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Abstract
Directed self-assembly (DSA) of block copolymers (BCPs) is a prime candidate to further
extend dimensional scaling of silicon integrated circuit features for the nanoelectronic
industry. Top-down optical techniques employed for photoresist patterning are predicted to
reach an endpoint due to diffraction limits. Additionally, the prohibitive costs for “fabs” and
high volume manufacturing tools are issues that have led the search for alternative
complementary patterning processes. This thesis reports the fabrication of semiconductor
features from nanoscale on-chip etch masks using “high χ” BCP materials. Fabrication of
silicon and germanium nanofins via metal-oxide enhanced BCP on-chip etch masks that
might be of importance for future Fin-field effect transistor (FinFETs) application are
detailed.

Chapter 1 introduces the key reasons and main motivations for the research carried out
during this PhD. Nanoelectronic industry challenges are outlined that have led to increased
interest in BCP materials for device patterning. The fundamental characteristics of block
copolymer self-assembly are explained and favorable BCP systems for on-chip etch masks
are discussed. A literature review detailing early methods incorporating inorganic material
in self-assembled or “neat” BCP thin films is presented. Furthermore, more recent reports
for infiltrating BCP thin films are reviewed including atomic layer deposition, sequential
infiltration synthesis, metal-salt inclusion, and aqueous metal reduction. Salient work on
applications beyond on-chip etch masks are also mentioned.

iii

Chapter 2 details the selective etching of polylactic acid (PLA) from a poly(styrene)-blockpoly(D,L)lactide (PS-b-PLA) BCP. PS-b-PLA was chosen for study as it is a “high χ” BCP
that can potentially access small features sizes at low molecular weights. Also the degradable
nature of PLA provides a possibly facile method for creating porous nanoscale on-chip etch
masks for nanolithography. “Solvo-microwave” annealing was employed to produce wellordered nanoscale patterns. A range of wet etch (solution) and dry etch (plasma) procedures
for etching PLA were examined in chapter 2 in a view to develop porous on-chip etch masks
for silicon patterning at sub-20 nm features.

Chapter 3 focuses on the self-assembly of PS-b-PLA using conventional solvent vapor
annealing. Grazing incidence small angle X-ray scattering (GISAXS) was employed to
probe the thin film interior and to analyze the ordering of microdomains at different stages
after solvent vapor annealing. The chapter details PS-b-PLA thin films that are suitable for
nanolithography. Optimized wet etching of the PLA block is demonstrated in chapter 3 as
characterized by electron microscopy and GISAXS. Directed self-assembly is also utilized
to align PS-b-PLA microdomains for nanolithography where both parallel and perpendicular
alignments of features to guiding sidewalls was observed.

Chapter 4 introduces another “high χ” BCP of interest for nanolithography, PS-b-poly(4vinylpyridine). Chapter 4 focuses on the importance of substrate surface functionalization to
enhance and orient BCP microdomains. Metal oxide inclusion is also discussed for
enhancing etch contrast of nanodot arrays to enable high aspect ratio silicon nanopillars
following pattern transfer.

iv

Line space features and DSA are demonstrated in Chapter 5 using PS-b-P4VP BCP. Robust
metal oxide nanowires are formed and produce high aspect ratio silicon nanofins after pattern
transfer. Graphoepitaxial alignment using hydrogen silsesquioxane (HSQ) prepatterns over
macroscopic areas is also shown for this system producing near-defect free patterns.

Chapter 6 focuses on an unusual microdomain perturbation observed using graphoepitaxy
and PS-b-P4VP line patterns that may be related to polymer expansion during solvent vapor
annealing. Alternative strategies are put forward to alleviate this issue. Whilst reducing
features has been the path followed for increased device performance, high mobility
materials are also of much interest.

In chapter 7, long range alignment of PS-b-P4VP line space features through electron beam
lithographically defined HSQ prepatterns on germanium and germanium-on-insulator
substrates is demonstrated for the first time. Pattern transfer of metal oxide nanowires
hardmask arrays to the underlying substrates produces sub-10 nm aligned germanium
nanofins.

Chapter 8 summarizes the key achievements of each chapter and examines future directions
of BCP nanopatterns for nanoelectronic device technology.
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1.1. Abstract
Block copolymer (BCP) nanolithography and directed self-assembly (DSA) of BCPs
has emerged as a realizable complementary tool to aid optical patterning of device
elements for future integrated circuit advancements. In this chapter, methods to
chemically enhance BCP etch contrast for DSA application and further potential
applications of inorganic nanoscale features (e.g. semiconductors, dielectrics, metals
and metal oxides) are examined. Strategies to modify, infiltrate and controllably deposit
inorganic material utilizing neat self-assembled BCP thin films open a rich design
space to fabricate functional features in the nanoscale regime. The literature review in
this chapter provides the reader with an understanding and overview on innovative
ways for the selective inclusion/infiltration or deposition of inorganic moieties in
microphase separated BCP nanopatterns. Early initial inclusion methods in the field
and exciting contemporary reports to further augment etch contrast in BCPs for pattern
transfer application are described. Specifically, the use of evaporation and sputtering
methods, atomic layer deposition, sequential infiltration synthesis, metal-salt inclusion
and aqueous metal reduction methodologies forming isolated nanofeatures will be
highlighted in di-BCP systems. Functionalities and newly reported uses for electronic
and non-electronic technologies based on the inherent properties of incorporated
inorganic nanostructures using di-BCP templates are highlighted. We also outline the
potential for extension of incorporation methods to triblock polymer features for more
diverse applications.

1.2. Block copolymers
Self-assembly (SA) is a reversible process whereby pre-existing disordered components
form a highly ordered arrangement or pattern under the right conditions. It should be

2
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noted that there are two main types of SA; dynamic and static. Static SA involves
systems that do not dissipate energy and are at local equilibrium. In contrast, dynamic
SA (also referred to as self-organisation) may require energy for an ordered structure to
form. This reversible spontaneous process of SA is summarised from the Gibbs Free
Energy equation below; 1

ΔGSA = ΔHSA – TΔSSA

Equation 1

ΔGSA when negative self-assembly is a spontaneous process
ΔHSA enthalphy change due to interaction between segments of BCP
TΔSSA entropy change in process

From equation 1 we can conclude that for a given system above a certain temperature
for SA to occur, the enthalpy term must be negative and in excess of the entropy term.
Thus for SA to successfully occur, enthalpic forces must dominate.

A large number of reviews are available on BCP synthesis,2-4 thin film behavior and
morphologies for nanopatterning,5-14 and the fundamental influencing parameters
concerning BCPs are detailed here. The simplest form of a BCP is one that contains
two polymer blocks covalently connected at their ends i.e. a diblock copolymer (diBCP) as shown in Figure 1.1.15

3
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B

A

Figure 1.1. A. Phase diagram of a diblock copolymer with volume fraction vs χ.N as
predicted by self-consistent field theory. B. Resulting morphologies on increasing
block volume fraction (fA). See text for details. Images reproduced from reference 15.

Table 1. Corresponding block percentages and space groups for resulting morphologies
of “classical” block copolymers.16
Morphology

Spheres
Cylinders
Double Gyroid
Double Diamond
Lamallae

Space Group

lm3m
p6mm
la3d
pn3m
Pm

Percentage of block A

0-21%
21-33%
33-37%
33-37%
37%-50%

The block volume fractions (fA and fB, where fA + fB = 1) and the polymer-polymer
interaction parameter (referred to as the chi factor, Flory-Huggins χAB parameter or
simply χ) contribute to resulting morphology and the self-assembly dynamics of diBCP materials.17 The χ value quantifies the degree of dissimilarity of constituent
chains. Di-BCPs have properties that can be utilized for diverse functions which are not
accessible from their homopolymer segments. Upon “nanophase separation”, more
commonly referred to as microphase separation, di-BCPs can form well-defined
nanoscale spherical, cylindrical, gyrodial or lamellar features (see Table 1 and Figure

4

Chapter 1: Introduction

2015

1.1.A) with increasing f as shown in Figure 1.1.B. The thermodynamic incompatibility
(unfavourable interactions) of the constituent polymer segments is the driving force for
microphase separation. Di-BCPs (A-B) form geometries that can be tuned or where one
can “dial-in” specific nanoscale dimensions (3-100 nm) via control of the total degree
of polymerization (N = Na + Nb) i.e. the molecular weight of a BCP.14

These factors are represented by equation 2 which describes the free energy of the
system:18

ΔGmix
kbT

1

1

= 𝑁𝑁𝑁𝑁ln (fA) + 𝑁𝑁𝑁𝑁ln (fB) + fAfB χ

Equation 2

ΔGmix = Gibbs free energy
Kb = Boltzmann’s constant
T = Temperature
NA = Polymerisation of segment A
NB = Polymerisation of segment B
fA = Volume fraction of block A
fB = Volume fraction of block B
χ = Flory-Huggins Interaction Parameter

From equation 2, terms 1 and 2 can be manipulated by the polymerisation of the BCP
and relative volume fractions. In contrast term 3, χ, is a result of the molecules
involved (fA and fB) and is directly related to temperature.

5
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The phase diagram displayed in Figure 1.1.A shows the relationship of χ.N versus f. If
χ and/or N value are reduced so that χ.N is below a critical value, entropic factors will
produce a disordered phase. It should be noted that the product of χ and N, χ.N, plays a
pivotal role in microphase separation occurring and theoretically a χ.N value above ~
10.5 is needed for ordered morphologies to occur. χ is determined by the di-BCP
selected while the volume fraction and polymerisation which influence the translational
and configurational entropy are determined by the polymerisation stoichiometry. As
determined from equation 2, χ is a temperature dependent parameter. For an ordered
structure at equilibrium, polymer chains of the DBCP will be arranged in minimum free
energy configurations.

1.3. Motivation and scope
The empirical law known as “Moore’s Law” drives the nanoelectronic industry to
continually achieve ever smaller technology nodes for increased electronic device
performance.19 Due to physical limits and prohibitive costs encountered with optical
lithography patterning, alternative methodologies are being investigated and
scrutinized. Additionally, major semiconductor companies also face challenges to
evolve and diversify devices (More than Moore, MtM), together with advanced
connectivity (Internet of Things, IOT). It has been reported extensively in recent years
the enormous promise that block copolymer (BCP) self-assembly may be promising
enough to afford the nanoelectronic industry an alternative patterning technology.20-24
Highly ordered BCP etch mask arrays with near perfect registration could possibly
augment next-generation lithographic processes so as to move industrial scale
patterning into the deep nanoscale regime (sub-10 nm) while reducing costs and
maintaining throughput for high volume manufacturing (HVM) needs.
6
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Research on BCP materials, enhanced polymer block etch contrast, reducing line
edge/width roughness, minimizing defect levels, high-aspect ratio pattern transfer and
overall integration for electronic device patterning is being relentlessly developed in
pursuit of Moore’s Law,25 a trend followed for continued silicon feature miniaturization
over the past 50 years. Top-down optical patterning of substrates to fabricate trenches
(graphoepitaxy, hard26 or soft27) and chemically modify polymer interactions at random
copolymer brush coated substrate surfaces (chemoepitaxy28) to “direct” self-assembly
are referred to as directed self-assembly (DSA) of BCPs. DSA of BCPs coupling topdown fabrication with BCP self-assembly provides a powerful synergy to fabricate
device related geometries with the potential to further the increased demands of
microprocessor and hard disk drive companies. The capacity of DSA of BCPs lies in
the technology’s conceptual similarities and parallel processing schemes to current
device patterning where a light sensitive polymeric based layer (photoresist) is spun on
a substrate and is patterned with ultraviolet light to attain device relevant features (e.g.
line, holes). These patterned resist features are subsequently “pattern transferred” to the
underlying material.

There are still outstanding issues with BCP nanolithography patterning for HVM and
very large scale integration (VLSI). One major concern is the poor etch contrast
between polymer blocks to enable high fidelity device structures following pattern
transfer.29 In this regard, infiltrating self-assembled BCP nanopatterns with inorganic
moieties to chemically enhance the pattern is extremely useful. Since most BCP
systems are made up primarily of lighter elements (e.g. C, H, O, N) and thus have poor
etch contrast, incorporating heavier metal containing species has great potential for etch

7
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enhancement. As-synthesized metal containing BCPs have been highlighted recently to
circumvent this issue and two reviews are available.30,31 Therefore, this literature
review aims to provide an overview of versatile ex-situ infiltration techniques on asformed BCP patterns. Ideally, BCP materials should allow a facile highly selective
pattern transfer resulting in high aspect ratio features (i.e. the ratio of lateral to vertical
dimensions) as shown in Figure 1.2.

Figure 1.2. Schematic representing paths to well-defined high aspect ratio features
using di-BCP systems and infiltration techniques. 1. Successful self-assembly of diBCP system forming ordered arrays. 2. Selective incorporation of one block with
inorganic material to enhance etch contrast. Inorganic features at substrate surfaces can
also be utilized for other functions (see text for details). 3. Pattern transfer using
inorganic etch mask.

The potential of infiltration of “neat” BCPs was outlined in 2006 by Krishnimoorthy et
al.7, “In addition to in-situ synthesis of nanoparticles, block-copolymer-derived
templates can be used to assemble “preformed” nanoparticles into a variety of ordered
arrangements”. This statement referred to only a handful of early demonstrations as we
will discuss below. However, at present a diverse range of techniques have established
8

Chapter 1: Introduction

2015

superb control for directing nanoparticles and inorganic material using neat BCPs.
There are a number of reasons that such post BCP self-assembly modifications are
advantageous for on-chip etch masks. Firstly, achieving well-defined inorganic
nanostructures post self-assembly avoids complexities that can alter kinetic and
thermodynamic paths when bonding materials (e.g. metal salts, small molecules) with
BCPs in solution.32 Furthermore, the range of BCP materials in solution that can be
selectively altered is quite narrow (restricted to electron donating sites in BCP blocks
like poly-2-vinylpyridine (P2VP) and poly-4-vinylpyridine (P4VP), or weakly
coordinated with polyethlylene oxide (PEO) blocks). Consequently, it is difficult to
produce well-oriented and ordered microphase separated BCP patterns of technological
use with high registration and global coverage. Lastly, morphological changes are also
a concerning factor when adding materials in solution that may result in atypical BCP
structures following thin film preparation. In this respect, the surface energetics at the
polymer/substrate and free interface (polymer/air) must be given special attention for
BCP thin films to self-assemble with desired orientation and order with appropriate
treatment techniques. Two popular annealing methods for inducing self-assembly and
enhancing the long range order of BCPs are solvent vapor annealing33 and thermal
annealing.8,34 These two annealing methods would presumably behave differently in
comparison to accepted annealing protocols for forming thermodynamically stable
structures when materials are bonded in solution due to changes including but are not
limited to BCP volume fraction, glass-transition temperature, crystallinity, polymer
chain mobility, block surface energies and free air/polymer and polymer/substrate
interface interactions.

9
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Strategies for enhancing and infiltrating a particular polymer block component have
been demonstrated across a range of BCP systems. Beyond on-chip etch mask
applications for nanolithography, the alterations to BCP systems enable the formation
of hybrid nanoscale materials with novel functionalities and salient work is described in
sections below. Through selective infiltration of “foreign” species within BCP
microdomains, resulting nanostructures can potentially address a range of electronic,
environmental and energy applications in low-cost scalable processes. Although this
chapter focuses on di-BCP structures, other linear BCP structures such as triblock
polymers (ABA, ABC) and multiblock copolymers [(AB)n] can access a myriad of
zero, one, two, and three dimensional architectures increasing design space for future
materials and could possibly be infiltrated in the same manner as di-BCP copolymers.
In a recent article, Ross et al.35 have emphasized the potential of utilizing 3D patterns
for batteries, membranes or photovoltaic application as placement of features and
defect levels are not as stringent as for integrated circuit application. With this in mind,
the ability to replicate 3D BCP patterns using inorganic strategies described in this
chapter may allow low-cost high density fabrication practices for nanomanufacturing.
We examine some of the most recent methodologies over the past decade as follows;
section 1.4: evaporation and sputtering of metals on BCP templates; section 1.5: atomic
layer deposition (ALD) and BCP templates; 1.6: sequential infiltration synthesis (SIS)
of BCPs; 1.7: spin coating methodologies for metal nanoparticle alignment and metal
oxide inclusion with “activated” block copolymer templates, and 1.8: aqueous metal
reduction (AMR) and block copolymer nanopatterns. Each section describes reports on
as-formed (i.e. “neat”) BCP patterns on their etch mask use and functional use. In
reviewing the different methodologies for fabricating inorganic material, we also
highlight the specific BCP system attributes within sections that allow facile infiltration

10

Chapter 1: Introduction

2015

due to their inherent chemical properties to form porous templates or their reactivity for
chemical reactions with precursor material.

1.4. Evaporation and sputtering of metals on block copolymer templates
Over a decade ago, Park et al. demonstrated a high level of control to fabricate
hexagonally packed metal dot arrays with an areal density of 1011 cm-2.36 A cylinder
forming poly(styrene)-block-poly(isoprene) (PS-b-PI) BCP was employed to form large
scale coverage of nanodot patterns to behave as an etch mask. A trilayer patterntransfer scheme was utilized (top layer of BCP, middle layer of silicon nitride and
bottom layer of polyimide) as shown in Figure 1.3. The authors described that the
trilayer pattern transfer route was adopted in order to increase aspect ratio of pattern
transferred features as previous work displayed an aspect ratio of ~ 1.37 Their previous
work in 1997 reported the first demonstration of pattern transfer with a BCP, using a
sphere forming PS-b-poly(butadiene) (PS-b-PB) BCP. Two years prior to this
experimental pattern transfer evidence, the original concept for adopting BCP films as
etch masks for patterning small features was formulated by Mansky et al.38,39 These
initial works outlined the requirement for careful attention to BCP selection and
chemistry for on-chip etch-mask application. In Park’s work, the minor PI block of PSb-PI BCP was removed via ozonolysis and washing of fragments as the carbon-carbon
double bond backbone of the PI block is susceptible to fragmentation (similar to the PB
block in PS-b-PB37,39) enabling a porous PS matrix to be formed (Figure 1.3.C).
Subsequent RIE processes developed a porous polyimide pattern (Figure 1.3.E).
Consecutive evaporation processes of Ti and Au (5 nm/15 nm) were used to in-fill the
porous polyimide area (Figure 1.3.F). Following lift-off of the polyimide material,
well-ordered Au nanodots were fabricated (Figure 1.3.H and I).

11
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Figure 1.3. A-G. Process flow of trilayer pattern transfer strategy using PS-b-PI for
templating Au nanodots via lift-off. H and I. AFM and SEM images of Au nanodots
with an areal density of 1011 cm-2. Scheme and images reproduced from reference 36.

The above mentioned successes showed the capabilities of BCPs to form both welldefined on-chip etch masks for nanopatterning but more importantly demonstrated a
relatively simple process route to allow placement and registration of a metal in the
sub-20 nm diameter regime. Following Park’s work, further studies using evaporation
of metallic material on neat or as-formed BCP films largely concerned PS-bpoly(methyl methacrylate) (PS-b-PMMA). One such report40 used a porous PS-bPMMA template where PMMA was selectively removed through UV exposure (and
acetic washing) as PMMA is susceptible to scission. Interestingly, with the PS etch
mask in place on silicon, dry etch procedures were carried out to roughen the surface of
the underlying silicon electrode of a metal oxide semiconductor capacitor thus
increasing the device surface area.41 Additionally, porous PS templates were employed
to demonstrate highly ordered Au, Co and Ti nanodot arrays after e-beam evaporation
and removal of the PS material.
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The earliest works on modification and infiltrating PS-b-PMMA BCPs as described40,41
centred on thermal or e-beam evaporation of metals combined with lift-off procedures.
Another example presented by Russell and coworkers42 using PS-b-PMMA templates
and Cr evaporation in 2002 demonstrated a similar level of areal density (1011 cm-2) to
Park’s36 work. PMMA was initially removed via the UV exposure/acetic acid washing
protocol generating a porous matrix. Metal evaporation allowed Cr nanodots to be
formed after PS matrix removal. Interestingly, the authors also reported on the
fabrication of a Cr matrix via an inverse PS-b-PMMA system (i.e. fPMMA = 0.7, PMMA
matrix surrounded by PS dots). After selectively removing the PMMA matrix, Cr
evaporation (15 nm) enabled a porous Cr matrix to be generated following excess PS
and Cr elimination. The work extended the use of BCP templates to act as both
negative and positive templates. Succeeding publications on PMMA based etching and
lift-off methods have demonstrated graphoepitaxially aligned magnetic Co nanodots
using a dry lift-off procedure,43 fabrication of high-aspect ratio (1:10) Si nanopillars
using sputtered Cr,44 high temperature resistant Au nanoparticles,45 ultra-small
ferromagnetic (Co) nanorings,46 Ag nanowires (also fabricated via electrochemical
etching),47 selective masked deposition of Fe catalyst particles for carbon nanotube
growth,48 Au and Al nanowire arrays guided by soft graphoepitaxy,49,50 Al2O3 dot
nanopatterning on Cu substrates,51 silicon nanocrystals,52 and Ge nanowire
fabrication.53 Another report in 2007 attempted to selectively decorate evaporated Ag
on electron-beam lithographically exposed PS-b-PMMA BCPs. The authors observed
less Ag decoration in electron-beam exposed areas and commented how the
methodology could potentially be utilized to tailor a BCP system domain selectivity
where an inherent attraction is not present.54 In 2014, Kreuzer et al.55 outlined an
unusual phenomenon whereby either mesoporous Ti films were formed on a low
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molecular weight unmodified PS-b-PEO template (period of dots ~ 40 nm) or
hexagonally arranged Ti dots were formed on a larger molecular weight template
(period of dots ~ 100 nm) after electron-beam evaporation of a nominal 10 nm of Ti.
The report showed that by choosing a particular template different meso or nano
structures could be formed. The work also emphasized that surface chemistry is not the
sole dominating factor for selective evaporation and the dimensions of features of a
template must also be accounted for.

