of all three regions was displayed

in Figure 5.9e. The majority blue region clearly displayed a monolayer region

self-assembled onto another monolayer region. Unlike the density-doubled lines

templated by pure bilayer regions, these density-doubled lines were well-spaced

and had similar widths. The red and green regions both appeared to contain at

least 3 layers of lines. By observing the line behaviour near defect regions such

as the ones shown in Figure 5.9e, inferences could be made on the composition

of these regions. For example, the large circular defect in the green regions

seemed to suggest that those regions were composed of monolayers from the

first BCP film and bilayers from the second BCP film. On the other hand, the

similarity in shape of the red regions to the magenta regions suggested that the

red regions were composed of bilayers from the first BCP film and monolayers

from the second. Interestingly, many of the green regions also tended to form

along the edges of red regions, suggesting that the red regions may have helped

to seed the growth of green regions. The occurrence of red and green regions

may be reduced by finely tuning the initial thicknesses of the films, but the
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Figure 5.9: SEM images of the terraces (a), monolayer regions (b), and bilayer
regions (c) were obtained after the first deposition and plasma steps. The
monolayer regions are denoted with cyan, and the bilayer regions are denoted
with magenta. After the second deposition and plasma steps, SEM images were
obtained of the terraces (d), the region intersections (e), and of the individual
regions (f-h). Red, blue, and green false colour was added to denote the
different regions.
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focus of this study was on the optimization of structures in the blue regions.

Thus, for the remainder of the chapter, we focus solely on regions formed from

the sequential addition of monolayer nanostructures.

To observe the evolution of the density-doubled structures over time, neat BCP

films were deposited on silicon substrates and annealed in identical neat THF

vapour conditions to D = 1.75. The samples were then treated with 10 s CF4

plasma followed by a 50 s 10% CF4/90% O2 plasma. The resulting monolayer

and bilayer line structures are displayed in Figure 5.10a. A second BCP film

was then deposited and annealed with neat THF vapour to D = 1.75. After

a 10 s CF4 plasma to remove the overlying PDMS layer, the nanolines were

as shown in Figure 5.10b. At this point, the samples were subject to different

plasma conditions for varying durations of time.

In Figure 5.10c, the samples were subject to 100% O2 plasma from 10 to

120 s. One noticeable difference from the density-doubled lines templated

from bilayer structures was that the bright lines were from the lower layer

cylinders. These lines were found protruding from underneath the films at the

circular defects displayed in some of these images. After 20 s of exposure to

this plasma, no significant change in the line structures were observed. This is

due to the fact that the O2 plasma is very limited in its ability to etch PDMS.

Thus, after the PS matrix was removed, no noticeable change occurred for the

remainder of the 120 s.

The samples were also subject to 10% CF4/90% O2 plasma from 10 to 120 s, as

shown in Figure 5.10d. As the duration of plasma was increased from 10 to 40

s, lines templated from the second film became narrower and brighter. From

40 to 120 s, lines templated from both the first and second film became difficult

to distinguish from each other because they both had similar brightness and

widths. At 120 s, some of the lines appeared rough, suggesting that they had

become over-etched. The lines were also well-spaced and did not contain the

undulations observed in lines templated from BCP bilayers, even after 120 s.

Similar results were observed with 20% CF4/80% O2 plasma (Figure 5.10e)

except the lines were more well-spaced, and significant LER developed after
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Figure 5.10: (a) Neat BCP films were annealed with THF vapour to D =
1.75 and subject to the two step plasma treatment, producing monolayer and
bilayer regions. (b) A second BCP film was then annealed with THF vapour
to D = 1.75 and subject to a 10 s CF4 plasma treatment. SEM images of the
evolution of line structures over time in a 100% O2 plasma (c), a 10% CF4/90%
O2 plasma (d), and a 20% CF4/80% O2 plasma (e) were then obtained.
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Figure 5.11: First and second layers of line forming BCP films were spin coated
on the substrate, swelled to D = 1.50, 1.75, 2.00, and subject to plasma. The
resulting line structures were captured using SEM.

around 60 s of plasma. Again, no line undulations were observed even after

120 s of plasma. Out of the conditions tested, the 20 % CF4 plasma conditions

gave the widest spaces between lines, and a plasma duration of 50 s seemed to

give good quality lines without significant degradation in line edge roughness.

Thus, it was decided that the plasma treatment to be used for all BCP films

would consist of a 10 s CF4 plasma followed by a 50 s 20% CF4/80% O2 plasma.

To investigate the tolerance of BCP ordering to the underlying pitch, the line

pitch of the first and second layer films were varied with respect to each other.