One work highlighting the elegance and versatility of BCP materials using PS-b-poly4vinyl-pyridine (PS-b-P4VP) demonstrated pattern transfer of pores, pillars and rings
into silicon oxide via gold evaporated etch masks on a PS-b-P4VP template as shown
in Figure 1.4.56 PS-b-PxVPs (x = 2 or 4) have received much study owing to the
reactive PVP groups for metal or small molecule bonding and their inherently high χ
(PS-b-P2VP, χ ~ 0.18).

The authors took advantage of selective solvent swelling of P4VP to create a “surface
reconstructed” or porous film. Glancing angle gold evaporation along with thermal
annealing enabled the formation of different Au patterns, i.e. depending on thermal
annealing temperature and time, Au nanoparticles or rings could be attained due to
differing P4VP-Au interactions as shown in Figure 1.4.A-C. The patterns were
subsequently used as etch masks to etch into SiO2 underlayer (Figure 1.4.D-F).
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Figure 1.4. TEM images of Au decoration via glancing angle evaporation (~ 5°) on
surface reconstructed PS-b-P4VP films showing Au (A) outside the P4VP pore after
evaporation, (B) inside the P4VP pore using <0.5 nm Au layer through thermal
annealing at 115°C for 10 minutes, and (C) having a ring pattern using a Au layer > 0.5
nm thermally annealed 180 °C for 30 minutes. (D-F) SEM images following reactive
ion etching of etch masks (A-C) into underlying silicon oxide generating (D) pores, (E)
pillars, and (F) ring patterns. All scale bars = 100 nm. Images reproduced from
reference 56.

The first demonstration of a metal nanodot memory array using a BCP lift-off
technique was reported by Hong et al.57 in 2010. Porous PS-b-PMMA nanodot patterns
were utilized for Cr nanodot fabrication via evaporation and lift-off of the PS template.
Subsequent ALD coating of a control oxide (Al2O3) on the Cr nanodots and an
evaporated metal gate (Ti/Al layers) were carried out to fabricate the memory device
(see Figure 1.5.H-I). The authors reported an “ultrawide memory window” (15 V) for
their device. Importantly, it was concluded that the density of the device features could
certainly be extended beyond the 40 nm period of Cr dots used by the range of “other
15
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copolymer systems with stronger segregation forces”. This is certainly true from
today’s BCP processes where nanodot templates with periods of 18 nm,58 17 nm,59,60 12
nm,61,62 and 10 nm63 have been fabricated with high χ BCP materials.

Figure 1.5. (A-G) Process flow for metal nanodot memery device. (H) Side-view SEM
image of Porous PS matrix following selective PMMA removal. Top-down (I) and
side-view (J) SEM images of evaporated Cr nanoarrays using host PS matrix. Inset in
(J) shows TEM image of gate oxide on Cr dot. Scheme and images reproduced form
reference 57.
An interesting demonstration by Kim et al.64 in 2015 described the use of BCP
nanopatterning for triboelectric generator application. Triboelectric nanogenerators
have gained interest for energy harvesting and BCP patterning has been proposed due
to the associated low device fabrication costs. In Kim’s work, PS-b-PMMA was spin
coated on a Au coated Kapton film producing an arrangement of vertically oriented
PMMA cylinders (see Figure 1.6.A) in the PS matrix. Successful thermal evaporation
of Au into the porous PS template (via UV/acetic acid protocol) and subsequent lift-off
of the PS matrix produced high density Au nanodots. After device fabrication using the
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Figure 1.6. (A) and (B) show process flow for triboelectric nanogenerators. (C) Topdown SEM and side-view SEM (D,E) of Au nanodots following evaporation for
triboelectric device. (A-E) reproduced from reference 64. (F) Process flow for
development of bilayer Pt/Ti nanodots on HfO2/TiN surface for resistive switching
memory application. Top-down SEM image of (G) porous host PS template and (H)
Pt/Ti nanodots as shown in (I). (F-I) reproduced from reference 65. All scale bars = 100
nm.
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Au nanodots from BCP patterning, current output of the triboelectric nanogenerator
increased at least 16 times.

Others have also lately reported device fabrication for memory application using PS-bPMMA templates. Frascaroli et al.65 developed resistive switching in a high-density
device using bilayer Pt/Ti nanodots at a density of 5 x 1010 devices cm-2. The work
highlights the ability of BCPs to address HVM needs where scalability and high device
density are necessary, which can be difficult to access with expensive top-down
patterning methods alone. Note that the bilayer of Pt/Ti nanodots were patterned on a
HfO2/TiN surface (see Figure 1.6. F-I) and electrically characterized using a conductive
atomic force microscope.

Many studies have been published combining BCP dot templates and evaporated metal
with a focus on magnetic studies. One-dimensional metal nanowires are also of interest
for a plethora of diverse functions including optoelectonic, photonic and solar-cell
devices. The above outlined approaches using evaporation and BCP templating
generally involve a lift-off procedure. In contrast, excellent work has been shown by
Ross and co-workers using PS-b-poly(dimethyl siloxane) (PS-b-PDMS) templates and
radio frequency sputtering of a variety of metals coupled with plasma etching.66-68 PSb-PDMS is a BCP of major focus in the BCP nanopatterning community due to its high
χ (χ ~ 0.26) and the PDMS silicon containing backbone producing etch contrast
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Figure 1.7. (A) Top-down SEM images of diverse metallic lines fabricated from robust
process using PS-b-PMDS templates and metal radio frequency sputtering. (B) Pt
deposited on PDMS spheres. Images reproduced from reference 66. (E) Metallic porous
films after selective PDMS removal, (F) Ti lines, (G) a nanoporous Ni metallic film,
(H) porous SiO2 following etching using nanoporous metallic film, and (I) Ni nanodots.
Images reproduced from reference 68.
when oxidized. After developing well-oriented oxidized PDMS line-space features
following selective etching, radio frequency sputtering of Ti, W, Pt, Co, Ni, Ta, Au and
Al along with selective dry etching of the sputtered metal led to resulting metal wires
with sub-10 nm feature size.66

Figure 1.7.A displays SEM data of the respective metals fabricated using this
“Damascene-like” process with periods of 17 nm. Importantly, the fabrication process
was shown to be robust as studies revealed that the Ni nanowires retained their
magnetic properties. A follow up work detailed a similarly impressive level of control
in generating nanopore arrays via a sphere forming PS-b-PDMS template and radio
frequency sputtering for magnetic study (Figure 1.7.B-I).68
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More recently, Baruth et al. also described a “Damascene-like” process by overfilling a
porous PS template generated from a cylinder forming PS-b-PLA BCP (see Figure
1.8.A and B for process flow and porous PS matrix).69 After overfilling Ni80Fe20
(permalloy) through molecular beam deposition, planarization using ion beam milling
to the PS matrix followed by dry etching enabled the formation of Ni80Fe20 nanodots as
shown in Figure 1.8.C. The authors also described a climate controlled process
enhancing the ordering PS-b-PLA features during self-assembly. A considerable
difference in the long range order of the BCP was observed between the two studied
annealing environments and thus the resulting evaporated patterned Ni80Fe20 material.
Of late, further work on the PS-b-PLA system has led to even greater control in the
degree of order and thus the resultant incorporated metal material.58

Figure 1.8. (A) “Damascene-like” process for the generation of permalloy nanodots
using PS-b-PLA BCP. (B) Porous PS matrix after PLA etching. (C) SEM image of
highly ordered permalloy nanodots fabricated using molecular beam deposition
followed Ar ion beam milling. Reproduced from reference 69.
The opening part of Section 1.4. provided an overview of early research of metal
incorporation via evaporation (thermal, e-beam) and sputtering using BCP templates as
hosts that has catalysed more incorporation techniques to be investigated and led to
further achievements. Latterly the work has progressed to achieve finer definition and
registration of metals via graphoepitaxial alignment. These last-mentioned works
attaining high-quality ordered patterns can partly be attributed to the use of high χ (e.g
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Chapter 1: Introduction

2015

PS-b-PDMS and PS-b-PLA) materials. It is recognizable in the subsequent sections
discussed below that researchers have now expanded their employed techniques to
realize inorganic nanostructures with improved placement accuracy and pattern
uniformity.

1.5. Atomic layer deposition methods and block copolymer templates
Atomic layer deposition (ALD) is a versatile technique for depositing inorganic
material for the controlled formation of uniform layers via vapor phase precursors.70
The systematic nature of ALD cycles enables atomic level precision through selflimiting surface reactions in the deposition of inorganic functional material. Such
approaches allow tuning and interface engineering to precisely modify nanoscale BCP
features on a large scale. This introductory chapter focuses on techniques that modify
nanolithography relevant self-assembled BCP templates (spheres, cylinders, lamella) as
opposed to methods that coat or infiltrate kinetically trapped structures like micelles,71
nanorods,72 etc. It could be argued that ALD alone is not a true “infiltration” technique
however it warrants highlighting due to its possible impact for feature size alteration,
density multiplication potential and close relationship with SIS (Section 1.6.).

A variety of ALD-BCP practices have emerged that could continue the scaling of
complementary metal-oxide semiconductor (CMOS) devices in the future. An
interesting article in 2014 by Moon et al.73 introduced a methodology combining ALD
alumina coating and a porous PS template (initial periods of 46 nm and 28 nm) to
reduce and define periodicities of 14 nm in line space patterns with feature sizes of ~ 5
nm whilst the approach can also lead to period and feature size shrinkage for hole
patterns. Figure 1.9. shows SEM images of reduced features enabled through ALD
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spacing layers. The methodology possesses great potential for circumventing the size
limitations associated with low χ BCPs like PS-b-PMMA. The enhancement strategy
avoids costly lithographic tools and complex processes (such as litho-etch-litho-etch)
for pattern multiplication. A uniform 5 nm thick alumina layer was deposited on the
PMMA removed PS-b-PMMA features (lamella for line space features and
perpendicular cylinders for nanohole arrays). This spacer layer was subsequently
removed using controlled ICP etching. Additional PS removal and pattern transfer of
the robust alumina features resulted in silicon line arrays and nanotubes as shown in
Figure 1.9. A similar ALD-BCP approach albeit with larger periods (36 nm) in an
earlier reported work in 2010 by researchers at CEA LETI (Grenoble, France)
demonstrated the selective removal of PMMA from PS-b-PMMA BCP combined with
an ALD deposited alumina material to act as a hardmask.74,75 Through careful tuning of
PS surface chemistry, alumina deposition was predominantly formed in the porous
regions between PS features. The alumina patterns were then pattern transferred to the
underlying substrate producing high-fidelity silicon nanostructures (see Figure 1.9G
and H). In the above works, the benefits offered by inorganic inclusion via ALD are
clear for density multiplication and enhanced pattern transfer, and it is worthy to note
the importance and understanding of dry plasma etching processes tailored for
transferring the ALD generated features.
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Figure 1.9. Side-view SEM images of PS line space templates from PS-b-PMMA
BCPs with periods of 46 nm (A) and 28 nm (B) respectively. Corresponding alumina
nanowire features following ALD spacer deposition, ICP spacer etching and BCP
etching producing reduced features at 23 nm (C) and 14 nm (D) periods. (A-D)
reproduced from reference 73. (E) Si nanostructure and (F) nanotubes after Si etching.
(A-F) reproduced from reference 73. Side view and high resolution SEM images of (G)
nanopillars and (H) nanofin features using robust ALD Al2O3 mask patterns for
enhanced pattern transfer. (E-H) reproduced from reference 74.
In 2013, a work by Hagglund et al.76 utilized a BCP lift-off approach similar to studies
reported in section 1.4 to pattern high density arrays of Au nanodots and SnSx or ZnO
ALD films were subsequently deposited on the arrays. The ALD deposition was carried
out to enhance and analyze the optical effects of the plasmonic arrays. The authors
reported a record effective absorption coefficient per volume equivalent thickness
which surpassed any previously detailed materials. The work displayed the importance
of complementary methods and interdisciplinary study to achieve new fundamental
insights at sub-10 nm feature sizes accessible with BCP patterns.
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ALD can also been used impressively for inorganic replication of highly oriented
thicker BCP templates with great precision. For example, using 500 nm porous PS-bP2VP films Yin et al.77 created titania nanotubes as shown in Figure 1.10.D and E. An
important process step for this accomplishment is related to the “reactivity” of the polyx-vinylpyridine (x = 2 or 4) containing BCPs. As mentioned in Section 1.4., when
exposed to a selective solvent, PVPs swell and form pores. Depending on conditions,
viz. time and temperature, the pore size can be tuned and therefore one can alter the
diameter of included precursor via pore size tuning as well as precursor loading. Such
deep micron thick, well-ordered inorganic features from BCP templates with high
porosity may have potential in a number of catalytic, sensor and separation science
areas. The approach has been used to deposit metal oxides within membrane features
for antireflective application78 and nanorods for enhanced humidity-sensing79 designed
from PS-b-P2VP BCPs. Synthetic methods have advanced endlessly to add
functionality to BCPs14 and BCPs containing an easily removable block to form
nanoporous templates for deposition are advantageous. A recent study published
illustrates this synergy of BCP functionality and ALD patterning. Initially, a Si
containing BCP, PS-b- poly(4-(tert-butyldimethylsilyl)oxystyrene) (PS-b-PSSi)80 was
synthesized and solvent vapor annealing produced PS nanodot arrays surrounded by a
majority PSSi matrix (see Figure 1.10F - J). The natural etch contrast of the PSSi
allowed selective PS etching to create a nanoporous PSSi template with ~ 200 nm
thickness on an organic resist material (SU-8).81

Following pattern transfer of the nanopore arrays to the thick underlying cross-linked
SU-8 layer, sequential ALD processing and calcination led to highly ordered crystalline
anatase titania. Nanolaminate (TiO2/Al2O3/TiO2) and mixed phase (Ti-O-Ti) nanotube
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.
Figure 1.10. (A)-(C) 500 nm porous PS-b-P2VP nanodot features used as host template
for ALD TiO2 nanotube fabrication (D, E). (A-E) reproduced from reference 77. (F)
Scheme for TiO2 nanotube arrays using PS-b-PSSI BCP template. (G) Nanoporous
PSSi template, (H) after ALD of 20 nm TiO2, (I) after dry etch step, and (J)
freestandingTiO2 nanotube array following calcination to remove organic matrix
material. (F-J) reproduced from reference 80.
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arrays were also fabricated. The work demonstrated a robust manner for creating hybrid
materials circumventing the problematic nature of commonly employed AAO
templates that can suffer pattern collapse.

Recently, a functional route combining directed block copolymer self-assembly and
ALD was employed to create reduced features of a PS-b-PDMS.82 Tolbert and coworkers described how through using repeated ALD cycles of alumina they reduced
spacing of PDMS cylinders from 20 nm to less than 10 nm. The modification allowed
the spin coating and alignment within ALD coated PDMS cylinders of 1-D FePt
nanocrystals, a useful magnetic material. As highlighted in the work, the ALD coated
layer behaves as a protective layer to the underlying polymer pattern since the organic
solvents used to spin coat FePt nanoparticles would generally destroy the polymer.
Additionally, the alumina layer provides thermal stability (up to 250°C) that allowed
FePt particles to exhibit both ferromagnetic and superparamagnetic behavior. The work
illustrated the flexibility that DSA of BCPs provides to address not only
nanolithographic issues but to enable high density alignment of magnetic material.

As mentioned above, another factor to consider for achieving high control, uniformity
and precision of inorganic incorporation is the use of easily etchable blocks in a BCP to
create a porous host material. In this regard, one of the best BCPs studied to date has
been PS-b-poly(lactic acid), also referred to as PS-b-polylactide (PS-b-PLA).83 Owing
to the degradable PLA component, porous templates can be formed through simple wet
etching. Ming-Ho and coworkers have produced excellent 3-D inorganic replicas (e.g.
silica,84-86 titania87) with PS-b-PLA gyroid templating structures via sol-gel reactions
for environmental use, drug delivery application and anti-reflection purposes. The work
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has been reviewed extensively.83,88 Recently, Gladfeltera and co-workers have
published work89 employing ALD ZnO to achieve smaller feature dimensions using
PS-b-PLA in a similar fashion to work described above.82

Figure 1.11. Top-down SEM images of reduced nanodot tuning through repeated ALD
ZnO cycles. (A) Nanoporous PS template after PLA removal, (B) 5.7 nm ZnO coated
with a pore size of 19 nm and (C) 7.9 nm ZnO coated with a pore size of 14 nm. (D-F)
Corresponding permalloy filling of ZnO nanocrucibles. (G) Graphical representation of
ZnO nanocrucibles filled with permalloy material. (H) Side-view SEM of (F). Images
adopted from reference 89.
However, this work involved using a porous majority PS matrix template (Figure
1.11.A) generated from a hexagonal forming PS-b-PLA BCP to reduce the pore size of
perpendicular cylinders. After successfully reducing pore diameter from 30 nm to 14
nm (Figure 1.11.B and C), permalloy (Ni80Fe20) was evaporated on the ZnO
“nanocrucibles” followed by a “Damascene-type” process reported earlier69 to leave
well-ordered ZnO nanocrucibles surrounding the permalloy dots. The material showed

27

Chapter 1: Introduction

2015

ferromagnetic multidomain/vortex state at larger diameters but at reduced diameters
(14 nm) exhibited superparamagnetism.

The combination of BCP nanolithography and conformal coating through ALD enabled
high temperature processing to be carried out that might have use for bit patterned
media application. As stated earlier, most reports using ALD on copolymer structures
have focused on non-linear architectures. This section illustrates the significance of
emerging work on the utilization of ordered DSA related BCP patterns coupled with
ALD patterning to achieve not only nanolithographic triumphs but also the
optimization of the two processes to access alignment of relevant magnetic material
and highly porous inorganic designs with potential ultrahigh density bit media, solar
cell, environmental and photochemical applications.

1.6. Sequential infiltration synthesis of block copolymers
Peng et al.90 were the first to employ an ALD derived process (in later publications
coined sequential infiltration synthesis or SIS) with an asymmetric forming PS-bPMMA BCP system consisting of either nanoposts or cylinders to fabricate metal oxide
arrays. As depicted in Figure 1.12. and 1.13., the process involves initial exposure of
the PS-b-PMMA films to precursor molecules (trimethyl aluminum or titanium
tetrachloride/water) possessing an affinity to the reactive PMMA domain. These
domains behave as growth sites for subsequent ALD cycles that can be infiltrated with
an array of semiconductor and light active materials. It can be noted that the alternative
strategy used here avoids using UV exposure/acetic acid washing process described
earlier for PMMA elimination although the PMMA microdomain is still the
microdomain of infiltration interest. In this first publication in 2010, Al2O3 and TiO2
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arrays were generated using ALD cycles and feature sizes beyond the original polymer
template were enabled through repeated ALD cycles as well as longer precursor
exposure times. There are two key achievements through this synergistic ALD-BCP
approach. Firstly, the methodology is based on forming inorganic structures within
BCP domains rather than at interface boundaries. This is in contrast to other work that
coats the outside of polymer materials with ALD. Furthermore, block removal is not
necessary and thus an often problematic process step that can induce defects is avoided.
In this respect, it may be possible to apply the methodology to reactive sites in BCPs
which do not contain an easily removable block. Secondly, the methodology allows a
facile way to mimic the original BCP nanopattern without disturbing morphology.
Peng’s work employed already assembled BCP domains and chemically enhanced the
domains via “molecular recognition”. The ability to tune and alter the resulting feature
sizes without having to adjust the BCP molecular weight is advantageous. However,
although SIS provides scope to alter feature sizes one would assume there are upper
and lower thresholds for feature size tuning. We state this as presumably at later stages
after repeated cycles or higher precursor loads, infiltrated domains may agglomerate
during feature formation.