As shown in Chapter 4, an increase in swelling during the annealing portion

of the anneal resulted in narrower lines with smaller pitch. Thus, by selecting

the D of the first and second layer films to be D = 1.50, 1.75, 2.00, the toler-

ance to pitch mismatches may be investigated. After each layer was annealed,

the sample was subjected to the standard two-step plasma treatment selected
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above (10 s CF4 plasma followed by 50 s 20% CF4/80% O2 plasma). The re-

sulting samples are displayed in Figure 5.11. It became immediately apparent

that the differences in pitch did not have a significant effect on the pattern

imitation. As shown in images along the top row, as Dline2 was increased from

1.50 to 2.00 (with Dline1 = 1.50), the number of intersection points between

lines from the two layers was found to decrease. This trend was also apparent

for samples with Dline1 equal to 1.75 or 2.00. Thus, the most obvious deter-

miner of pattern imitation of the first layer was Dline2. One likely explanation

is that as Dline2 increases, greater mobility is afforded to the second layer film

to allow the patterns to arrange between features templated by the first layer.

5.4.2 Three-Step Patterning of Features

The multi-step patterning technique described above is not limited to two

layers of structures. In the case of dot patterns, for example, a third layer of dot

patterns could potentially create density tripled arrays of hexagonally close-

packed dots (Figure 5.12a). To confirm whether the arrangements described

in the schematic were possible, a dot-forming 30% blend of PS with PS-b-

PDMS was deposited on a sample and annealed to D = 1.75. This blend

was shown in Chapter 4 to produce highly ordered hexagonally-packed dot

patterns. After the standard two-step plasma treatment (10 s in CF4 followed

by 50 s in 20% CF4/80% O2), an ordered hexagonal array of dot patterns was

observed (Figure 5.12b). A second dot-forming blend was deposited and the

same process was repeated to produce a dot array of open hexagon outlines

(Figure 5.12c). A third layer was then deposited under the same conditions,

and the result was the predicted density-tripled hexagonally close-packed array

of dots (Figure 5.12d). Thus, it is possible to use multi-step patterning to triple

the density of dot patterns on the substrate. One disadvantage, however,

was that each new layer also contained terraces and disordered hexatic dot

structures, and thus the areas containing the desired triple density dot patterns

was reduced considerably when compared to samples with only one or two

layers.
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Figure 5.12: (a) Schematic illustrating how monolayer films of dot patterns
stack with respect to each other. SEM images were obtained of the line struc-
tures after one (b), two (c), and three (d) film deposition steps.

The multi-step patterning technique could also be extended beyond 2 layers

in line-forming polymers. A neat PS-b-PDMS film was deposited, annealed to

D = 1.75, and etched with the standard plasma described above. While the

second layer of lines is known to deposit between lines from the first layer, it

was not immediately clear how the third layer of lines would deposit. A slight

height difference was thought to exist between lines templated from the first

two layers of cylinders, and this difference may have had the potential to direct

the assembly of the third layer. Unfortunately, because of the narrow pitch of

these lines, AFM profiles could not be taken to reliably determine the height

difference between the two layers. SEM images of the sample after the third

layer was deposited demonstrated that in some areas, lines from the third layer

did indeed form parallel and directly above lines templated from the first layer.

The majority regions, however, showed no correlation between the third layer

lines and the underlying two layers (Figure 5.13). Thus, it appeared that any

height difference that existed between lines from the first two layers was not

always significant enough to direct the alignment of the third layer lines.
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Figure 5.13: (a) Schematic illustrating how monolayer films of line patterns
stack with respect to each other. SEM images were obtained of the dot struc-
tures after one (b), two (c), and three (d) film deposition steps.

5.4.3 Non-Equilibrium Nanostructures

Besides doubling or tripling the density of nanofeatures, the use of multi-step

patterning also has the potential for creating patterns not normally accessi-

ble in standard patterning techniques. For example, one pattern of particular

interest for dynamic random-access memory (DRAM) fabrication is the forma-

tion of line patterns interspersed with dot patterns, as shown in Figure 5.14.

These patterns have been created by diBCP blends in the past,[8] however it

was with the help of dense pre-patterned chemical features on the substrate

that provided 1:1 registration with the BCP domains. In the work here, we

produced these patterns without the use of dense chemical pre-patterns by

sequentially depositing dot-forming and line-forming BCP layers. In these ex-

periments, dots were formed using the 30% PS/PS-b-PDMS blends, while lines

were formed using neat PS(31k)-b-PDMS(14.5k).