In a follow-up work, Darling, Elam and coworkers demonstrated the fabrication of
continuous ZnO, SiO2 and W line structures with SIS and PS-b-PMMA BCP.91 The
application of the SIS practice to such a well-studied BCP system like PS-b-PMMA
further enhances its possible integration for etch-mask applications, as the metal oxide
can be employed as a hardmask to pattern the underlying device material. It is accepted
that the etch contrast between PS and PMMA is relatively low and thus this chemical
infiltration is an advancement with regard to device processing. Figure 1.12.B-D shows
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high-fidelity silicon nanostructures perpendicular and parallel to the substrate plane
following pattern transfer using an Al2O3 hardmask via SIS.92

Figure 1.12. (A) Process flow for SIS of PS-b-PMMA BCPs to enhance etch contrast.
(B-D) Cross-section SEM images of silicon nanoposts and nanofins (graphoepitaxy
approach) from SIS Al2O3 mask for enhanced etch contrast. (E-H) Patterned silicon
from SIS Al2O3 mask using lamellar forming PS-b-PMMA (period ~ 38 nm) BCP
system. (I-L) High quality pattern transfer using SIS Al2O3 masks coupled with
chemoepitaxy schemes for alignment. Images reproduced from references 92-94.

Subsequently, Black and co-workers illustrated high-aspect ratio pattern transfer using
the same SIS approach for PS-b-PMMA (see Figure 1.12.E-L).93 Systematic studies
were carried out analyzing the Al2O3 infiltration effect on domains which showed that
image quality suffered with higher ALD cycles.94 They also found that extensive
trimethyl aluminium/water exposure cycles or ALD cycles alone damaged the pattern
quality. Another report provided a further advance and twist on the SIS technique by
simply exposing PS-b-PMMA BCPs (cylindrical and lamellar morphologies) to UV
light for a short period thus creating activation of reactive sites for precursors.95
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However, the reactive sites in this case were in the PS component of the BCP in
comparison to the PMMA block as described earlier. This simple modification allowed
selective infiltration to an alternative block other than PMMA. The ability to switch
from PMMA domain infiltration to PS domain infiltration creates further opportunities
for the SIS methodology to be adopted. The most prominently studied BCPs other than
the “first-generation” PS-b-PMMA BCP contain a PS block in most cases e.g. PS-bPEO, PS-b-PDMS, PS-b-P2VP, PS-b-P4VP and PS-b-PLA. For this reason, alternative
block selectivity could be used to write inverse patterns.

Impressive reports by Checco et al.96,97 and Rahman et al.98,99 has already shown the
near future commercial potential of infiltrated BCP technology for everyday use. In one
report, Al2O3 features produced via SIS coupled with evaporation and vapor synthesis
have been utilized to produce Fe, Si and Ge nanowires for anti-reflection and
hydrophobic application.99 In another work, following the fabrication of cone tipped
nanopillars (Figure 1.13.C) superhydrophobicity was observed over large areas.96
Superhydrophobicity describes the ability of a rough hydrophobic surface to repel
water, with criteria including a contact angle greater than 150° and low contact angle
hysteresis. Superhydrophobic surfaces designed in this manner hold potential for
commercialization however further research in their design to improve overall stability
could have serious outcomes for self-cleaning surfaces and energy/heat conservation.
The researchers initially formed hexagonally packed PS-b-PMMA BCP patterns over
large areas. The patterns were then infiltrated with Al2O3 and subsequently pattern
transferred to the underlying substrate. Using a highly selective etch that created a
tapered sidewall due to lateral silicon etching, water droplet behavior was investigated.
Prior to the water droplet testing, octadecyltrichlorosilane was coated on the different
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topographies created (spacing varied from 30 – 52 nm for both nanopillars and
nanocones). The tapered cone nanopillars proved to be the optimal geometry for
superhydrophobicity.

Figure 1.13. (A) SIS of PS-b-PMMA BCP, followed by plasma and wet etching for
nanocone fabrication. (B)-(H) Cross-section SEM images of silicon nanofeatures
patterned using SIS Al2O3 of PS-b-PMMA BCPs (cylinder and lamella) for
superhydrophobic application. Images adopted from references 96 and 97.
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Table 2. Block copolymers, infiltration techniques and reported functions
Block Copolymer

Infiltration
Technique
Evaporation/E-beam

PS-b-PMMA
OCH3

O

Resulting

Function/Application

Nanostructure
On-chip etch mask,44

Au
40,42,45,64,76

or Ion beam

dots/posts,

deposition

Co posts,43 Co

carbon nanotube growth,48

46

b
n

m
CH3

ferromagnetic nanorings,46

nanorings, Fe

metal nanodot memory

posts,48 Cr posts44,57

device,57 triboelectric

aligned Al and Au

generator,62 resistive

49

switching nanodevice,65

nanowires, Ge
nanowires,53 Al2O3
51

plasmonic,76

65

dots, Ti/Pt dots

Al2O3 line and hole
Atomic layer
deposition

spacer,73 Al2O3 wires
and posts

On-chip etch mask73-75

74,75

On-chip etch mask,92-94,96,97
90,95,96-100

Sequential Infiltration
Synthesis

Al2O3 posts,

SIS procedure for PS block

Al2O3 wires, 90-95

selectivity,95

TiO2 wires,90 SiO2 91

posts, SiO2 wires,

91

W wires,91 ZnO

superhydrophobicity,96,97 antireflection,98 nanowire
growth,99 broadband

95

posts, ZnO

antireflection for Si solar

wires91,95

cell100

FePt
nanoparticles,101,102
CdSe
Spin coating

Alignment of nanoparticles

nanoparticles,

102

within BCP grooves,100,101,103

CdSe@ZnS quantum

dual nanopatterning103

dots,103 Fe2O3
nanoparticles,103 1D
ZnO nanorods103
Metal Salt Inclusion

PS-b-PEO

dots,104-107

Fe2O3
Fe3O4

dots,

CeO2 dots,
b
m

O
n

107,108

104-107

CuO

On-chip etch mask,105,106,112
superparamagnetism,104,106
vertical

Si

nanowires

for

dots,107 lead zirconate

neuroelectrode

titanate dots,109 Ag

modification,112
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A notable report in 2015 showed that the silicon nanotextures could be utilized for solar
cell application. Specifically, Rahman et al.100 described that enhanced broadband
antireflection in silicon solar cells could be achieved using silicon features with sub-50
nm fabricated via SIS alumina infused PMMA domains of a PS-b-PMMA BCP. The
practice involved is a facile and low-cost device route to surpass common bulk
materials with antireflective silicon nitride coating layers.

Despite the experimental evidence demonstrated thus far for the efficacy of SIS treated
materials, little clear understanding of the mechanism(s) has been put forward until
now. Using in-situ fourier transform infrared analysis Biswas et al.125 ascertained that a
two-step mechanism is involved leading to the formation of covalent bonding between
carbonyl group of PMMA and aluminium precursor. In general, the first step of SIS
involves the exposure of polymer material to TMA. This was found to an extremely
quick interaction (180 seconds) but is quite unstable. The formation of stable Al-O
linkages will subsequently occur in a slow manner (close to ~ 60 minutes) but is
dependent on TMA desorption. Once a high concentration level of the initial
physisorbed complex (TMA-C=O) exists, stable covalent Al-O bonds will form. The
author’s hypothesis on intermediate complex formation was also confirmed by density
functional theory calculations. The most significant comment in their study is “that the
TMA purge time is crucial for Al2O3 formation within PMMA”. This is related to the
unstable nature of the TMA-PMMA interaction and that short purge times are required
in order to augment the formation of Al2O3 in PMMA growth sites. A comprehensive
insight of the SIS process in relation to PMMA film thickness and temperature effect
was also reported.126 Such studies to define and understand the complex molecular
level interactions are extremely useful if SIS BCP nanolithography methods (and SIS e-
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beam, optical resists127,128) are to be commercially viable for HVM and VLSI where
stringent defect tolerance levels must be satisfied.

1.7. Spin coating methodologies for metal nanoparticle alignment and metal oxide
inclusion with “activated” block copolymer templates
Spin coating inorganic nanoparticles is an attractive approach for generating functional
features as many routes possess the potential for industrial scale processing. Spin
coating on modified (e.g. photochemically altered, selective solvent swelling) BCP thin
films combined with further treatment (e.g. thermal annealing, calcination, ozonation)
can lead to semiconductor, ferroelectric or magnetic materials in a highly straightforward process. In 2005, Darling et al.101 demonstrated a novel route for the placement
of magnetic FePt nanoparticles on vacuum ultraviolet etched PMMA half-cylinder
domains in PS-b-PMMA system (Figure 1.14.).

Figure 1.14. (A) and (C) show schematic representation of cylinder forming PS-bPMMA films before and after VUV irradiation used to etch PMMA half-cylinders. (B)
and (D) are corresponding AFM images (both 2 x 2 µm). Following spin-coating of
FePt nanoparticles low coverage (E) and high coverage (F) areas of nanoparticle
clusters were identified showing high adsorption to the photochemically altered PMMA
domains. Images reproduced from reference 101.
The etched PMMA domains provided a selective channel for oleic-acid capped FePt
nanoparticles. Importantly, the resulting functional material length scale was an order
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of magnitude smaller than the initial PS-b-PMMA template. Darling’s work showed the
simplicity of spin coating functional material on modified BCP templates.

Moreover, the work highlighted the potential and significance of altering chemistry of
self-assembled BCP templates for creating “nanotroughs” and domains for the
positioning of nanomaterials. Additional work102 suggested that the process was
physical rather than chemical which expanded the range of nanoparticles that could be
aligned in etched microdomain channels.

In 2009, Son et al.103 demonstrated a facile spin-coating process for the placement of
nanomaterial including CdSe@ZnS quantum dots, Fe2O3 nanoparticles, and 1-D ZnO
nanorods after exposing PS-b-PMMA patterns to selective solvents creating surface
reconstructed grooves. The authors also managed to create dual patterned films
(consisting of CdSe@ZnS quantum dots and Fe2O3 nanoparticles) through electron
beam exposure following the first nanoparticle deposition step. One should note the
progress of placement and alignment in the recent synergistic approach82 detailed in
section 1 for FePt nanoparticles utilizing ALD modified DSA BCP patterns.

More recently, we have demonstrated a rich variety of metal oxide nanostructures with
as-formed self-assembled cylinder forming PS-b-PEO and PS-b-P4VP BCPs through
an “in-situ” metal-salt inclusion spin coating methodology. Since cylinder systems can
be tailored to enable perpendicular or parallel cylinder orientation through solvent
vapor annealing treatment, both metal oxide nanodots and nanowires can be accessed.
Initially, neat PS-b-PEO or PS-b-P4VP templates with enhanced ordering are modified
and “activated” through ethanol treatment. The PEO and P4VP blocks selectivity to
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ethanol render porous templates for successful metal ion inclusion. Whilst the exact
mechanism of pore forming is under debate for these systems, evidence suggests that
PEO domains are etched.111 In contrast, P4VP domains are swollen and collapse within
the pores as others have noted.77 The treatment is proven to be reversible through
appropriate treatment for PS-b-P4VP BCPs.56 The “activation” step is crucial for
allowing the inorganic salt to be included in the desired location.

Micelle formation can be used to form metal nanoarrays;129,130 however the associated
co-ordination chemistry can be complex, particularly for BCPs not possessing a direct
bonding site. Moreover, in technologies such as lithography and fluidics, pattern
placement is paramount and therefore micelle formation restricts line space feature
formation and high registration being achieved. The spin coating methodology we have
employed translates to both perpendicular and parallel cylinder orientations with large
scale inclusion and uniformity evident. In initial works, iron oxide (Fe3O4 and Fe2O3)
nanodot arrays were created over large areas following spin coating of a metal nitrate
ethanolic solution.104,116 Following deposition of the metal salt precursors by spin
coating, ultraviolet/ozone treatment is carried out to remove the remaining polymer
matrix material and oxidize the nitrate precursor. Others have recently adopted a
similar approach to form oxides and then thermally annealed films post metal precursor
deposition to remove the polymer template.131 In 2008, Park et al.119 demonstrated
silica nanodots and nanowires following spin-coating of a PDMS precursor in selective
solvents on surface reconstructed PS-b-P4VP films. In our work, the FeO nanodots
produced from perpendicularly oriented PEO cylinders were shown to possess
superparamagnetism as the features are less than the single domain size of iron oxide (<
20 nm).104 The methodology has shown the ability to easily change a nanodots size
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through simply increasing metal ion concentration without having to change the BCP
molecular weight.107 Additionally, the practice and corresponding superparamagnetism
was demonstrated for a series of high and low molecular weight PS-b-PEO systems.106
Thus far, Fe3O4,106,116,117 CeO2,107,108 CuO,107 Al2O3,117 HfO2132 patterning of nanodot
and nanowire features have been developed using the metal salt inclusion methodology
and have been shown to be effective on-chip etch masks on silicon (see examples in
Figure 1.15.).

Figure 1.15. (1) Metal ion inclusion via spin coating on “activated” PS-b-PEO nanodot
template (2) Metal oxide nanodots after inclusion and UV/O3 to oxidize metal ion and
remove polymer matrix. (3) Plasma etching to pattern transfer metal oxide etch mask.
(4) Resulting high-fidelity silicon nanofeatures. (A-F) Series of top-down SEM images
of varying Fe3O4 nanodots with different periods. (G-L) Corresponding structures
following pattern transfer of Fe3O4 etch masks forming high-aspect ratio silicon
nanopillars. Images reproduced from reference 105. See text for application and
function.
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Silicon nanopillars of 500 nm in height can be obtained following plasma etching metal
oxide nanodot patterns.105,106,116 Additionally, nanowires were developed in the same
way for both BCP systems, PS-b-PEO and PS-b-P4VP, resulting in highly uniform
Fe3O4 nanowires with 42 nm (PS-b-PEO)111 and 32 nm (PS-b-P4VP)117 periodicity (see
Figure 1.16.). We have also integrated the metal-salt inclusion technique in
graphoepitaxy schemes with similar efficacy in PS-b-P4VP for patterning aligned Si
and Ge nanofins as shown in Figure 1.16. and 1.17.117,132 “Activated” PS-b-P4VP line
pattern and metal salt inclusion producing Fe3O4, Al2O3 and HfO2 nanowires have been
employed as robust on-chip etch masks with similar efficacy for pattern transfer. These
achievements are pertinent for DSA technology as pattern transfer fidelity is critical.
Patterning magnetic and integrated circuit features via BCP nanolithography with this
process offers great potential due to the simplicity and cost-effectiveness.

Figure 1.16. (A) Alumina metal oxide inclusion in PS-b-P4VP BCP for enhanced
silicon patterned transfer for line space features (B) Metal-oxide inclusion process
integrated with directed self-assembly scheme using graphoepitaxy. Images reproduced
from reference 117.
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Fabrication of lead zirconate titanate (PZT) nanodots was also achieved via BCP
templating that displayed piezoelectric and ferroelectric behavior.109 The pattern
density was calculated to be ∼68 × 109 nanodots cm−2. The ability to template functional

material in this fashion with ferroelectric behavior may be of use for future memory
devices due to reduced power consumption and faster write speeds than flash memory.

Figure 1.17. Fabrication of aligned sub 10-nm germanium nanofins via metal oxide
enhanced pattern transfer from PS-b-P4VP BCP. Note channel widths in 1-3 are 361
nm. See text for details. Images reproduced from reference 132.

Apart from on-chip etch mask use for achieving ultra-small feature sizes, the highdensity metal and metal oxide arrays or resulting high aspect ratio pattern transferred
geometries can be applied for biomedical and bioscience related applications. Recently,
sub-20 nm vertical Si nanowires (generated from metal salt inclusion with PS-b-PEO
and subsequent pattern transfer) were shown to reduce electrical impedance and
increase conductivity for neuroelectrodes.112 This is particularly useful for addressing
electrode failure or deterioration as the vertical nanowires prevent tissue encapsulation
of the electrode in-situ and, therefore, leads to longer electrode performance and
sensitivity. Additionally, silver nanodots patterned on glass substrates using BCP
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templates have shown antimicrobial activity that may be of benefit for food packaging
application.110 The above outlined inorganic nanofeature fabrication routes using
“activated” BCP templates and straightforward metal-salt inclusion can access ordered
arrangements of diverse inorganic materials. The inorganic features can be pattern
transferred for high-aspect ratio structures showing their etch-mask application,105,111
with resulting Si features also used for biomedical application112 or inorganic features
at substrate surfaces can be utilized to further efforts on magnetic,104,106 ferroelectric109
and anti-microbial110 use in an easy and low cost manner.

1.8. Aqueous metal reduction and block copolymer nanopatterns
Another route encompassing metal inclusion or more appropriately defined aqueous
metal reduction involves the immersion of BCP thin films in an acidic metal containing
medium. A report in 2007 by Chai et al.113 using a cylindrical forming PS-b-P2VP BCP
system and aqueous metal reduction developed highly defined Au, Pd and Pt nanowires
from metal ion loading and reduction with strict alignment of the initial BCP features
directed through graphoepitaxy (see Figure 1.18.). Noble metal nanostructures receive
much research interest as their increased scattering and absorption of light at the
nanoscale can potentially be used for energy, environmental133 and biomedicine134 use.
The authors report that for successful metal complexation, an acidic medium is
essential. Since the P2VP cylinders are buried within the hydrophobic PS matrix,
access for metal ions alone is problematic. Therefore the acidic medium enabled
swelling of the cationic P2VP domains which “pierce and penetrate” the PS overlayer.
The P2VP domains eventually perforate the PS domains as shown in Figure 1.18.
leading to mushroom caps. This perforation phenomenon can be attributed to the
alteration in pH (<4.5) of the acidic medium and as noted by the authors, mushroom
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Figure 1.18. (1) Scheme of metal ion reduction after immersion of PS-b-P2VP films in
acidic medium forming mushroom caps followed by O2 plasma revealing metallic
lines. (2) Process flows for graphoepitaxy approaches BCP alignment with different
geometries. (A-D) Top-down SEM images of Fe, Co, Cu and Ni metallic lines via
aqueous metal reduction and O2 plasma. (E-H) Aligned Pt features from PS-b-P2VP
BCP and graphoepitaxy. Schemes and images reproduced from references 112 and 113
respectively.

43

Chapter 1: Introduction

2015

cap formation was more prominent with HCl (stronger acid) than HF. A follow-up
work114 reinforced the efficacy of the acidic medium for generating a morphological
change in the BCP film to allow inclusion of metal ion at the protonated P2VP
domains. Figure 1.18. shows an array of metal wires formed via immersion of PS-bP2VP films in metal acidic solutions followed by O2 plasma treatment. Pd and other
noble metal nanoparticle deposition on surface reconstructed films has been utilized by
Stamm and co-workers using PS-b-P4VP BCP and supramolecular formed
systems.135,136 A recent review137 is available on the methods used which vary from
deposition of pre-synthesized nanoparticles to immersion of neat films in nanoparticles.
Following these reports, researchers have followed a similar protocol for developing
well-defined metallic features with the PS-b-PVP family of BCPs. One interesting
publication developed monodisperse Fe2O3 nanoparticles via ordered PS-b-P4VP
microdomains and highly defined metal deposition provided catalytic sites for vertical
carbon nanotube growth (CNT).120 A detailed study on the loading time of precursor
(30 seconds to 40 minutes) allowed the researchers to correlate the mean diameter size
of Fe2O3 nanoparticles to number of CNT grown. A work in 2012 by Wu et al.115
demonstrated the true potential of BCP lithography to address ever decreasing
technology nodes. The authors reported a method of forming bilayers of cylinder PS-bP2VP structures through controlled swelling conditions. Subsequent Pt metallization of
optimized conditions revealed density doubling of both dot and line-space features as
shown in Figure 1.19. The process was also demonstrated using graphoepitaxy
schemes.
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Figure 1.19. (A) Process for density doubling using PS-b-P2VP BCP templates. (B-G)
Resulting density multiplication of Pt features after aqueous metal reduction using
bilayer films of PS-b-P2VP. Reproduced from reference 114.
More recent publications by Kim and co-workers121,122 have shown sophisticated
methods to form highly intricate and technologically relevant materials for catalytic
growth and device fabrication. In both reports, PS-b-P4VP BCP self-assembly and
cylinder orientation (dots and lines) were tuned via solvent vapor annealing and
aqueous metal reduction was used to fabricate metallic features. A multi-level charge
trap memory device was presented through Pt-Au binary dot pattern.121 The Pt-Au
binary dot pattern was produced through metallization of vertical cylinder structure that
were subsequently used for the self-assembly of a second vertical cylinder layer where
metallization was utilized again as shown in Figure 1.20. Additionally, using
multicomponent patterns the authors demonstrated the synergy of their features that led
to higher extinction over visible and infrared regions. By employing Au nanowire and
Pt dots, higher extinction levels were recorded in comparison to either metallic feature
alone. The plasmonic capability demonstrated by this work opens many possibilities for
light excitation applications.
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Figure 1.20. (A) Steps involved in multicomponent metallic patterns. (B and C) Show
SEM images of BCP films and initial Pt nanowire fabrication. (D and E) SEM images
of BCP nanodot film on Pt metallic lines, followed by Pd dot formation between
metallic lines. (F and G) EDS elemental mapping of metallic nanodot and nanowire
patterns. (H and I) SEM images of Pt-Pd nanowire arrays and Au-Pt nanodot arrays.
Images reproduced from reference 120.

Note that reports for metallization have used O2 plasma treatment after metal uptake for
removal of polymer matrices to position nanometallic features at substrate surfaces.
Thermal annealing, ultraviolet/ozone exposure and solution based (e.g. selective
solvent sonication or short piranha treatments) could also be used effectively to
eliminate PS or polymer matrix material. Aqueous metal reduction was also employed
to fabricate dimensionally controlled single crystalline intermetallic nanoalloys such as
Fe-Co.122 The synergistic properties enabled accelerated growth of vertical CNTs. The
methodology presented highlighted the precision and accuracy that BCP formation
coupled with aqueous metal reduction can allow surpassing problematic nucleation,
particle agglomeration or growth kinetic issues of other synthetic procedures. In 2015,
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the methodology was utilized for a cylinder PS-b-PEO BCP forming TiO2 structures
for photocatalytic degradation of methylene blue dye.138 AMR has similar features of
metal-salt inclusion described in 1.7 however AMR is dictated by chemical interactions
that need to be tailored. Metal-salt inclusion largely relies on capillary forces (physical)
to replicate BCP templates that have been “activated” and thus may be more useful for
a broader range of BCP systems to attain good feature uniformity.

A report by Mun et al.123 has also highlighted the significance of microdomain swelling
and its’ effect on resulting structures. The authors used PS-b-P4VP thin films to create
arrays of diverse patterns including Au nanorings, nanomeshes, and double nanowires.
Through careful tuning of BCP film thickness, UV/O3 etching, or O2 plasma treatment
structures were transformed from conventional dot and line patterns to the above
mentioned diverse features as shown in Figure 1.21. The Au patterns were also
investigated for their plasmonic properties. The work demonstrated robust patterning
processes that can allow the fabrication of intricate metal patterns from simple BCP dot
and line patterns.
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Figure 1.21. Schematic summarizing processes used to fabricate diverse Au patterns
from dot and line orientation using a PS-b-P4VP BCP template. Top-down SEM
images of resulting Au nanostructures are shown. Scale bars = 100 nm. Reproduced
from reference 122.

1.9. Triblock polymers and inorganic incorporation
A linear tri-BCP is made up of three polymer blocks with a particular block repeated
twice (i.e. A-B-A), while a tri-BTP consists of three distinct polymer segments
covalently bonded together (i.e. A-B-C).139 The generic term “tri-BP” is used in parts
below for simplicity to refer to block polymers composed of three polymer blocks (AB-A or A-B-C). Note that the terms tri-BCP and tri-BTP are often used interchangeably
in the literature.

The bulk of this chapter has centered on work describing diblock copolymers as these
dominate the literature. However more complex systems are receiving interest as they
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allow more intricate morphologies and arrangements that could have a number of
potential applications. Certainly, where more than one “reactive” block exists, there is
the possibility of creating complex heterostructures or controlling e.g. feature spacing
and arrangement beyond simple diblock limitations. Due to the resulting structural
variations, tri-BP features modified via inorganic incorporation techniques outlined in
this chapter may be worth serious consideration to open up diverse nano-applications
beyond the scope of work reported hitherto on di-BCP systems. Although work is
scarce in this area, it is highly worthwhile assessing the potential of these systems for
creating inorganic material arrangements. Owing to the complexity of tri-BP features,
the potential for sublithographic patterning also deserves attention as recently detailed
in an article by de Pablo and co-workers.140 This section of the chapter is not
comprehensive (reflecting the extent of work), but rather provides the reader with an
overview

of

tri-BPs

ability

to

form

tantalizing

structural

variations

for

nanotechnological uses.

Tri-BPs, both linear and non-linear (star, cyclic) forms can produce dozens of
nanoscale architectures with complexity surpassing the basic geometries outlined for
di-BCPs (A-B).141,142 Tri-BPs easily allow square packed and core shell cylinder or
sphere arrays that are ideal for bit patterned media application.143 However, the
microphase separation of tri-BTPs is also more complex than a simple di-BCP as three
χ factors must be considered, i.e. χAB, χBC

and

χCA. Similarly, three volume fractions

contribute to resulting morphologies (fa + fb + fc = 1). Figure 1.22. displays and outlines
the exotic morphologies possible via self-assembly of a tri-BTP.144
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Figure 1.22. Schematics show some of the potential morphologies from a tri-block
copolymer (A-B-C). Reproduced from reference 143.

Tri-BTPs share similar governing microphase separation criteria as di-BCPs as
morphological structures (and dimensions) are dependent on temperature, block
volume fraction and molecular weight. However, the order in which a tri-BTP is
arranged (A-B-C or B-A-C or C-A-B) plays a crucial role in determining the
morphological structure.145

Tri-BCPs have been well studied as structure directing agents since the early 1990’s for
mesoporous silica and aluminosilicate templating. Silica and aluminosilicate frames are
of particular interest for uses centered on molecular separation, catalysis, and pollution
remediation, amongst other functions.146 In particular, a common industrial class of AB-A type tri-BCPs under the trade name Pluronic ® (BASF) BCPs have been widely
established as structure directing agents owing to the materials amphiphilic nature in
aqueous media. Also referred to as “polaxomers”, Pluronic tri-BCPs contain a middle
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hydrophobic poly(propyleneoxide) block and hydrophilic polyethylene oxide (PEO)
blocks at either side, i.e. PPO-b-PPE-b-PPO (see Figure 1.23.A). Pluronic’s also gained
interest for mesoporous material templating as shown in Figure 1.23.B owing to the
ability for one to manipulate orientation and chain length and resulting channel size
surpassing previous employed practices such as evaporation induced self-assembly
(EISA).147 Key reports by Stucky and co-workers outlined the manipulation of these
low-cost surfactants for developing silica fibers with large pore sizes,148 mesoporous
silica,149 and metal oxide frameworks.150,151 Moreover, Pluronic ® BCPs have also been
utilized extensively in gene therapy applications,152,153 nanomedicine formulations and
drug excipients,154,155 and thermally responsive gels for protein and peptide delivery.156
It should be noted that excellent work by the Wiesner and Steiner groups have
demonstrated the efficacy of BPs (di- and tri-) and sol-gel chemistry as structure
directing agents for functional applications, e.g. dye-sensitized solar cells, fuel cells and
photonics. The applications will not be discussed in this chapter and readers are
referred to relevant tutorial and review articles in references 157 and 158.

In more recent reports, evidence of employing tri-BPs beyond structure directing uses
are apparent. Interesting, sophisticated and highly relevant device applicable structures
are now evident. An early report from 2003 by Ludwigs et al.159 showed the functional
capability of a linear tri-BTP system, PS-block-P2VP-block-poly(t-butyl methacrylate)
(PS-P2VP-PtBMA). Following solvent vapor annealing of PS-P2VP-PtBMA thin
films, a perforated lamella structure within the thin film was obtained. An impressive
degree of order was achieved for hexagonally packed dots as shown in Figure 1.23.D.
The chemistry of this tri-BTP provided added functionality, as the PtBMA could be
removed via UV exposure or could be altered through HCl treatment to form
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poly(methacrylic acid) (PMAA). This report also commented on highly ordered pattern
formation irrespective of substrate as confirmed by simulation data. This is an
important point as this particular PS-P2VP-PtBMA tri-BCP avoided complex brush
modifications unlike those required for di-BCP counterparts, e.g. PS-b-PMMA160 or
PS-b-PDMS161. In 2006, a report by Bang et al.,162 demonstrated the possibility of A-BC tri-BPs for high density patterning of defect-free porous films with cylinder
diameters as small as 10 nm. The work documented the use of PEO-b-PMMA-b-PS
following solvent vapor annealing. As outlined previously in this chapter, PMMA is
extremely susceptible to UV degradation. The midblock of PMMA of PEO-b-PMMAb-PS was removed using a brief UV exposure (see Figure 1.23.E). The report was a
significant contribution to further extend the work on di-BCP systems. The PEO-bPMMA-b-PS tri-BTP effectively surpassed the poor degradability of PS-b-PEO BCPs
(ethanol exposure has since circumvented this limitation as described herein) while
extending long range order that is difficult to attain solely with PS-b-PMMA BCP
systems. Other tri-BPs of note include those studied by Epps and co-workers focusing
on solvent vapor anneal effects in PdS-b-PI-b-PdS (d = deuterated) films163, phase
changes due to partial hydrogenation in a PI-b-PS-b-PMMA system164, and the precise
placement of gold nanoparticle location in well-ordered PS-b-PI-b-PS patterns165. An
endless range of architectures are possible beyond di- and tri-BPs, and recently
multiblocks have been suggested to open a “Pandora’s box” of design space by virtue
of synthetic polymer advances.166
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Figure 1.23. (A). Chemical structure of PEO-b-PPO-b-PEO tri-BCP. See text for
further details. (B). Synthesis route using Pluronic species for inorganic framework.167
(C). Bio-application of Pluronic BCP for nanomedicine. Well defined nanodot patterns
from PS-b-P2VP-b-PtBMA (D), PEO-b-PMMA-b-PS (E), and PLA-b-PDMS-b-PLA
(F). (G) Multiferroic composite growth based on PI-b-PS-b-PFS, see text for details.
(H) SEM image of Archimedean tiling pattern formed through a miktoarm star
terpolymer PI-arm-PS-arm-PFS and schematic representation. Images reproduced from
reference 155 (A and C), 157 (D), 162 (E), 168 (F), 174 (G), and 176(H).
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Publications by Hillmyer and co-workers have illustrated the potential functional
capacity of PLA containing tri-BPs with examples for nanolithographic application
(using PLA-b-PDMS-b-PLA168 - see Figure 1.23.F, and PS-b-PI-b-PLA169),
ultrafiltration membranes (using PS-b-PI-b-PLA170), porous linear polyethylene
channels (using PLA-b-LPE-b-PLA171), and poly(acrylic acid) coated PS channels
(using PS-b-PDMA-b-PLA172). The molecular design routes generated added
functionality to basic polymer blocks that can possibly address various membrane and
separation science technological challenges. Additionally, the BPs developed with
rapidly degradable PLA components combined with the incorporation methods outlined
in this chapter could lead to intricate hybrid materials for alternative device uses.

Likewise, Manners, Ross, and co-workers have explored tri-BTPs and miktoarm
polymers for etch mask applications and functional use. In 2009, the synthesis and selfassembly of a new tri-BTP was described for developing nanoscale ring patterns.173
After solvent vapor annealing of a PS-b-polyferrocenylsilane-b-P2VP (PS-b-PFS-bP2VP) BTP, a PS core and PFS shell in a P2VP matrix was developed. PFS, an iron
and silicon containing moiety, is particularly useful as a BP component due to its
resistance to dry etching. The authors reported the use of PS and P2VP etched films
forming robust PFS ring arrays that were subsequently used as lithographic templates
for transferring to a PS polymer layer via imprinting. Another work involving a PFS
containing tri-BTP, PI-b-PS-b-PFS, was employed for patterning pits in a Nb-doped
SrTiO3 substrate.174 These square symmetry pits (period ~ 44 nm) were utilized for
nanocomposite growth and fabrication of multiferroic BiFeO3-CoFe2O4 material (see
Figure 1.23.G). The PI-b-PS-b-PFS system has also been demonstrated forming square
arrays of dot and hole patterns along with combinations of both.175 More exotic BP
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materials including a miktoarm star terpolymer PI-arm-PS-arm-PFS blended with a
homopolymer have been explored for patterning Archimedean tilings (see Figure
1.23.H) for nanolithographic application and DSA application.176,177 The works
illustrated a gallery of fascinating structural variations which could potentially be used
beyond etch mask applications.

Many of the tri-BP systems mentioned above contain a reactive block like PEO, PI and
PVP, or an easily etched block such as PMMA or PLA, all of which can be infiltrated.
Such desirable chemical attributes in tri-BP systems further the potential to access
bimetallic or trimetallic hybrid systems using innovative incorporation techniques.
Additionally, metal containing BPs like PFS systems could easily be altered post selfassembly to add another metal component. Thus far, works on such systems to
incorporate further inorganic material are scarce and could enable multi-functionality
beyond simple di-BCP arrays.

1.10. Summary and Outlook
Microphase separated BCP films are well-established templates for pattern formation at
the nanoscale and have been studied as potential on-chip etch masks for nextgeneration electronic devices. We have highlighted recent reports that have emerged on
BCP film formation for incorporating inorganic material for on-chip etch mask and
other functional use. Importantly, the densities and coverages accessible with BCP
templates make them a unique a self-assembling material for device fabrication. Whilst
many milestones have been achieved, the work to realize non-electronic applications is
very much in its’ infancy and thus provides scope for further improvement and
discovery.
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Evaporation and sputtering methods outlined in Section 1.4. have proven quite fruitful
for proof of concept in early work on the positional accuracy and manipulation of
inorganic material on slight modifications (minor block etching, swelling) of neat BCP
templates. It appears that evaporation (thermal or e-beam) and radio frequency
sputtering are quite amenable to BCP templates and industrial fabrication processes as
high temperatures are not necessary limiting potential damage to BCP morphologies or
device performance issues.

The successive sections largely detailed the more recent reports of inorganic inclusion
at the nanoscale utilizing BCPs. Many approaches have been employed illustrating the
diverse nature and ability of BCPs to incorporate functional material after selfassembly. Interestingly, growth sites (SIS), “activation” (metal-salt inclusion), and
acidic media (aqueous metal reduction) have been employed as ways to enhance uptake
and overall uniformity for inorganic inclusion. Pattern transfer of high fidelity
structures has not been demonstrated with evaporation/sputtering or aqueous metal
reduction methods. In contrast, ALD, SIS and metal-salt inclusion practices provide
routes for reproducibly generating high-fidelity nanostructures for on-chip etch mask
application and therefore one would assume will lead the way for device integration.

The deeper understanding of BCP self-assembly has led to many improvements where
microdomains can be dictated and aligned over large scale areas. In the more recent
studies (< 5 years) discussed above, one observes a distinct enhancement in BCP
ordering and orientation using higher χ BCP materials such as PS-PxVP (x = 2 or 4),
PS-b-PDMS and PS-b-PLA compared to the low χ PS-b-PMMA. BCP nanopattern
improvements are primarily related to high χ factor as line edge roughness is reduced
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and microphase separation is more likely to occur. Additionally, knowledge of
influencing BCP environmental and processing conditions is continually evolving and
more sophisticated annealing protocols are being implemented achieving ultra-fast
processing periods (sub-1 minute)178-180 whilst still retaining superb pattern ordering.
Such milestones on BCP control coupled with inorganic infiltration techniques only
further enhance the viability of BCP nanopatterning for application in electronic and
non-electronic based technologies.
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2.1. Abstract
Self-assembled thin films of a lamellar-forming polystyrene-block-poly(D,L)lactide (PSb-PLA) block copolymer (BCP) contain a “reactive” block that can be readily removed
to provide a template for substrate pattern formation. In this chapter, various methods of
PLA removal were studied with a view to develop the system as an on-chip etch mask
for substrate patterning. Solvo-microwave annealing was used to induce microphase
separation in PS-b-PLA BCP with a periodicity of 34 nm (Lo) on silicon and silicon on
insulator (SOI) substrates. Wet etches based on alkaline and enzymatic solutions were
studied in depth. Fourier transform infrared (FTIR) analysis showed that basic hydrolysis
using sodium hydroxide (NaOH) or ammonium hydroxide (NH4OH) solutions resulted
in greater PLA removal in comparison to an enzymatic approach using Proteinase K in a
Tris-HCl buffer solution. However, in the enzymatic approach, the characteristic selfassembled fingerprint patterns were retained with less damage. Comparison to a dry etch
procedure using a reactive ion etch (RIE) technique was made. A detailed study of the
etch rate of PS and PLA homopolymer and PS-b-PLA shows depending on DC bias, the
etch selectivity of PLA and PS

can be almost doubled from 1.7 at DC bias 145 V

to 3 at DC bias 270 V.

2.2. Introduction
Block copolymers (BCPs) consist of two chemically incompatible polymers covalently
bonded that can microphase separate into well-arranged nanoscale features of significant
nanotechnological importance.1-5 By altering molecular weights and volume fractions of
the BCP components, the periodicity of the resulting morphology can be controlled and
the pattern can be developed for a particular function. In recent years, there has been
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much interest in BCPs for nanolithography use due to these tuneable characteristics.6,7
With the ability to achieve sub-10 nm feature sizes8,9 and integrated circuit relevant
geometries through directed self-assembly,10-12 BCPs are a possible alternative
methodology for further extension of Moore’s Law.

One of the key processes in a strategy for developing high density device structures from
BCPs is pattern transfer where the “soft” mask is transferred to the underlying substrate.
It is highly desirable to have a BCP system where one block can be readily removed
(etched) to form a topographic pattern resistant block acting as an on-chip mask for
subsequent substrate etching. This process is well demonstrated for the polystyreneblock-polymethylmethacrylate (PS-b-PMMA) system using reactive ion etching
(RIE).13-17 Controlled wet etching can also be effective and because of its simplicity may
be practical as a general method to create periodic porous nanochannels18 for inclusion
of functional material for applications in optical, medical or sensing technologies.

The development of processes for selective block removal and/or subsequent pattern
transfer is challenging and several solutions have been trialled. An ‘‘in situ’’ inclusion
technique recently showed the effectiveness of metal oxide etch masks as size and
dimensional control were demonstrated for silicon nanopillar and nanowire
fabrication.19-21 Polystyrene-block-polydimethysiloxane (PS-b-PDMS) has also been
intensely studied as the silicon backbone of the PDMS block provides natural etch
contrast and can form a robust template for pattern transfer purposes.8 Polystyrene-blockpolylactide (PS-b-PLA) is another BCP of considerable potential as an etch mask or
porous forming template. Firstly, PS-b-PLA has a high Flory Huggins interaction
parameter (χ = 0.233)22 which makes smaller feature sizes more accessible. Secondly,
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PS-b-PLA has similar block surface energies avoiding wetting layer formation at the
polymer/air interface. Lastly, the ease of removal of the aliphatic polyester PLA makes
the system ideal for attaining high etch contrast. PLA has been etched most commonly
using a mild NaOH solution.23-26 It has also been suggested that a PLA wetting layer
exists at the polymer/substrate interface and this can cause delamination without suitable
surface treatment.27,28 This approach of substrate modification was recently used for a
bottlebrush PS-b-PLA where an enzyme was used for PLA degradation to replicate
biological conditions.29

This chapter demonstrates the applicability of PS-b-PLA in pattern transfer through the
use of a highly selective dry etch procedure to remove the PLA block and enable silicon
nanowire fabrication. Three wet etch routes to remove PLA were also studied. The often
used NaOH was shown to result in over etching. This led to development of an NH4OH
and methanol etch system. We also report extension of established enzymatic PLA
degradation in biomedical studies30-34 to degradation of the PLA block in PS-b-PLA
system. As mentioned, the dry etching of PLA could be performed with a high degree
of selectivity leading to large area removal of PLA with the structure of the original
pattern being retained. The etch selectivity of PS and PLA was measured in a controlled
way by manipulating the DC bias indirectly during the RIE process.