The two layers may be deposited either using a dots-first or lines-first ap-

proach. In the dots-first approach, as shown in Figure 5.15a, a dot layer was

first deposited on the substrate and was used to guide the assembly of the
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Figure 5.14: Patterns consisting of lines interspersed by hexagonally-packed
dots may be used to fabricate DRAM cells. Reprinted with permission from
ref. [9]. Copyright © 2005 American Vacuum Society.

subsequent line layer. The D of both layers were varied from 1.50 to 2.00, but

no significant difference was observed in the structures, so a representative

sample with Ddot1 = 1.75 and Dline2 = 1.75 is displayed. The line patterns

consistently passed through or engulfed the existing dot patterns, forming con-

nections between neighbouring dots instead of assembling between them, as

was required for the patterns in Figure 5.14. This phenomenon, which was

also observed by Yang et al.,[10] was a result of the selectivity of the dots to-

wards the minority PDMS blocks in the second layer. Thus, as a result of this

selectivity, the dots-first approach was unsuccessful in producing the desired

patterns.

In the lines-first approach, line patterns were first deposited onto the substrate

and used as guiding features for the assembly of the subsequent dot layer. The

SEM of a representative sample with Dline1 = 1.75 and Ddot2 = 1.75 is shown in

Figure 5.15b. In contrast to the dot-first approach, the lines-first approach was

highly successful in producing lines with dots interspersed between adjacent

lines. Because spheres are structures that are confined in all three dimensions,

it was more energetically favourable for the spheres to be independent than

to be bound or connected to an underlying line feature. Defects where dots

were replaced by short lines were still observed in many of these samples,

and further process optimization is required before these patterns can be used

for DRAM fabrication. One strategy to reduce these defects may be to use
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Figure 5.15: SEM images of structures produced in a dots-first approach (left)
and in a lines-first approach (right).

a neat spherical-forming BCP instead of the current PS/PS-b-PDMS blends.

The results presented here, however, are a proof of concept that interesting

non-equilibrium structures may be patterned using multi-step patterning.

5.5 Conclusions

Graphoepitaxy is a powerful method for directing the self-assembly of BCPs.

By laterally confining polymer films using lithographically templated features,

dot and line features produced by BCPs may be induced to form highly or-

dered patterns. One effect that must be considered when using graphoepitaxy,

is the ability for the walls to induce the redistribution of BCPs through cap-

illary effects during solvent annealing. These effects could be minimized by

reducing the wall heights of the trenches. Additionally, features templated by

BCPs may also be used as guiding structures for the graphoepitaxy of subse-

quent layers of BCP films, and this ability formed the basis of the multi-step

patterning approach. The multi-step patterning approach was demonstrated

to be successful not only in doubling line densities, but also in tripling the den-

sity of hexagonally-packed dots and in forming non-equilibrium arrangements

that could be useful for DRAM manufacturing.
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6
Conclusions

6.1 Thesis Summary

The primary aim of this thesis was to establish different methods for pushing

the pattern density limits of BCPs, and to elucidate the different structural

and film transformations that take place throughout the solvent annealing pro-

cess using in situ ellipsometry, optical microscopy, SEM, and AFM. Using this

information, different process parameters were varied to fine-tune the dimen-

sions of resulting nanopatterns. This chapter will summarize the highlights

and developments discussed in previous chapters and will then explore some

potential future research directions.

Chapter 1 began by presenting the challenges facing the semiconductor indus-

try as it strives to continually shrink the critical dimensions of nanofabricated

devices. Several new technologies currently under investigation as candidates

for next-generation lithography were then described, including EUVL, mask-

less lithography, NIL, and DSA.

In chapter 2, the basic principles of polymer chemistry and the thermodynam-

ics of bulk and thin-film BCP self-assembly were introduced. Different tech-

niques for improving BCP ordering were then explained, including increasing

the mobility of polymer chains, introducing external fields to direct the orien-

tation of self-assembled domains, and using substrate topography and surface
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chemical patterns to guide the assembly process. The chapter then closed with

a description of different methods for converting these self-assembled domains

into free-standing nanostructures.

Chapter 3 introduced a new concept of density-doubling using solvent-annealed

bilayer films of cylinder-forming BCPs. The evolution of nanostructures and

film thickness throughout the solvent anneal was elucidated through investi-

gations using in situ ellipsometry, microscopy, SEM and AFM. It was deter-

mined that the BCP domain morphology was closely-linked to D, the initial

film thickness, the presence of water, and the ambient temperature. As the

swelling progressed, the films were also found to form discrete steps known

as terraces. Thus, the swelling must be carefully controlled to maximize the

production of density-doubled patterns across a substrate.