2.3. Experimental
Materials. Planar substrates used were highly polished single-crystal silicon <100>
wafers (p- type) with a native oxide layer of ~2 nm. No attempt was taken to remove the
native oxide of a few nm depth. Silicon on insulator (SOI) substrates employed contained
a 140 nm box layer on bulk silicon, followed by a gate oxide with a thickness of 1.2 nm,
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a 50 nm device active layer, and finally a 20 nm silicon dioxide layer. Polystyrene-blockPolylactide (referred to as PS-b-PLA, note that PLA is in the DL form) was purchased
from Polymer Source, Inc., Canada, with a total number average molecular weight of Mn
= 40.5 kg mol−1 (MnPS = 21 kg mol−1; MnPLA = 19.5 kg mol−1, fPS = 0.53), a polydispersity
index of 1.15 and was used as received. Hydroxyl terminated polystyrene (PS-OH) was
purchased from Polymer Source, Inc., Canada, with a total number average molecular
weight of Mn = 6 kg mol−1, a polydispersity index of 1.05 and was used as received. PS
and PLA homopolymer (MnPS = 16 kg mol–1 with a polydispersity index of 1.03 and
MnPLA = 16 kg mol–1 with a polydispersity index of 1.30) were both purchased from
Polymer Source, Inc., Canada. Proteinase K (from Tritirachium album lyophilized
powder), sodium hydroxide beads, ruthenium (III) chloride hydrate, ammonium
hydroxide (28.0-30.0% NH3 basis), methanol (anhydrous, 99.8%), chloroform (HPLC
grade, ≥99.9%, contains 0.5-1.0% ethanol as stabilizer), tetrahydrofuran (THF) (HPLC
grade, ≥99.9%) and sodium hypochlorite solution (reagent grade, chlorine 10-15 %) were
all purchased from Sigma Aldrich. Ruthenium tetroxide (RuO4) was prepared as
described elsewhere35 and staining was carried out for 1 minute.

Substrate cleaning, PS-OH brush modification, BCP preparation, homopolymer
preparation and deposition. Substrates were cut into pieces that allowed for horizontal
placement in microwave tube. Initial experiments involved cleaning substrates using
UV/ozone for 30 minutes before solvo-microwave annealing. All UV/Ozone treatments
were performed in a PSD Pro Series Digital UV Ozone System, Novascan Technologies,
Inc. However, when BCP films prepared on UV/ozone cleaned substrates were wet
etched delamination of the film resulted. Thus, substrates were modified with a PS-OH
brush to promote more stable films. Further examination on substrate surface
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modification is discussed below. For PS-OH brush modified surfaces, substrates (Si or
SOI) were degreased by ultrasonication in acetone and isopropanol (IPA) solutions for 5
minutes each, dried in flowing nitrogen gas and baked for 2 minutes at 180 °C in an
ambient atmosphere to remove any residual IPA. This was followed by cleaning in a
piranha solution (1:3 v/v 30% H2O2:H2SO4) (Safety caution: May cause explosion in
contact with organic material!) at 100 °C for 60 minutes, rinsed with deionized water
(resistivity ≥ 18 MΩ/cm) several times and dried under nitrogen flow. 1 weight % PSOH solutions in toluene were then spin coated at 2000 rpm for 30 seconds. After spin
coating, substrates were annealed at 180°C for 6 hours. PS-OH treated substrates were
rinsed in toluene for 10 minutes twice to remove any excess polymer that had not grafted
fully to the substrate surface. After washing, substrates were blown dry with nitrogen
gas. An ellipsometry measurement shows a 2 nm brush layer is formed. 2 weight % PSb-PLA solutions were made using chloroform whereby the solution was sonicated for 30
minutes to ensure full dissolution. Following dissolution, BCP solution was spin coated
on the PS-OH brush modified surfaces at 2000 rpm for 30 seconds. For hompolymer dry
etch studies only, 3 weight % chloroform solutions of PS and PLA films were prepared
and spin coated at 2000 rpm on UV/ozone cleaned silicon substrates.
Microwave annealing process. Please note that a comprehensive study has been
published on the solvo-microwave annealing of this PS-b-PLA system.36 Following
deposition of the BCP solution at 2000 rpm for 30 seconds, patterns were developed after
samples were placed in the sample holder (i.e. microwave tube) and then placed in the
microwave (CEM model). Note that the experimental setup including the microwave
holder and the microwave synthesizer can be viewed elsewhere.8 Power was set at 300
W, while ramp rate was set for 3 minutes, and temperature was set to 55°C with THF as
solvent in the sample holder. Annealing time varied from 15 seconds to 2 minutes.
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PLA etching methods. Alkaline route 1; A 0.05 M NaOH (60:40, water:methanol)
solution was prepared at room temperature. The solution was given sufficient time (~ 15
minutes) in order to fully dissolve. Microwave annealed PS-b-PLA films were then
immersed in the solution for a range of time periods. After removal, films were washed
twice with deionized water/methanol for 5 minutes. Alkaline route 2; NH4OH/Methanol
(1:2) solution was prepared at room temperature. The same procedure as NaOH approach
was followed for immersion and washing of the film. Enzymatic route; The degradation
solution here composed of 1 mg of Proteinase K dissolved in 5 ml of Tris-HCl buffer
(pH = 8.6). The solution was placed in an oil bath and left heat to 37 °C. Once the desired
temperature was reached, and stable for a period of time, the PS-b-PLA films were
immersed for various times (from 15 minutes to 24 hours). Following degradation, the
film was removed and washed twice in deionized water for 5 minutes. All films were
washed as described above and were dried under nitrogen flow to ensure complete
removal of PLA fragments that were degraded.
Dry etch tools and recipes. Dry etching of the PS-b-PLA films was performed in an
Oxford Instruments Plasmatech in RIE mode using a mixture of argon and oxygen gas.
Flows rates were set at 15 sccm for argon and 10 sccm for oxygen gas. Process pressure
was 12 mTorr while radio frequency power was 40 W. The value of DC bias was varied
between 145V – 270V which is a critical parameter by altering process pressure. The DC
bias variation proved to be a critical parameter for result consistency. This is discussed
in detail in the results and discussion section. Pattern Transfer; The remaining PS etch
mask was pattern transferred to the underlying silicon substrate using a combination of
sulphur hexafluoride (SF6) and trifluoromethane (CHF3) gasses in an STS AOE
inductively coupled plasma (ICP) etcher.17 The residual PS stripes following the pattern
transfer were removed by O2 plasma.
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Characterization. Film Thickness. BCP film thicknesses were measured with a
spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of
70o, on at least five different places on the sample and was averaged as the film thickness.
A three layer model (SiO2 + polymer brush + BCP) for total BCP film was used to
simulate experimental data. Atomic Force Microscopy (AFM). AFM (Park systems, XE100) was operated in AC (tapping) mode under ambient conditions using silicon
microcantilever probe tips with a force constant of 42 N m-1. Topographic and phase
images were recorded simultaneously. AFM was employed to monitor the progression
of each etch route and since AFM cannot define the exact depth etched in the PS-b-PLA
samples, etch values quoted here are nominal. However, the relative magnitude of the
etch depth observed agreed with cross section SEM measurements and so could be used
for comparative purposes. Scanning Electron Microscopy (SEM). SEM images were
obtained by a FEI Helios Nanolab 600i system at an accelerating voltage of 5 kV and at
a working distance of 4 mm. Cross section SEM images involved cleaving the substrate
in half and positioning the substrate perpendicular to the incident beam of electrons. The
stage was then tilted at 20°. Fourier Transform Infrared (FTIR) Spectroscopy. An IR660,
Varian infrared spectrometer was used to record the FTIR spectra. The FTIR was
operated in ATR mode. The measurements were performed in the spectral range of 4000400 cm-1, with a resolution of 4 cm-1 and data averaged over 32 scans. This
characterization was carried out to see the effect of the etch routes on degradation of the
PLA composition.
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2.4. Results and discussion
2.4.1 Self-Assembly and Surface Modification.
Microwave annealing is an emerging technique for inducing microphase separation in
BCPs in a quick, easy and low cost manner. Buriak and co-workers37 published the
seminal work illustrating its flexibility for the rapid self-assembly of PS-b-PMMA and
PS-b-P2VP (polystyrene-block-poly2-vinylpyridine) BCPs. Borah et al. recently
demonstrated microwave annealing without the use of solvents for self-assembly of PSb-PMMA38 and PS-b-PDMS8,38 block copolymer systems. Here solvo-microwave
annealing was used to generate highly ordered lamellar PS-b-PLA patterns (see
experimental for details). A fingerprint pattern with a periodicity of 34 nm (Lo) was
formed (see Figure 2.1a). The solvo-microwave annealed films had a thickness of 200
nm following self-assembly. The initial self-assembled pattern in Figure 2.1a is the PSb-PLA film without any etching and is characteristic of films used for wet and dry etching
procedures below. Due to the similar surface energies of PS and PLA (γs PS = 42.0 mJ m2

, γs PLA =

36.0–41.1 mJ m-2),27 a preference for either block at the polymer/air interface

does not exist and since a neutral solvent THF (solubility parameters for PS, PLA and
THF are 18.5 MPa1/2, 18.5 MPa1/2 and 16.8 MPa1/2 respectively)39 was used for annealing,
perpendicular lamellar patterns were observed. THF was introduced to enable selfassembly as the polymer chains are mobilized by the solvent vapor during the rapid
annealing process. Microwave annealing was carried out without solvent but did not
produce microphase separated patterns. Dewetting is not an issue like other high χ BCP
materials such as PS-b-PDMS where the large surface energy difference between the
blocks results in preferential wetting at polymer/substrate and polymer/air interfaces.40,41
The PS-b-PLA film shows complete surface coverage (See Appendix – Chapter 2, Figure
S2.7.1). For SEM characterization of the microphase separated structure, staining with
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RuO4 was used to enhance the domain contrast between PS and PLA. Figure 2.1b shows
a cross section SEM image of the self-assembled PS-b-PLA pattern where PS domains
appear bright in comparison to the dark PLA domains. The image provides evidence for
the extension of the lamellar through the entire film.

Figure 2.1. (a) AFM topography image of microphase separated PS-b-PLA structure on
UV/ozone cleaned silicon substrate after solvo-microwave annealing for 60 seconds in
the presence of THF at 55°C. Film thickness was measured at ~ 200 nm. (b) Cross section
SEM image of the initially microphase separated structure on silicon following staining
with RuO4.

It should be noted that initial experiments involving exposure of the films to NaOH
solutions of varying concentration resulted in immediate delamination of the BCP thin
film after immersion. We believe this is due to the formation of a PLA wetting layer at
the polymer-substrate interface as shown in Figure 2.2.a. This wetting mechanism has
been postulated in previous work27 and is probably due to strong polar interactions of
PLA with the native silicon oxide layer. Thus, degradation of the PLA wetting layer in
NaOH leads to detachment of the polymer film and delamination. To avoid this problem,
a PS-OH brush layer was grafted to piranha cleaned Si or SOI substrates using thermal
annealing enabling better adhesion of the polymer film through the increased PS block
interaction with the treated surface. Polymer brushes are commonly used to control
microdomain orientation8,38 but the functionalization used here did not modify the pattern
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formation significantly and was successful in promoting effective selective etching even
in harsh conditions. We believe the brush aids layer homogeneity and thus the increased
PS block interaction with the modified substrate allows wet etching to be carried without
film delamination. As mentioned, the existence of a PLA wetting layer is speculated due
to the dramatic loss of film during wet etching. We are unable to determine the existence
of a thick BCP wetting layer (i.e. PS wetting layer) when the PS-OH brush is used for
surface functionalization. Since we speculate the absence of a thick PS wetting layer, our
illustration in Figure 2.2b shows a PS-OH brush modification layer enabling PS-b-PLA
self-assembly comparable to non-treated substrates, i.e. domains are ordered
perpendicular to substrate.

Figure 2.2. Graphical representation of interfacial interaction of PS-b-PLA with different
substrate chemistries, (a) after UV/O3 treatment only and (b) after piranha cleaning plus
grafting of PS-OH brush.
2.4.2. PLA Degradation with Sodium Hydroxide Route.
Hillmyer and coworkers have shown that basic hydrolysis is suitable for the removal of
the PLA block in asymmetric PS-b-PLA systems.23-25,27,28,39,42 Figure 2.3 displays AFM
and SEM data following the etching of a PS-b-PLA film with 0.05 M NaOH for 5
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minutes. The solution degraded 6.5 nm on average of PLA from the AFM line profile.
Figure 2.4 shows

Figure 2.3. (a) AFM topographic image (2x2 µm) after 5 minutes etching with 0.05 M
sodium hydroxide/methanol solution. Inset shows AFM line profile estimating PLA
degradation of 6.5 nm. (b) Low resolution top down SEM image of (a). (c) Cross section
SEM image showing an area that has retained the periodicity (34 nm) of the original
pattern. (d) Cross section SEM image of a region where PS lines have coalesced.

SEM data of etching PS-b-PLA films with 0.05 M NaOH for 15, 30 and 45 minutes
respectively. (See corresponding AFM data in Figure S2.7.2). 10 nm of PLA was etched
on average with 15 minutes treatment (see Figure S2.7.3). Etching the films for 30 and
45 minutes resulted in degradation and damage to the film pattern. This suggests that a 5
to 15 minute treatment period is the optimum process window for the NaOH etch solution
for degrading PLA.
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The concentration of the NaOH solution (0.05M) is ten times less than previously
reported for hexagonal forming PS-b-PLA systems,23,39,42 yet considerable structure
deformation was observed. Using a 0.5 M NaOH solution and exposure times of 5
minutes led to complete removal of the pattern formed and this suggests that lamellar
patterns are more susceptible to pattern destruction during selective removal of PLA.
This could be due to a number of factors. The hexagonal phase may have greater
structural integrity due to the honeycomb like structure of PS that remains after removal.
The crystallinity of PLA is an important factor that can define the etch degradation rate.
PLA etched in some previous studies43,44 were of a highly crystalline PLLA form
compared to the amorphous PLA in our system. The PLA here is in the DL isomeric or
racemic form. The crystalline form is probably less soluble due to the crystalline
stabilization energy45 and amorphous regions allow water uptake more readily.46 Finally,
because the films here are relatively thick, the PS fin-like structures may have little
mechanical robustness and collapse into one another. This merging of features can be
seen in Figures 2.3, Figure 2.4.a-c and 2.5b and c. Specifically, Figure 2.3c illustrates the
success of PLA removal whilst retaining the microphase separated periodicity of 34 nm.
In contrast, some areas as shown in Figure 2.3d reveal merging of the PS fin-like
structures with a periodicity of 70 nm.
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Figure 2.4. Top down SEM images of partial PLA degradation using 0.05 M sodium
hydroxide/methanol solution. (a) 15 minutes immersion (b) 30 minutes immersion (c) 45
minutes immersion.

2.4.3. PLA Degradation with Ammonium Hydroxide Route.
Because of the sensitivity of the system to caustic solutions, an alternative alkaline
solution was sought. In basic aqueous solutions like NaOH solutions described above,
PLA is vulnerable to main chain cleavage leading to the degradation of PLA and water
uptake.47 Subsequently, hydrolysis of -C-O- ester bonds occurs.48 Thus, a solution of
ammonium hydroxide and methanol to reduce the rate of hydrolysis was investigated.
Figure 2.5 shows top down SEM images of this approach using etch times of 10, 20 and
30 minutes respectively. (See Figure S2.7.4 for corresponding AFM data). Excellent
etch contrast is observed similar to the PS-b-PLA films treated with the NaOH solutions.
However, isolated regions of pattern collapse are first observed after 20 minutes of
etchant exposure as shown in Figure 2.5b (note that the inset in b shows varying
periodicity of the PS fin-like structures as seen above for the NaOH route). The amount
of PLA removed after 30 minutes etching with NH4OH solution was estimated to be 15
nm from AFM line profile (see Figure S2.7.6) suggesting significant PLA removal. The
top down SEM image in Figure 2.5c confirms coalescence of PS lines and the apparent
domain size has increased considerably. A contributing factor to this coalescence is the
high aspect ratio of the polymer films. Since the films are quite thick (~200 nm), they are
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not mechanically robust enough, and thus with the increased aspect ratio following PLA
removal the PS lines will collapse into one another. This has also been previously
demonstrated for thick PS-b-PMMA films during wet etching.49

The loss of the pattern quality on extended etching could be attributed to autocatalysis
(i.e. product catalysed reaction50). Autocatalysis in PLA is caused by initial hydrolysis
yielding carboxylic acid terminated chains that subsequently catalyse ester hydrolysis.
For PDLLA, autocatalysis occurs faster within a PDLLA structure than at the surface48
and this might account for the delamination observed in the non-brush coated substrates
as well merging of the PS features rather than simple thinning of the structures. Note that
little surface etching is observed.

Figure 2.5. Top down SEM images of partial PLA degradation using an ammonium
hydroxide/methanol solution. (a) 10 minutes immersion (b) 20 minutes immersion (c) 30
minutes immersion. Inset in (b) shows cross section of film.
An AFM line profile obtained prior to etching shows the PS domains have a width of 23
nm for self-assembled patterns. However, after a sample was exposed to the NH4OH etch
for 30 minutes, the domain width doubled to 46 nm, a periodicity consistent with merging
of two adjacent PS lines as described earlier.
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2.4.4. PLA Degradation with Enzymatic Route.
Whilst both alkaline solutions showed promise as PLA etchants, they both showed
extensive pattern damage at extended periods prior to complete PLA removal. For
successful use in pattern transfer both complete removal and low damage are prerequisites so that low line edge roughness and good aspect ratio are achieved. Thus, an
alternative methodology of biodegradation was examined. PLA is a polymer that can be
degraded through the action and metabolism of microorganisms yielding non-toxic
products.51 Although we have described this method here as enzymatic, it should be
noted that degradation using Proteinase K combines both enzymatic and chemical
hydrolysis.52 This enzymatic approach is novel since PLA biodegradation is common in
food science and biomedicine but has yet to be employed with diblock copolymers.
Following documented conditions26,53 to mimic a biological environment, we used
Proteinase K enzyme in a Tris-HCl buffer solution (pH = 8.6) at 37°C. Top down SEM
images following different exposure times to the enzymatic environment are shown in
Figure 2.6 (See Figure S2.7.6 for corresponding AFM data). Although the rate of PLA
removal is significantly less than for the basic hydrolysis etches, the SEM data are of
high quality consistent with a highly homogeneous etch over the whole of the surface.
Additionally, after 45 minutes of etching the polymer film retained the characteristic
fingerprint pattern with little sign of damage (Figure 5c). FTIR data confirms that at least
50% of PLA is removed in the bulk film.
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Figure 2.6. Top down SEM images of PS-b-PLA samples after immersion in a
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C for (a) 15 minutes (b) 30 minutes
(c) 45 minutes. Note SEM image (c) is at a tilt of 45°.

Further enzymatic degradation studies were carried out at extended etch periods.
Exposing the film for 1 hour to the enzymatic conditions produced good porous templates
with 5 nm of PLA removed over large areas as shown in Figure 2.7a. Indeed, nondestructive removal of PLA with Proteinase K could be observed for up to 3 hours when
extensive damage can be seen as the PLA concentration became very low (see SEM
images Figure S2.7.8 a-e).

Figure 2.7. (a) AFM topographic image (2x2 µm) after 60 minutes etching with
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C. Inset shows estimated 5 nm
etched from AFM line profile. (b) Cross section SEM image after immersing in
Proteinase K Tris-HCl buffer solution for 3 hours.
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The cross section SEM of the sample etched in the Proteinase K solution for 3 hours is
shown in Figure 2.7b revealing the PS topography after PLA removal. As observed
previously for extended etching with the alkaline solutions described above, merging of
the PS structures is seen in isolated areas.

2.4.5. Dry Etch Studies and Route for PLA removal.
A dry etch process was also optimized to selectively remove an estimated 10 nm of PLA
as determined from AFM line profiles. In Figure 2.8, AFM images a-c highlight the
stepwise removal of PLA using a combination of argon and oxygen plasma with a
reactive ion etcher (see experimental for details). The AFM topographic images are of
high quality and show little damage over large areas.

Figure 2.8. AFM topographic images (2x2 µm) after the selective removal of PLA using
a reactive ion etching combination of argon and oxygen gas. Dry etching was carried out
for (a) 10 seconds, (b) 15 seconds and (c) 20 seconds. (d) – (f) are AFM line profiles of
etch depth of (a) – 9C). (g) Cross section SEM image of PS-b-PLA film after 20 seconds
RIE.
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Figure 2.8d-f shows the corresponding line profiles of AFM images a-c. The resulting
dry etch structures show a highly selective etch. PLA is etched at a faster rate than PS
due to the presence of oxygen in PLA. It has been calculated from our experimental
studies that the etch selectivity for PS-b-PLA is 1:5 (PS:PLA) which is significantly
greater than that quoted for the PS-b-PMMA system (ranges from 1.5-2.5).54 In
comparison to the wet etch methodologies carried out here, the dry etch process is
extremely quick, highly selective and non-destructive to the PS component. The cross
section SEM image in Figure 2.8g highlights this as a well-defined PS soft mask template
has been created following RIE for 20 seconds.

Detailed etching experiments on homopolymers (PS and PLA) and diblock copolymer
(PS-b-PLA) thin films were carried out to understand the removal rates and behavior of
films following the dry etch procedures. The etch rate of polymers has been demonstrated
to be related to sputtering factor.55 Since carbon has a small sputtering yield, the etching
of carbon in a polymeric species will be the slowest and therefore is a rate determining
step. Etch rate is inversely proportional to the number of carbon atoms. In comparison,
the number of oxygen atoms in a monomer enhance the etch rate according to the Ohnishi
parameter determined from equation 1:55

equation.1
is the etch rate,

is the total number of atoms in a monomer unit while

and

are

the number of carbon and oxygen atoms in a particular monomer unit. Since the number
of carbon and oxygen atoms in PLA (C3H6O3) are the same, the etch rate of PLA cannot
be calculated theoretically. PS and PLA homopolymer etch rates have been determined
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in this work experimentally (See Figure 2.9). Although the etch rate of PS is higher at
the beginning, the PLA etch rate increases at a later stage (t > 20 s). This higher etch rate
of PLA is correlated to the presence as well as the amount of oxygen atoms in the
monomer.

Figure 2.9. The etch rate of PS and PLA homopolymers in RIE at DC bias 145 V.
Initially PLA shows slower etch rate due to high sputtering yield C=O group, but after
20 seconds when the C=O bond is broken, PLA is etched faster than PS.

The RIE etch experiment was performed at different DC bias values. DC bias is a
byproduct of the etch process and usually cannot be changed as a variable parameter.
However, DC bias which occurs due to the imbalance of ion current and electron current
is inversely proportional to process pressure

. Considering this

relationship, by varying the process pressure the DC bias can be altered and tuned
appropriately. The DC bias has been systematically tailored in our work (See Figure 2.10)
by changing the process pressure.
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Figure 2.10. Calibration of DC bias via process pressure. Increasing the process pressure
reduces DC bias. A Good control and monitoring the DC bias is critical for stability and
consistency of the results in RIE etch process.

At higher DC bias values, the PLA etch rate is higher than PS even when samples are
etched for short periods. Figure 2.11 shows the PS and PLA rate at DC bias 270 V, where
PLA is removed faster at all times during the etch. For example at t = 35 s, PLA is
removed three times faster than PS.

However, our results show the etch selectivity is not independent from DC bias (see
Figure 2.12). Note that the etch selectivity relationship outlined in this work between PS
and PLA is the ratio of PLA film removed to the etched PS layer at a given time

.

Depending on DC bias, different trends can be observed from our experimental data (see
Figure 2.12). At lower DC bias (145 V) the etch selectivity of PS and PLA increases
over time, but the increment is not dramatic and the selectivity is 1.7 at its maximum.
More notably after 25 s (at DC bias 145 V), the etch selectivity remains more or less
constant.
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Figure 2.11. PS and PLA homopolymer etch rate at DC bias ~ 270 V.

However at higher DC bias i.e. 270 V, it seems there are two apparent regions. At t < 25
s, there is no clear trend. This is possibly due to the fact that at higher DC bias, the voltage
fluctuates a lot at the beginning of RIE etch process, before it settles to the final value.
This is due to higher imbalance of ions and electrons at the negative cycle of the voltage.
At lower DC bias, the dispute is less predominant. For instance, in Figure 2.12, at DC
bias 160 V and t < 25 s, there is a systematic increase in etch selectivity of PS and PLA
with time. This trend is also seen at DC bias 145 V (i.e. at t < 25 s), but the etch rate is
slower. More notably, in Figure 2.12 at t > 25 s denoted as region 2, the etch selectivity
is higher at increased DC bias values, but it remains almost constant or with a very little
change over time for all different values of DC bias. This evidently shows the effect of
DC bias on etch selectivity; at shorter times, where the DC bias is fluctuating more
frequently (region 1 in Figure 2.12) the film removal rate changes with time. At longer
etch times (region 2), when the DC bias is steady, the polymer films thin at nearly a
constant rate. However, in region 2, the etch selectivity at any given time is greater for
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higher values of DC bias. This could be due to the higher resistivity of PS to the etch
conditions in comparison to PLA.

Figure 2.12. The effect of DC bias on etch selectivity of PS and PLA homopolymers.
The fluctuation of DC bias at the beginning of RIE etch leads to unstable etch selectivity
(region 1). The effect is more noticeable for higher values of DC bias (270 V in region
1). At longer times when the fluctuation is less, the etch selectivity remains mostly
unchanged at any given DC bias (region 2). However, the etch selectivity is greater at
higher DC bias values.

Figure 2.13a and b compares the etch rate of PS and PLA as a function of DC bias. PS
etch rate is very similar at all DC bias values in particular at 145 and 160 V. For instance,
at t =35 s, increasing the DC bias to 270 V etches the PS film for an extra 10 nm only
(Figure 2.13a). In contrast, the etch rate of PLA is very sensitive to the DC bias.
Increasing the DC bias from 145 V to 160 V and to 270 V removes PLA layers much
more effectively, from 53 nm to 83 nm and 148 nm respectively, almost three times more.
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Figure 2.13. The effect of DC bias on etch rate. (a) PS and (b) PLA homopolymers at
DC bias of 145, 260 and 270 V. The effect of DC bias is more pronounced on PLA than
the PS hompolymer.

Figure 2.14 shows silicon nanowires following pattern transfer using the PS soft mask
template created from the selective dry etch process (further details are provided in the
experimental section). The top-down image in Figure 2.14 shows uniform silicon
nanowires with 16 nm feature size. Furthermore the inset reveals structures with high
fidelity and a uniform etch. The etch contrast of the original polymer template is low
(Figure 2.8g) from the dry etch but the resulting nanowires show high uniformity and
fidelity. However the porous templates created are also ideal for metal oxide inclusion
or metal evaporation techniques for fabricating a hard mask enabling higher fidelity
structures to be developed following a pattern transfer process.
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Figure 2.14. Top down SEM image of silicon nanowires following pattern transfer of
PS soft mask template. Inset shows cross section SEM revealing uniformity of silicon
nanostructures.

2.4.6. FTIR studies of etch routes.
FTIR studies of specific films were made and illustrative data are provided here in Figure
2.15 for each of the different etch routes. The characteristic PLA peak (C=O) is observed
at 1758 cm-1.22,56 Other features in agreement with literature57 include the C-H stretch at
3000 cm-1 from the methyl/methyne groups as well as the bands in the region 1300-950
cm-1 corresponding to the ester linkage (-CO-O-) but are not shown for the sake of
brevity. (See Figure S2.7.9). The main PLA peak (C=O) is completely absent from the
film that was immersed in the NaOH solution for 45 minutes and therefore the majority
of PLA had been removed leaving a topographical PS pattern.
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Figure 2.15. FTIR spectrum showing different etch routes. (a) PS-b-PLA film after
microphase separation and prior to etching (black line), (b) following 60 minutes
immersion with enzymatic approach (green), (c) 30 minutes exposure with ammonium
hydroxide solution (blue), (d) 20 seconds etching with argon/oxygen RIE combination
(orange) and (e) 45 minutes immersion in 0.05 M sodium hydroxide solution (red).

A similar result was found for the PS-b-PLA sample that had been dry etched for 20
seconds, although the reduced PLA peak suggests the existence of residual PLA material.
In comparison, the 30 minute NH4OH/methanol route indicates significant PLA
retention. As might be expected, Proteinase K removes PLA at a slower rate due to the
associated non-aggressive nature of a biological species and is reflected in the spectrum
showing the most retention of PLA of all the etch techniques. The data in the spectrum
is from the film that had been treated with the enzymatic buffer solution for 1 hour that
shows only partial PLA removal.

2.5. Conclusions
Symmetric PS-b-PLA can form well-ordered microphase separated structures on silicon
or SOI substrates under solvo-microwave annealing. Rather unexpectantly, even quite
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thick films of 200 nm form vertical lamellae despite the modified substrate interfaces
favoring either PLA or PS interactions. These lamellae structures can provide robust
structures as lithographic masks or porous templates if the PLA component can be readily
removed. Sodium hydroxide, ammonium hydroxide and Proteinase K can all be used to
form regular topographical PS patterns. These methods are also environmentally
friendly. FTIR data confirmed that the NaOH and NH4OH routes removed PLA to a
greater degree than the Proteniase K approach. NaOH is the most rapid of the wet etches
and Proteinase K the slowest but overall Proteinase K produces less damage. It appears
that autocatalytic decomposition is the cause of the greater damage in the base catalyzed
etches. Crystallinity is also an issue and the PLA form and its’ crystallinity will need to
be considered when choosing an appropriate treatment so as to optimize the removal of
PLA. All wet etches show very high etch selectivity. SEM evidence reveals PLA removal
greater than 50 nm for each route following treatment for a short time period. Thinner
films will be studied in the future for the wet etches in order to avoid line collapse which
was a possible contributing factor to the loss of pattern quality. Because of the local
variations in the thick polymer films in this work, the patterns produced are
inhomogeneous. The wet etch methods are not comparable to the pattern quality achieved
using the dry etch (RIE) which show excellent homogeneity. Very little damage can be
seen with this anisotropic etch and this is probably due to the obvious lack of any
autocatalytic effects. The etch selectivity of PS and PLA homopolymer
affected by DC bias during RIE plasma process. We have demonstrated

is greatly
can

change from 1.7 to 3 in the range of 145- 270 V DC bias. PS is more resistant to DC bias
due to the lack of oxygen atoms in its structure. In comparison, PLA is etched faster due
to the presence of oxygen. However, at lower DC bias it takes longer to break C=O bond
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in PLA which has a high sputtering yield. At higher DC bias when the C=O bond is
broken easier PLA etch rate accelerate while PS etch rate does not show the same
dramatic effect. This is the main reason for variation in etch selectivity between PS and
PLA homopolymers. By calibrating the DC bias via process pressure, we have optimized
the etch condition for PS-b-PLA. The dry etch is probably more consistent with
producing lithographic processes but the wet etch methods might be more likely to be
used for technologies such as membrane fabrication, low cost sensor manufacture or
polymeric bio-scaffolds requiring large area substrate production at low capital and
operating costs.
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2.7. Appendix – Chapter 2
Selective Etching of Polylactic Acid in Poly(styrene)-block-poly(D,L)lactide Diblock
Copolymer for Nanoscale Patterning

50 µm

Figure S2.7.1. Optical image of PS-b-PLA film surface after solvo-microwave annealing
showing high surface coverage.
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Figure S2.7.2. AFM topographic images (2x2 µm) of partial PLA degradation using 0.05
M sodium hydroxide/methanol solution. (a) 15 minutes immersion (b) 30 minutes
immersion (c) 45 minutes immersion.
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Figure S2.7.3. AFM line profile after 15 minutes etching in 0.05 M NaOH solution,
estimated 10 nm PLA etched.
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Figure S2.7.4. AFM topographic images (2x2 µm) of partial PLA degradation using an
ammonium hydroxide/methanol solution. (a) 10 minutes immersion (b) 20 minutes
immersion (c) 30 minutes immersion.

101

Chapter 2: Selective Etching of Polylactic Acid in Poly(styrene)-block-poly(D,L)lactide Diblock Copolymer

2015

for Nanoscale Patterning

Figure S2.7.5. AFM line profile after 30 minutes etching in ammonium hydroxide
solution, estimated 15 nm PLA etched.
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Figure S2.7.6. AFM topographic images (2x2 µm) of partial PLA degradation using a
Proteinase K/Tris-HCl buffer (pH=8.6) solution at 37°C. (a) 15 minutes immersion (b)
30 minutes immersion (c) 45 minutes immersion.

Figure S2.7.7. AFM line profile after 45 minutes etching in Proteinase K solution,
estimated 3 nm PLA etched.
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Figure S2.7.8. SEM images of extended enzyme etching with Proteinase K for (a) 3
hours, (b) (b) 6 hours, (c) 12 hours, (d) 18 hours and (e) 24 hours.
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Figure S2.7.9. FTIR spectrum between 3500 cm-1 to 500 cm-1 showing characteristic PLA
peaks. This is the complete FTIR spectrum of line a from Figure 2.15. showing the
characteristic peaks in PS-b-PDLLA film. Note that this spectrum is of a self-assembled PSb-PLA pattern and is without any etching.
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3.1. Abstract
Solvo-thermal vapor annealing (STVA) was employed to induce microphase separation
in a lamellar forming semicrystalline block copolymer (BCP) thin film containing a
rapidly degradable block. Directed self-assembly of poly(styrene)-block-poly(D,Llactide) (PS-b-PLA) BCP films via topographically patterned silicon nitride was
demonstrated with alignment over macroscopic areas. Interestingly, we observed
lamellar patterns aligned parallel as well as perpendicular to graphoepitaxial guiding
patterns. PS-b-PLA BCP microphase separated with high a degree of order in an
atmosphere of tetrahydrofuran (THF) with an elevated vapor pressure (at ca. 40-60°C).
Grazing incidence small angle X-ray scattering (GISAXS) measurements of PS-b-PLA
films reveals the through-film uniformity of perpendicular domains after STVA.
Lamellar perpendicular orientation was observed on both hydrophilic and relatively
hydrophobic surfaces with a periodicity of ~ 32.5 nm (L0). The rapid removal of the PLA
domains is demonstrated using a mild basic solution for the development of a welldefined PS mask template. GISAXS data reveals the through-film uniformity is retained
following wet etching. The results in this chapter demonstrate highly oriented PS-b-PLA
microdomains after a short annealing period and facile PLA removal forming porous onchip etch masks for nanolithography application.

3.2. Introduction
Nanoscale patterning of thin films using BCP self-assembly is a facile and low cost route
to form well-registered and highly defined domains from 3-100 nm.1 Depending on the
BCP compositional design, arrangements with lamellar, spherical, cylindrical, and
gyroidal geometries can be developed over arbitrarily large areas. Desired length scales
of geometries from a few tens of nanometres to a hundred nanometres can be accessed
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via alternating volume fraction (f) and through tailoring of the BCP chain lengths, i.e.
degree of polymerization (N). Such complex yet ordered nanodomains provide an ideal
platform for use in neuroprosthetic technologies,2 membrane/filtration systems,3,4
magnetic storage devices5,6 and photovoltaics.7,8 Another potential application has
focused on using BCP templates as on-chip etch masks for next-generation lithography.9

Directed self-assembly (DSA) of BCPs is a promising candidate for augmenting the
lithographic patterning process to enable higher computing speed and reduced power
consumption per device function (i.e. Moore’s Law).10 Two key challenges in the BCP
nanolithography field include the placement and registration of features and the ability
to define ultra-small critical dimensions. Graphoepitaxy is used to obtain long range
order and alignment of BCP features via trenches lithographically defined prior to BCP
deposition and self-assembly.11-14 Similarly, chemoepitaxy developed by Nealey and coworkers demonstrates extreme precision by using lithographically defined chemical
patterns to control PS-b-poly(methyl methacrylate, PMMA) assembly and alignment.15,16
Low line edge roughness of resulting pattern transferred nanostructures, high areal
density and ease of processing (and similarity to industry patterning) are some of the
main attributes that have placed graphoepitaxy and chemoepitaxy at the forefront of
alternative patterning methodologies. BCP material criteria beyond the “first generation”
PS-b-PMMA include a BCP possessing a high Flory-Huggins interaction parameter (i.e.
χ) and high etch contrast to allow sub-10 nm critical dimensions (CD) to be attained
following pattern transfer. New BCP materials possessing a high χ have been reported of
late which can access sub-10 nm feature sizes.17-21
Shear force,22 magnetic fields23 and thermal annealing24 are routinely employed for the
self-assembly of BCP thin film morphologies. More recently, microwave irradiation was
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shown to induce self-assembly in a range of high χ BCPs in sub-2 minute processes.25-29
Controlling BCP nanodomain orientation is paramount for a particular technological
application. In this regard, solvent vapor annealing (SVA) has been utilized to induce
self-assembly and manipulate microdomain orientation.30 SVA is a technique that
plasticizes polymer material and the solvent-polymer interaction reduces the diffusive
energy barrier promoting microphase separation at lower temperatures.31 Despite its
widespread use the interpretation and exact mechanism(s) of the SVA method is not fully
understood. Various mechanisms have been postulated from empirical evidence. Gu et
al.32,33 have recently provided an insight on poly(styrene)-block-poly(2-vinylpyridine)
(PS-b-P2VP) BCPs and highlight the importance of taking into account the processing
conditions such as swelling ratio of BCP films and solvent removal rates during SVA.
The work by Gu et al. further emphasizes the benefits of GISAXS as a characterization
method that has also been carried out on other BCP systems regarding swelling
effects.34,35 Likewise, Mokarian et al.36 employed an in-situ time-resolved light scattering
device to observe a “flipping” phenomenon in hexagonal forming PS-blockpolyethylenoxide (PS-b-PEO) films that was related to vapor pressure threshold value.
In addition to using a solvent to impart mobility in a BCP, combining the solvent vapors
with temperature to increase vapor pressure also enhances the ordering dynamics of
BCPs.31,37 The complex interplay of surface energetics and confinement effects of BCPs
in thin film form requires extensive solvent analysis. Each polymer block swells at
different rates depending on the selectivity of the exposed solvent. Screening of solvent
molecules occurs at the interface of the two blocks of a BCP as defined by equation 1
below.36,38

χeff = χ(1 – Φs)

(1)
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where χeff and χ are the Flory-Huggins interaction parameters in the presence and absence
of the solvent. Parameter Φs is the volume fraction of solvent. From equation 1, solvent
uptake by the polymer film will reduce the overall χ of the system, however solvent use
is required to reduce the glass transition of the PS block enabling microphase
separation.38 Lamellar PS-b-PLA studies to date have focused mainly on thermal
annealing.39,40 Keen et al.40 have demonstrated DSA of PS-b-PLA with sub-10 nm
feature sizes and outlined key contributions on the relationship between defect levels and
degree of frustration of polymer chains under confinement.

We present a systematic study using AFM data complemented by GISAXS analysis on
the STVA behavior and microphase separation of a near symmetric forming PS-b-PLA
BCP. We show through STVA the microphase separation of PS-b-PLA (21,000 g mol-1
- 19,500 g mol-1) BCP system and the DSA of line patterns on topographically patterned
silicon nitride substrates. GISAXS provided an interesting insight on the interior
orientation of the PS-b-PLA films following STVA. Our studies showed that microphase
separated BCP patterns were attained only through increasing THF vapor pressure using
a higher processing temperature. Periodicity (L0) of the microphase domains was
measured at 32 nm. Morphological changes were observed in films of ~1.47 Lo (~ 48 nm)
up to 45-60 minutes with PS-b-PLA possessing patterns with long average line lengths.
Wet etching of the PLA component in PS-b-PLA films is also detailed showing a high
degree of selectivity.