Chapter 4 expanded the utility of the density-doubling technique by introduc-

ing various methods for tuning the critical dimensions of line patterns tem-

plated by bilayer cylinders of PS-b-PDMS. Swelling the film with solvents or

PS homopolymer, adjusting the BCP/substrate interface, and varying plasma

duration and composition were all strategies that were explored for tuning

the line widths and pitch to the desired pattern specifications. The percent

coverage of bilayer regions over the substrate surface could also be maximized

by adjusting the swelling and initial film thickness.

Finally, in chapter 5, topographic patterns fabricated from EBL were used to

guide the self-assembly of density-doubled line patterns. The height of the

walls were found to affect the terracing behaviour of the films during swelling,

and in some cases also led to polymer redistribution. Sufficient swelling was

required for the BCP cylinders to align along these topographic patterns, but

excess amounts also led to a degradation of the line structure. A polymer

multi-step patterning approach was then used as an alternative method for

producing dense arrays of dots or lines. Compared to the bilayer approach,

differences between lines templated from different layers were less pronounced.

This strategy could also be used to produce density-tripled dot patterns and

some complex non-equilibrium structures.
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6.2 Future Research Directions

Solvent annealing is a very important annealing technique and was used ex-

tensively throughout the work described in the thesis. However, one limitation

of solvent annealing is that a significant portion of the anneal is spent swelling

the film to the target D. Because this portion of the anneal is generally charac-

terized by low polymer mobility, no significant or lasting changes to the BCP

nanostructures are made, and the time is wasted. In addition, the constant

change in D during the solvent anneal promotes the constant growth of ter-

race structures, thus limiting the ability for the BCP domains to self-assemble

with higher order. The ideal swelling curve for maximizing the ordering effi-

ciency of the anneal would consist of a rapid swell to the target D, followed

by an extended period where the D is held constant. Thus, the future of sol-

vent annealing will be in gaining greater control over the film swelling. One

obvious strategy for rapidly swelling a BCP film to the desired D is to use

smaller anneal chambers with higher solvent evaporation or leakage rates, as

shown in Figure 3.13. For even faster swelling, the anneal chamber could also

be pre-saturated with solvent vapour such that when the sample is inserted,

there is an immediate swell in the film to a higher D. Preliminary tests with

these pre-saturated systems have shown promising near-instantaneous swelling

responses by the BCP films. The use of computer-controlled mass flow con-

trollers to manipulate the flow of solvent vapour into and out of the anneal

chamber may also be another possibility for controlling the film swelling.

The bilayer patterning strategy described in chapters 3 and 4 could be im-

proved considerably if lines templated from upper and lower cylinders were

more similar in width and in colour. In the case of PS-b-P2VP, longer or more

concentrated metallization exposures may provide more equal metallization

between upper and lower layer lines, and changes in the plasma conditions

may also allow the line etching in the upper and lower layer cylinders to be

more similar. As for the polymer PS-b-PDMS, variations in plasma compo-

sitions were found to affect the line widths of both upper and lower layer

cylinders. It was found, however, that excessive plasma resulted in an increase
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in line undulations. As described in chapter 4, one possible cause of the undu-

lations was the low melting point of PDMS, and the collapse of the underlying

PS support before the PDMS could properly cross-link. Thus, one option is

to cross-link the PDMS prior to plasma treatment. Another possible cause

of the undulations was the rapid relaxation step after the end of the anneal,

which led to rapid changes in the film thickness. In such a case, a possible

solution may be to introduce a gentle secondary thermal anneal to correct for

these errors.

The multi-patterning technique described in chapter 5 was found to be ex-

tremely sensitive to defects. Defect control in this multi-patterning step is

even more crucial than in the bilayer patterning approach because multiple

self-assembly steps are required. Thus, for the entire process to produce <0.01

defects/cm2, each layer must produce even fewer defects. Minor fluctuations

in film thickness or particles trapped in the polymer films were also found

to heavily influence the uniformity of subsequent films deposited on the sub-

strates. To reduce these problems the polymer solutions may require purify-

ing or filtering and all processing steps may be required to take place within

a clean room. The film swelling must also be controlled with a high degree

of precision to ensure uniform coverage of monolayer cylinders across the en-

tire substrate. Finally, a method for aligning and ordering these structures

must be used. Graphoepitaxy, chemical epitaxy, or even the use of external

fields such as shear are possible methods for increasing the ordering of these

multi-patterned nanostructures.
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