3.3. Experimental
Materials. Polystyrene-block-polylactide (referred to as PS-b-PLA, but note that PLA is
in the DL form) was purchased from Polymer Source, Inc., Canada, with a total number
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average molecular weight of Mn = 40.5 kg mol-1 (MnPS= 21 kg mol-1; MnPLA= 19.5 kg
mol-1, fPS= 0.53), a polydispersity index of 1.15 and was used without further purification
or treatment. The planar substrates used were highly polished single-crystal silicon
<100> wafers (p-type) with a native oxide layer of 2 nm. Silicon nitride (Si3N4) substrates
used composed of a low pressure chemical vapor deposition deposited Si3N4 coated
substrate (resistivity, ρ = 1 × 1014 to 1 × 1016 Ω cm) on p-type silicon ⟨100⟩ with a

surface SiO2 layer ∼7 nm thick. Topographically patterned Si3N4 substrates with pitches

in the range of 50−500 nm, variable mesa widths of 30−700 nm, and depth of ~50-60 nm

were fabricated via 193 nm UV-lithography and processed by means of conventional
mask and etch techniques. SEM and TEM characterization of the Si3N4 substrates can be
found elsewhere.27 Sulfuric acid (ACS reagent, 95.0-98.0%), hydrogen peroxide
(containing inhibitor, 30 wt. % in H2O, ACS reagent), methanol (for HPLC, ≥99.9%)
chloroform (HPLC grade, ≥99.9%, contains 0.5–1.0% ethanol as stabilizer,), toluene (for
HPLC, 99.9%), tetrahydrofuran (THF) (HPLC grade, ≥99.9%), hexamethyldisilazane,
sodium hydroxide (purum p.a., ≥98.0% (T), beads), ruthenium(III) chloride hydrate, and
sodium hypochlorite solution (6-14% active chlorine basis) were all purchased from
Sigma Aldrich.
Substrate Cleaning, Block Copolymer Preparation and Deposition. Substrates were
cut into 2.0 cm2 pieces and were cleaned in a piranha solution (1 : 3 v/v 30% H2O2 :
H2SO4) (Caution – piranha solution may cause explosion in contact with organic
material) at 100°C for 30 minutes, rinsed with DI waters several times and dried using
nitrogen gas. Following this, the freshly piranha cleaned substrates were sonicated with
chloroform (i.e. BCP casting solvent) for 10 minutes. Substrates that were functionalized
with a hexamethyldisilazane (HMDS) layer were first sonicated with acetone followed
by methanol (20 minutes sonication in each). After sonication, the substrates were
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immersed in a solution of toluene:HMDS (1:5) for ~16 hours, as described previously in
the literature.41 0.5 wt % solutions of PS-b-PLA were prepared in chloroform and
subsequently sonicated for 30 minutes. Following complete dissolution, PS-b-PLA
solution was spin coated on piranha cleaned silicon substrates at 2000 rpm for 30
seconds. 0.5 wt % PS-b-PLA solutions were spin coated on HMDS treated silicon in the
same manner. Note that the HMDS step was carried out so that film delamination was
avoided via promotion of PS adhesion onto the HMDS functionalized substrate.
Following PS-b-PLA deposition, solvent vapor annealing (SVA) treatment was carried
out. Films were placed inside a glass jar (150 ml) with a small vial containing ~1 ml of
THF solvent for up to 60 minutes. This was the standard protocol for all temperatures;
room temperature, 40°C and 55°C were examined. Prior to STVA films at room
temperature, the vial containing THF solvent was placed inside the annealing jar for up
to 20 minutes before sample to ensure a saturated THF atmosphere was reached.
Following the desired SVA or STVA period, the film was removed immediately and
solvent was allowed to evaporate at ambient conditions before characterization.
Grazing Incidence Small Angle X-Ray Scattering (GISAXS). GISAXS experiments
were performed at 8 KeV at an incidence angle of 0.22° (above the critical angle of the
film, probing inside the film and just at the critical angle of silicon). All patterns are an
average of about 10 frames, to reduce the signal to noise ratio.
PLA block degradation/etch. A 0.01M NaOH (60:40, water:methanol) solution was
prepared at room temperature. The solution was given sufficient time (~15 minutes) in
order to fully dissolve. STVA PS-b-PLA films were then immersed in the basic solution
for up to 5 minutes. After removal from the degradation solution, films were washed
twice with deionized water and blown dry under nitrogen. Etching of thicker PS-b-PLA
films formed via “solvo-microwave” annealing is detailed in a prior publication.42
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Characterization. Film Thickness. BCP film thicknesses were measured with a
spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of
70°, on at least five different places on the sample and was averaged as the film thickness.
A layer model (SiO2 + BCP) for total BCP film was used to simulate experimental data.
Atomic Force Microscopy (AFM). AFM (Park systems, XE-100) was operated in AC
(tapping) mode under ambient conditions using silicon microcantilever probe tips with a
force constant of 42 N m-1. Topographic and phase images were recorded simultaneously.
Scanning Electron Microscopy (SEM). SEM images were obtained by a FEI Helios
Nanolab 600i system at an accelerating voltage of 5 kV and at a working distance of 4
mm. Cross-section SEM images involved cleaving the substrate in half and positioning
the substrate perpendicular to the incident beam of electrons. The stage was then tilted at
20° to 30°. Fourier Transform-Infrared (FT-IR) Spectroscopy. An IR660, Varian
infrared spectrometer was used to record the FT-IR spectra. The FT-IR was operated in
ATR mode during measurements. The measurements were performed in the spectral
range of 4000 to 400 cm-1, with a resolution of 1 cm-1 and data averaged over 32 scans.
FT-IR was employed to analyze films before and after etching the PLA block of the PSb-PLA BCP.

3.4. Results and Discussion
3.4.1. Microphase separation of PS-b-PLA BCP
In general, calculating solubility differences between a polymer and a particular solvent
will provide a reasonable indication of miscibility. When |δpolymer - δsolvent| < 2.5
[MPa]1/2, then during SVA a solvent will diffuse into a polymer.43 Free volume is
subsequently created in the polymer network which decreases the glass transition
temperature (Tg) of the polymer enhancing chain mobility. Solubility parameters for PS,
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PLA and THF are 18.8, 22.2 and 19.4 [MPa]1/2 respectively.44-46 THF is a relatively
neutral solvent for both PS and PLA blocks (see calculation in Appendix – Chapter 3
Table 3.7.S1) and was employed as our SVA solvent. We also investigated chloroform
as a SVA solvent as this was used as the spin casting solvent. Despite similar polymersolvent interactions to THF, microphase separation was not observed in the process
window studied (see appendix Figure S3.7.1). We believe the neutral interface created at
the polymer/air interface when SVA with THF allows perpendicular orientation of the
lamellar microdomains as others have also noted in their experiments for similar
systems.47,48 Thin films of PS-b-PLA were initially prepared on silicon substrates
following piranha cleaning. To induce self-assembly, films were exposed to THF vapors
at 55°C for up to 50 minutes. The as-cast film of 0.5 wt% PS-b-PLA chloroform solution
spun on silicon is shown in Figure 3.1a. A near featureless film is observed. The initial
as-cast film thickness was measured at 47.05 nm ± 0.11 nm. Samples STVA with THF
for 15, 30 and 45 at 55°C are shown in Figure 3.1b-d. One can see that self-assembly
occurring after 15 minutes and that fully developed domains with extended average line
lengths are observed after 45 minutes SVA. The perpendicular domains in Figure 3.1d
have a 32.5 nm periodicity (L0). After swelling of the film for 45 minutes with THF vapor
at 55°C (Figure 3.1d), the dried film thickness was almost the same as the as-cast film at
48 nm ± 0.16 nm. Table 1 displays thicknesses for as-cast and STVA annealed films on
piranha cleaned and HMDS functionalized silicon substrates.
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Qz

Qxy

Figure 3.1. AFM topographic images of PS-b-PLA BCP films (a) as-cast and after
solvent vapor annealing with THF @ 55°C after (b) 15 minutes, (c) 30 minutes and (d)
45 minutes. Scale bars represent 400 nm. L0 in (a), (b), and (d) represent the repeat
periodicity calculated from GISAXS measurements. (e-h) Corresponding GISAXS
patterns for (a) – (d).

Detailed GISAXS analysis was carried out on the above STVA films (Figure 3.1a-d).
The as-cast, 15 minute and 45 minute treated films exhibited a correlation peak with at
least one order as seen in GISAXS patterns in Figure 3.1 (e), (f) and (h). One observes a
large disorder in the as-cast film (Figure 3.1e) in the in plane correlation which is
consistent with AFM image in Figure 3.1a. GISAXS data of the PS-b-PLA film displayed
in Figure 3.1c also provides us with more information for this pitch size decrease. As the
corresponding GISAXS data reveals in Figure 3.1g, we observe no correlation within the
plane of the substrate in comparison to first order peaks observed in Figure 3.1f and h.
The corresponding AFM image in Figure 3.1c also reveals a complex structure of short
lamella lines and possible perforated lamella (antidots). Only after a certain time we
observe a stable equilibrium structure with highly oriented vertical lamella sheets (Figure
3.1d). The GISAXS image with strong Bragg rods in Figure 3.1h for the 45 minute film
experiment reveals an elongation in the qz axis, i.e. domains oriented perpendicular to
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the substrate. This is in agreement with the AFM image in Figure 3.1d. We observed a
notable difference between microdomain pitches at 15 minutes STVA (38 ± 0.2 nm)
whilst 45 minutes STVA samples possessed a pitch of 32.5 ± 0.2 nm.

Table 1. Contact angle of silicon after different treatment techniques and film thickness
of PS-b-PLA BCP material after casting and solvent vapor annealing.
Material

Contact

As cast film thickness

angle
Piranha cleaned Si +

Thickness after SVA
for 45 minutes

~25°

-

-

HMDS treated Si

~70°

-

-

0.5 wt % PS-b-PLA on

-

47.05 nm ± 0.11 nm

48.92 nm ± 0.16 nm

-

47.83 nm ± 0.05 nm

47.98 nm ± 0.05 nm

chloroform sonication

piranha cleaned Si
0.5 wt % PS-b-PLA on
HMDS treated Si

As time proceeds, we then observe a decrease in microdomain pitch but enhanced
average line lengths (Figure 3.1d) with the removal of solvent and the film reaching a
metastable state. The through film uniformity of this pattern is also confirmed by the
GISAXS analysis. One could also claim that the morphologies achieved in the swollen
state during STVA have been retained upon evaporation (dry state) as they are quite
distinct from each other. This has recently been shown for asymmetric PS-b-PLA by
Sinturel et al.35

Our investigation also examined films over a range of temperatures while exposed to
solvent vapor and without solvent vapor, i.e. thermal annealing. Films were subsequently
exposed to a polar and non-polar solvent (THF and CHCl3) at room temperature and at
40°C and 55°C to increase solvent vapor pressure in an attempt to achieve microphase
separation via enhanced chain mobility. Microphase separation was not observed by
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AFM analysis with films SVA with chloroform (data is displayed and discussed in
appendix table 3.7.S2 and Figure S3.7.1). Likewise, self-assembly was not observed for
films thermally annealed at 40°C or at 55°C (see appendix Figure S3.7.2). These
particular temperatures were used as they are close to 2 times and 4 times the vapor
pressure of neutral solvent THF that forms well-defined PS-b-PLA films. Thermal
annealing alone produced no microphase separation in our study, and THF solvent vapor
exposure at RT also showed no signs of microphase separated morphologies. In
comparison, with elevated vapor pressures at 40°C and 55°C, we observe distinct
lamellar patterns in PS-b-PLA BCP films.

3.4.2. Directed Self-Assembly of PS-b-PLA via Topographic Substrates.
For BCP materials to realize their nanolithographic potential, integration with top-down
lithographically patterned substrates must be demonstrated.10 We have employed Si3N4
trenched substrates (see experimental for fabrication details) to graphoepitaxally align
PS-b-PLA films. Note that the use of “orientation” below refers to PS and PLA domains
relative to the substrate while “alignment” is in reference to the features relative to the
guiding sidewall geometry. Also results presented in Figure 3.3 and 3.4 below were
processed in the same manner (film thickness, STVA time and temperature). Figure 3.2
shows SEM images of resulting alignments which are also represented schematically.
Figure 3.3a shows a top-down SEM image of self-assembled PS-b-PLA pattern
formation on an open area of the Si3N4 substrate following the optimized SVA conditions
discussed above. PS domains appear dark while PLA domains are bright due to RuO4
staining for SEM contrast purposes. Figure 3.3b reveals the perpendicular alignment of
PS-b-PLA features to the Si3N4 sidewalls as represented in Figure 3.2A. The channel
dimensions (dark) are ~50 nm (1.53) L0 wide while the mesa dimensions (bright) are ~
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140 nm. L0 measured in the channels is similar as that measured on planar silicon and
open areas of the Si3N4 substrates at ~ 32.5 nm. The perpendicular alignment preference
of the domains to the sidewalls is also revealed in Figure 3.3c and d with channel width
dimensions slightly wider at ~ 130 nm (4 L0) and ~ 150 nm (4.61 L0) while mesa
dimensions are ~ 70 nm and ~ 96 nm respectively.

This orientation of the domains is due to the neutral sidewalls. Additionally, despite
channel widths ranging from ~ 50 nm to ~ 150 nm the perpendicular orientation is
retained. We assume that the neutrality of the graphoepitaxy sidewalls favors a
perpendicular registration although this evolution of orientation is surprising in
comparison to graphoepitixal alignment in general. However, if one compares the near
identical surface energies of the constituent blocks, γPS = 42 mJ m -2 and γPLA 36.0–41.1
mJ m-2,29,39 the perpendicular alignment to guiding features may be expected as neither
block has a wetting preference. Other reports have shown similar alignment results in
graphoepitaxy schemes and were as a result of surface chemistry interactions,49 solvent
anneal conditions,50 mesa widths50 or film thickness.51 Here it appears that the neutral
sidewalls and confinement of PS-b-PLA material favors perpendicular alignment. Also
it is possible that PS and PLA domains are oriented parallel to the substrate surface on
the mesas and we cannot observe patterns by SEM.
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Figure 3.2. A. SEM of PS-b-PLA perpendicular aligment to silicon nitride sidewalls. B.
SEM of PS-b-PLA over-flowing channels and aligning parallel to sidewalls. A2 and B2
below SEM images show schemes of both alignments from side-view perpsectives.

A further evolution of alignment direction of PS and PLA domains to sidewall features
was also observed. Figure 3.4 shows different channel (trench) and mesa dimensions that
produced parallel alignment to sidewalls for the PS-b-PLA films over macroscopic areas.
Notably, the area shows PS-b-PLA material that aligned parallel to channel sidewalls.
The dimensions of the mesa (~ 96-500 nm) and the channels (~140-175 nm, i.e. 4.3 > L0
< 5.4) in Figure 3.4a-d are slightly wider than those displayed in Figure 3.3b-d. If one
considers the graphical representation in Figure 3.2, it is possible that the overflow of
PS-b-PLA has resulted in the alignment change of microdomains. We believe that the
perpendicular alignment observed in Figure 3.4 possibly arises due to the confined
domains, and it may be possible that PS-b-PLA is residing parallel to the substrate on the
mesa and thus is not seen on SEM analysis.
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Figure 3.3. (a) Top-down SEM image of PS-b-PLA self-assembly on open area of Si3N4
patterned substrate. (b) – (d) Top-down SEM images of perpendicular alignment of
domains to Si3N4 sidewalls after STVA with THF @ 55°C. Darker areas represent the
channels and bright areas are the mesas. Silicon nitride channel widths are marked in
respective images. Films were stained with RuO4 vapors to enhance contrast. PS domains
appear dark and PLA domains are bright.

The graphoepitaxy process produces defect-free patterns over large areas however
further study is required to dictate the alignment direction of PS-b-PLA relative to
guiding features. The use of polymer brushes at channel bases as used for BCPs with
similar block surface energies such as PS-b-PMMA may be necessary for lamellar PSb-PLA BCP.52 Analysing film thickness and commensurability is also critical for future
work.
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Figure 3.4. (a) to (d) Top-down SEM images showing directed assembly of PS-b-PLA
films after STVA with THF @ 55°C with domain alignment parallel to sidewalls Silicon
nitride channels widths are marked in respective images.

3.4.3. Contributing factors to fast self-assembly
A number of factors contribute to the self-assembly of this PS-b-PLA system and the
organized features observed. Firstly, the PS-b-PLA diblock copolymer possesses a high
χ (χ @ 55°C ~ 0.187). The χ value for PS-b-PLA here is over four times higher than the
well-studied PS-b-PMMA (χ ~ 0.043 at 25°C) system. The Flory-Huggins interaction
parameter (χ) for PS-b-PLA was determined from equation 2 below which was
previously established experimentally;53
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χ (T) = (98.1) T-1 - 0.112

(2)

where T represents absolute temperature. Additionally, after determining χ at the
different process temperatures employed here (see table 2), the corresponding χN values
were calculated. χN > 10.495 is the minimum threshold figure for microphase separation
to occur in BCP films.54 The PS-b-PLA BCP used here has a χN value of 91.57, 84.06
and 78.20 at 23°C, 40°C, and 55°C respectively. These χN values are well above the
minimum threshold and are in the strong-segregation regime.54
Table 2. Characteristics of PS-b-PLA block copolymer used in this study.
Block

Molecular Weight
-1

Pitch -

Pitch -

Copolymer

(kg mol )

AFM

GISAXS

PS-b-PLA

21-19.5

~33.7nm

~32.5nm

χ @ 23°C

χ @ 40°C

χ @ 55°C

~ 0.219

~ 0.201

~ 0.187

As mentioned above, an inherent property of the PS-b-PLA system is the similar surface
energies of the constituent PS and PLA blocks. PS-b-PLA is one of the few BCPs that
exhibit non-preferential free surface interactions. Neutralization of the free surface has
been established of late by Willson, Ellison and co-workers across a range of high χ
silicon containing BCPs with low pitch.18,21 Considering these contributing interfacial
phenomena, one can assume that a relatively neutral substrate/polymer interface
combined with a neutralized free surface for PS-b-PLA will lead to perpendicular
orientation of the lamella domains.48 Since the surface energies of PS-b-PLA allow a
neutral substrate polymer interface, controlling the polymer/air interface can be
established via neutral SVA. As we have demonstrated, THF exposure provides a
neutralized free interface to enable highly defined lamellar domains to orient
perpendicular to the substrate surface. This is observed from the highly developed PS-bPLA domains seen in Figure 3.1d described above.
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Figure 3.5 displays a graph of increasing THF vapor pressure due to increasing
temperature. The insets (a-c) show surface structures following SVA annealing with THF
at room temperature (i.e. 23°C), 40°C and 55°C for 45 minutes. We believe that
employing temperature while SVA with THF for this particular PS-b-PLA system
enables and enhances phase segregation for two reasons. Firstly, the increased vapor
pressure provides more THF molecules to penetrate into the polymer network more
rapidly than at room temperature. PS-b-PLA films exposed to THF vapor at room
temperature (THF vapour pressure = 19.79 kPa) showed no distinct microphase
separation while films SVA at 40°C (THF vapour pressure = 40.22 kPa) and 55°C (THF
vapour pressure = 70.03 kPa) revealed well-defined domains. The importance of vapor
pressure and ability to enhance the dynamics of self-assembly has been highlighted by
our group for this system previously.29 Secondly, as is well demonstrated, thermal
annealing alone enables the microphase separation of BCP above Tg. Considering that
exposure of polymer films to solvents lowers the Tg of BCP systems, the simultaneous
treatment of a THF vaporized PS-b-PLA film even at low temperatures should be
sufficient for reorganization of polymer chains. We speculate that this is the primary
reason for observing such well-defined domains at 40°C. The Tg of PS and PLA in this
system is reported as 98°C and 49°C respectively from the supplier (see experimental for
further details). Solvent exposure using a miscible solvent combined with a temperature
(40°C) below the reported Tg provides more mobility to the PS and PLA block. All
images from RT, 40°C and 55°C are shown for comparison in Figure S3.7.3.

121

Chapter 3: Directed self-assembly of lamellar forming poly(styrene)-block-poly(D,L-lactide) block

2015

copolymer thin films via solvo-thermal vapor annealing for on-chip etch mask application

Temperature (°C)

c. 55°C

b. 40°C

a. 23°C

Vapor Pressure (kPa)
Figure 3.5. Graph reflecting correlation of THF vapor pressure with increasing
temperature. PS-b-PLA self-assembly was induced via increasing THF vapor pressure
with increased temperature. Insets (b) and (c) shows highly ordered PS-b-PLA domains
after SVA with THF @ 40°C and 55°C respectively, while (a) shows no phase separation
was observed at room temperature (i.e. 23°C).

3.4.4. PLA block removal forming PS mask template
We have previously speculated the existence of a PLA wetting layer at the
polymer/substrate interface with this PS-b-PLA BCP system that leads to delamination
of the film during wet etching.42 It may be present due to the polar interaction of the PLA
block and the native oxide layer on silicon.55 To overcome the wetting layer formation
that leads to delamination of the film, PS-OH brush or HMDS functionalization allows
for wet etching to be carried out without delamination of the polymer film.41,42 To
demonstrate the delamination of a PS-b-PLA film on a non-brush substrate we used a
film with thickness close to ~ 210 nm so that a color change or detachment of the polymer
film could be easily observed by naked eye following a brief etch in a 0.01M NaOH
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solution. The picture of the original self-assembled 2 wt % film is shown in appendix
Figure 3.7.5a. Appendix Figure 3.7.5b shows the same film following etching in a 0.5 M
sodium hydroxide solution at room temperature. One observes a drastic color change due
to the loss of the polymer film. This simple observation shows that lamellar PS-b-PLA
films are susceptible to delamination owing to the PLA wetting layer at the polymersubstrate interface. We carried out the same experiment after spin coating a 2 wt % PSb-PLA solution on a HMDS functionalized substrate. It should be noted the microphase
separation is not affected greatly when using the modified surface as shown in Figure
3.6a for 0.5wt % PS-b-PLA on HMDS silicon. Interestingly, we observed complete
detachment of the PS homopolymer film from the piranha cleaned silicon following
etching. This shows that PS-b-PLA BCP on piranha cleaned silicon may not solely be
due to a PLA wetting layer but weak PS interactions. Therefore a HMDS
functionalization step results in a stronger adherence and thus enables wet etching of the
PS-b-PLA BCP to carried out.

For effective PLA etching, a 0.5 wt % PS-b-PLA film on a HMDS modified silicon
substrate was etched using a 0.01M sodium hydroxide solution for 5 minutes. From our
previous work, we have evaluated different routes and established issues that required
further examination.42 Previously, we discussed that thinner polymer films would be
examined and this has been demonstrated here. Figure 3.6a reveals well-developed
microphase separated PS-b-PLA pattern on HMDS functionalized silicon following SVA
with THF at 55°C for 45 minutes. Etching with 0.01M NaOH solution enabled porous
PS templates after 5 minutes. Figure 3.6b shows cross-section SEM image of PS soft
mask template after PLA removal via wet etching. The image shows that PS-fin collapse
after PLA removal is not evident and reveals the high selectivity of the etch and its’
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homogeneity over the film surface. The use of a low concentration basic solution for
PLA must be noted to avoid roughness. Over-etching is facile with this system as the
carboxylic acid backbone of the PLA block is susceptible to chain scission.

Figure 3.6. (a) AFM image of thin film of PS-b-PLA self-assembly on HMDS
functionalized silicon following 45 minutes STVA. (b) Cross-section SEM of etched PSb-PLA film following 5 minute immersion of film in 0.01 M NaOH solution. Inset in (b)
shows corresponding GISAXS pattern retaining the same order as the initial selfassembled film. (c) FT-IR data of film before and after etch treatment showing removal
of PLA component. (a) and (b) scale bars represent 250 nm.

Moreover, after the initial chain scission, auto-catalytic effects accelerate the degradation
process. The low concentration and short treatment time enabled effective PLA removal
without any damage to the overall structure. Etching a thin BCP film also avoids line
collapse that can occur due to the high aspect ratio of one domain relative to the
nanodomain being removed.42 Such a scenario in thick films generally results in
collapsing of the remaining domains and merging of features. The GISAXS inset also
shows that the highly ordered vertical nature of the microdomians is retained, similar to
initial PS-b-PLA film (Figure 3.6d). FT-IR data provided in Figure 3.6c confirms that
PLA has been fully etched. The characteristic C=O peak occurring at 1758 cm-1 for the
PLA backbone is present in the unetched film while the after etch film (5 minutes in
0.01M NaOH solution) shows the absence of this feature.
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3.5. Conclusions
Chapter 3 outlined a methodology using the solvo-thermal vapor annealing process for
the microphase separation of a symmetric PS-b-PLA BCP in a short processing period.
Parameters influencing the self-assembly kinetics were examined and GISAXS data
confirmed that uniform films with high order were formed after optimum annealing. The
PS-b-PLA BCP thin films developed in this work are of low aspect ratio avoiding line
collapse and image quality issues in order to optimize their nanolithographic potential.
For pattern transfer purposes, we have also demonstrated highly PLA selective wet and
dry etches that can be carried out in a rapid, cheap and reproducible manner.
Additionally, directed self-assembly of line space feature were shown over large areas.
The work presented in this chapter illustrates the applicability of a high χ BCP with a
rapidly degradable block for high etch contrast. However, careful substrate surface
modifications will be required to controllably align PS-b-PLA microdomains to a surface
plane to meet DSA requirements.
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3.7. Appendix – Chapter 3
Directed self-assembly of lamellar forming poly(styrene)-block-poly(D,L-lactide)
block copolymer thin films via solvo-thermal vapor annealing for on-chip etch mask
application
The selectivity of THF for the PS-b-PLA (21 kg mol-1 -19.5 kg mol-1) BCP can be
defined by the expression, χ = Vs(δs - δp)2 /RT + 0.34,1 where Vs is the molar volume
of the solvent, R is the gas constant, T is the Kelvin temperature, and δs and δp are the
solubility parameters for solvent and polymer, respectively. As described in the chapter,
the solubility parameters for PS, PLA and THF are 18.8, 22.2 and 19.4 [MPa]1/2 while
Vs for THF is 81.7 cm3.2 From the calculations in table 3.7.S1 we see that THF is almost
neutral for PS-b-PLA since χPS–THF and χPLA-THF values are close to 0.5. Since χPS–THF
is below 0.5, i.e. a good solvent, THF possesses a slight PS selectivity. The calculations
also show that temperature does not affect the polymer-solvent selectivity greatly
although there is a reduction in the χPLA–THF value from 0.60 (at 23°C) to 0.57 (at 55°C),
thus temperature improves the selectivity of the solvent for the PLA block. Chloroform
(CHCl3, PS-b-PLA casting solvent) was also investigated as a choice solvent for the
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solvent vapor annealing process and polymer-solvent interactions are summarized in
Table 3.7.S2. Vs for CHCl3 is 80.7 cm3.

Table 3.7.S1. Polymer-solvent (P-S) interaction parameter (χP-S) for PS-b-PLA and THF
solvent.
Temperature
χPS -THF
χPLA -THF
23°C
0.35
0.60
40°C

0.35

0.59

55°C

0.35

0.57

Table 3.7.S2. Polymer-solvent (P-S) interaction parameter (χP-S) for PS-b-PLA and
CHCl3 solvent.
Temperature
χPS –THF
χPLA –CHCl3
23°C
0.34
0.68
40°C

0.34

0.64

55°C

0.34

0.62
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a

b
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f

Figure S3.7.1. AFM topographic images of 0.5 wt % PS-b-PLA (21k-19.5k) thin films
on silicon after (a) 30 minutes solvent vapor annealing (SVA) with chloroform (CHCl3)
at room temperature, (b) 60 minutes SVA with CHCl3 at room temperature, (c) 30
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minutes SVA with CHCl3 at 40°C, (d) 60 minutes SVA with CHCl3 at 40°C, (e) 30
minutes SVA with CHCl3 at 55°C, (f) 60 minutes SVA with CHCl3 at 55°C.

a

b

c

d

Figure S3.7.2. AFM topographic images of 0.5 wt % PS-b-PLA (21k-19.5k) thin films
on silicon after (a) 30 minutes thermal annealing at 40°C (b) 60 minutes thermal
annealing at 40°C (c) 30 minutes thermal annealing at 55°C (d) 60 minutes thermal
annealing at 55°C. Microphase separation is not observed in any of the samples. Notably,
hole formation is observed in each image (a) to (d). These were generally 1 Lo (~34 nm)
from AFM line profiles.
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Figure S3.7.3. Atomic force microscopy topographic images of 0.5 wt % PS-b-PLA
(21k-19.5k) thin films on silicon after (a) 30 minutes SVA with THF at room
temperature, (b) 45 minutes SVA with THF at room temperature, (c) 30 minutes SVA
with THF at 40°C, (d) 45 minutes SVA with THF at 40°C, (e) 30 minutes SVA with THF
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at 55°C, (f) 45 minutes SVA with THF at 55°C. Figure S3.7.3 (e) and (f) also appear in
chapter 3 (i.e. Figure 3.1) and are included here for comparison purposes.

a

b

Before etch

After etch

c

d

Before etch

e

After etch

f

Before etch

After etch
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g

Before etch

h

After etch

Figure S3.7.4. (a) Picture of 2 x 2 cm2 silicon substrate piranha cleaned and sonicated
for 10 minutes with CHCl3. A 2 wt % PS-b-PLA (21k-19.5k) thin film was subsequently
spun cast and then SVA with THF for 60 minutes at 55°C. (b) Shows sample from (a)
after 5 minutes etching with 0.01M sodium hydroxide solution. (water:methanol, 60:40).
It is clear that a surface wetting layer exists due to the complete film delamination. (c)
Picture of 2 x 2 cm2 HMDS silicon substrate with a 2 wt % PS-b-PLA (21k-19.5k) thin
film spun cast and then SVA with THF for 60 minutes at 55°C. (d) Shows PS-b-PLA
HMDS silicon sample from (c) after 5 minutes etching with 0.01M sodium hydroxide
solution. (water:methanol, 60:40). The HMDS functionalization promotes a stronger
adhesion of the block copolymer film with the underlying silicon substrate. (e) 2 wt% PS
homopolymer film spun cast on 2 x 2 cm2 silicon substrate that was initially piranha
cleaned and sonicated for 10 minutes with CHCl3. The 2 wt% PS homopolymer film was
SVA for 60 minutes at 55°C. (f) The PS (22k) homopolymer showed near complete film
delamination after 0.01M sodium hydroxide etching for 5 minutes. As can be seen from
the picture, only a small portion of the original PS film was retained. (g) 2 wt% PLA
(16k) homopolymer film spun cast on 2 x 2 cm2 silicon substrate that was initially piranha
cleaned and sonicated for 10 minutes with CHCl3. The 2 wt% PS homopolymer film was
SVA for 60 minutes at 55°C. (h) Following etching the film showed complete
delamination as one would expect with the highly susceptible PLA component exposed
to basic conditions.
3.8. References
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4.1. Abstract
Block copolymers (BCPs) are seen as a possible cost effective complementary technique
to traditional lithography currently used in the semiconductor industry. This
unconventional approach has received increased attention in recent years as a process
capable of facilitating the ever decreasing device size demanded. Control over
microdomain orientation and enhancing long range order are key aspects for the utility
of BCPs for future lithographic purposes. This chapter provides an efficient route for the
fabrication of highly ordered nanostructures suitable for such application. We investigate
the significant effect of surface treatment regarding the self-assembly process of
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) by employing an ethylene glycol
layer, producing well defined perpendicular P4VP cylinders with long range order over
large surface areas. Nanopores are generated through surface reconstruction using a
preferential solvent, which allows for the incorporation of an inorganic moiety.
Treatment of this pattern with UV/Ozone leads to formation of well-ordered iron oxide
nanodots with a pitch of ~26 nm. Furthermore, high aspect ratio silicon nanopillars result
following pattern transfer.

4.2. Introduction
In an effort to enable the desired feature size of future electronics, block copolymers
(BCPs) have been the focus of intense research for the past decade, as outlined in
numerous reviews.1-6 BCPs now offer a promising alternative to the traditional “topdown” fabrication methods due to their processing advantages as well as from an
economic standpoint. Owing to diffraction limits, issues with lithography methods have
been well documented, as the semiconductor industry now seek a robust high throughput
approach. The flexibility offered through the self-assembly of BCPs make these materials
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ideal candidates for a wide range of applications and are not solely limited to lithography.
However, paramount to their success in the electronics field is to produce high quality
structures with long range order which possess few defects after pattern transfer.7,8 BCPs
consist of two monomer components that differ both physically and chemically and when
microphase separated give rise to fascinating architectures. One such useful morphology
is hexagonally packed cylinders, whereby when the minority block is removed or swollen
creates nanopores which can be utilized for the deposition of metal nanoparticles (NPs).
Smaller domain dimensions can be produced by lowering the molecular weight of the
constituent BCP components and these tunable characteristics highlight the importance
of BCPs in the future allowing for the development of ultra-high density storage media.

Dewetting is a major problem encountered with BCPs which prevents pattern formation,
limits correlation length and leads to defects. Altering surface energies plays a significant
role in controlling both wetting layer and morphologies of BCPs.9-11 Polystyrene-blockpolymethylmethacrylate (PS-b-PMMA) has been one of the most intensely studied BCPs
to date, and various methodologies have been employed to control self-assembly. In
asymmetric PS-b-PMMA, where PMMA is the minority block, the PMMA block has a
preferential interaction with the oxide layers on the silicon substrate, and thus leads to in
plane cylinders. To overcome this, the generation of cylinders normal to the surface has
been allowed through the use of random copolymer brushes to “neutralize” the
surface,12,13 as well as PS-OH brushes to modify surface energy of the silicon substrate.14
Recently, Kim et al have implemented a similar methodology by adding PS-OH
homopolymer to a BCP (polystyrene-block-polyethyleneoxide (PS-b-PEO) solution
resulting in highly ordered microdomains with a reduced process time in comparison to
long annealing periods required for usual substrate chemistry modifications.15 With
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regard

to

polystyrene-block-poly(4-vinylpyridine)

(PS-b-P4VP),

control

over

microdomain orientation has previously been demonstrated by hydrogen bonding small
molecules such as 3-Pentadecylpehnol (PDP), 2-(4′-Hydroxybenzeneazo)benzoic acid
(HABA) and 1-Pyrenbutyric acid (PBA) to P4VP.16-20 These routes typically take a
number of days for hydrogen bonding to successfully take place, adding to the
complexity of the overall process. A fundamental challenge for BCPs applicability for
integrated circuit integration is the successful transfer of the resulting pattern from the
microphase separated BCP to the underlying substrate. To ensure that the pattern is
transferred properly etch contrast is required. This can be done by wet etching the BCP,
so the minority block is removed or through surface reconstruction whereby nanopores
are also produced after exposure to a preferential solvent that induces swelling.
Alternatively, plasma assisted etching [reactive ion etching (RIE) or inductively coupled
plasma (ICP)], also known as dry etching, is a powerful tool for the selective etch of a
minor component and etch directionality leads to ideal templates for pattern transfer as
detailed in recent etch studies by Borah et al.21,22

To generate highly ordered silicon nanostructures with few defects a hard mask (such as
Fe2O3) can also be employed, fabricated using the minority block removal/swelling
previously detailed and then followed by the addition of a metal complex. Surface
reconstruction has been demonstrated in PS-b-P4VP systems using a preferential solvent
like ethanol,23,24 and has been reported in PS-b-PMMA BCPs using acetic acid.25 The
resulting nanopores allow for the deposition of various particles with wide ranging
functions. With PS-b-P4VP, NP inclusion can be done either by depositing the NPs after
the self-assembly process or inclusion of the desired ratio of NP to the diblock copolymer
solution before spin coating. For example, well-ordered micelle and cylindrical
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microdomains have been reported in PS-b-P4VP BCPs for metal inclusion to fabricate
arrays of iron nanocatalyts,26 copper nanocatalyts,27 titania NPs,28 and iron platinum
NPs.29

This chapter describes a simple surface modification method (having a short processing
time, ~ 1 hour) - using a silicon oxide surface functionalized with an ethylene glycol
layer and detail its subsequent effects for controlling the self-assembly process in
asymmetric PS-b-P4VP as well as increasing surface coverage of the resulting
morphology through solvent annealing. This increased surface coverage have beneficial
implications for transistor devices but also for other electronic devices such as passive
on-chip capacitors whose storage capacity is dependent on area.30 Our investigation also
highlights the role that temperature has in producing highly oriented and well-ordered
patterns. Using the surface reconstruction strategy which created a nanoporous template
we deposited an iron nitrate ethanol solution that was immediately followed by
UV/Ozone exposure to remove the polymer matrix surrounding the nanodot array.
Significantly we have shown that this BCP system with a hard mask led to a greater depth
profile following pattern transfer.

4.3. Experimental
Materials. Planar substrates used were highly polished single-crystal silicon <100>
wafers (p- type) with a native oxide layer of ~ 2 nm. No attempt was taken to remove the
native oxide of a few nm depths. Polystyrene-block-Poly(4-vinylpyridine) was purchased
from Polymer Source, Inc., Canada, with a molecular weight of Mn = 33.5 kg mol−1
(MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a polydispersity (Mw/Mn) of
1.10 (where, Mn and Mw are number average and weight average molecular weights)
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and was used without further purification. Iron (III) nitrate nonahydrate
(Fe2(NO3)3.9H2O), ethylene glycol (EG, CH2(OH)CH2(OH), 95.0%), toluene (99.8%,
anhydrous), tetrahydrofuran (THF) (99.8%, anhydrous), ethanol (dehydrated, 200 proof),
acetone (99.0%, anhydrous), iso-propanol (IPA) (99.0%, anhydrous), sulphuric acid
(98.0%) and hydrogen peroxide (30.0%) were purchased from Sigma-Aldrich and used
without further purification unless otherwise stated. De-ionized (DI) water was used
wherever necessary.
Substrate Cleaning, Activation and Modification with EG. Substrates were cut into
2.0 cm2 pieces and then degreased by ultrasonication in acetone and IPA solutions for 5
minutes each, dried in flowing N2 gas and baked for 2 minutes at 120°C in an ambient
atmosphere to remove any residual IPA. This was followed by cleaning in a piranha
solution (1:3 v/v 30% H2O2:H2SO4) (CAUTION! May cause explosion in contact with
organic material!) at 100°C for 60 min, rinsed with DI water (resistivity ≥ 18 MΩ/cm)
several times, acetone, ethanol and dried under N2 flow. Piranha activation removes any
organic contaminant, greases and creates hydroxyl groups on the silicon substrates.
Solution of ethylene glycol (EG) 5 % (v/v) was prepared in ethanol and was stirred at
room temperature (~ 23°C) for 2 hours to ensure complete mixing. The hydroxylated
substrates (by piranha solution as mentioned above) were immediately coated with
ethylene glycol by spin-coating (P6700 Series Spin-coater, Speciality Coating Systems,
Inc., USA) at 1000 rpm for 30 s. Samples were air dried at room temperature (~ 23 °C)
for 30 minutes, washed with absolute ethanol and then dried under a stream of nitrogen.
Films survived repeated rinses in ethanol as observed by XPS and FTIR.
BCP Film Preparation and Solvent Anneal. The polymer was dissolved in a toluene:
THF (80: 20) mixture to yield 0.5 wt. % solution and left stirring for 12 hours to ensure
complete dissolution. BCP films were prepared by spin coating the polymer solution onto
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the substrates at 3000 rpm for 30 seconds. Following deposition, the PS-b-P4VP
generated thin films were exposed to a saturated THF environment at different
temperatures viz., 40 °C, 50 °C and 60 °C. Solvent annealing was carried out in the
conventional manner with a small vial containing 8-10 ml of annealing solvent placed
inside a glass jar (150 ml) with BCP sample for different time periods. Samples were
removed from the glass jars after the desired anneal time and allowed to evaporate the
trapped solvent at ambient conditions.
BCP Film Reconstruction with Ethanol. Surface reconstruction was carried out by
immersing the solvent annealed thin film in ethanol for 20 minutes. After this immersion
period, the sample was removed and dried under nitrogen flow. This provided enough
time for swelling of the P4VP domains to enable reconstruction of a nanoporous film for
subsequent deposition of iron nitrate solution.
Iron Oxide Nanopattern Development. Fe2(NO3)3.9H2O solution of 0.3 wt.% was
prepared in ethanol and spin-coated onto the ethanol reconstructed film at 3000 rpm for
30 seconds. UV/Ozone treatment was used to oxidize the precursor and remove polymer.
Samples were UV/Ozone treated in a UV/Ozone system (PSD Pro Series Digital UV
Ozone System; Novascan Technologies, Inc., USA). The UV source is two low-pressure
mercury vapor grid lamps. Both lamps have an output current of 0.8-0.95 A and power
of 65-100 W, as reported by the manufacturer, and have strong emissions at both
wavelengths of UV radiation (184.9 nm and 253.7 nm). Samples were placed at a
distance of about 4 mm from the UV source and exposed to UV irradiation. The system
produces highly reactive ozone gas from oxygen that is present within the chamber.
Samples were exposed to UV/Ozone for 3 hours to oxidize the inorganic precursor and
remove the PS template. The inorganic nanostructure was further calcined in a muffle
furnace (EFL 11/14B CARBOLITE) at 800 °C for 1 hour to verify the thermal stability.
142

Chapter 4: Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized Silicon

2015

Substrates: Fabrication of Inorganic Nanostructured Etchmask for Lithographic Use

Pattern Transfer by Plasma Etching. The FeOxide(s) nanodots fabricated from the
BCP template were used as an etch mask for pattern transfer. The silicon etch was
performed using CHF3 (80 sccm) and SF6 (15 sccm) gases for 12 seconds with an
inductively coupled plasma (ICP) and reactive ion etching (RIE) powers of 1200 W and
30 W, respectively, at 2.0 Pa with a helium backside cooling pressure of 1.3 kPa to
transfer the patterns into the underlying substrate. The etching process was accomplished
in an OIPT Plasmalab System100 ICP180 etch tool.
Characterization. Static contact angles (θa) of deionized water was measured at
ambient temperature using a Data Physics Contact Angle (model: OCA15) goniometer.
Contact angles were measured on the opposite edges of at least five drops and averaged.
The values were reproducible to within 1.5°. BCP film thicknesses were measured with
a spectroscopic ellipsometer “Plasmos SD2000 Ellipsometer” at a fixed angle of
incidence of 70°, on at least five different places on the sample and was reported as the
film thickness result. A two layer model (SiO2 + EG) for EG modified surface and a three
layer model (SiO2 + EG + BCP) for total BCP films were used to simulate experimental
data. An IR660, Varian infrared spectrometer was used to record the FTIR spectra. The
measurements were performed in the spectral range of 4000-500 cm-1, with a resolution
of 4 cm-1 and data averaged over 32 scans. X-ray Photoelectron Spectroscopy (XPS) was
performed on Vacuum Science Workshop CLASS100 high performance hemispherical
analyser using Al Kα (hν = 1486.6 eV) mono X-ray source. Spectra were obtained at a
take-off angle of 15°. Samples were loaded into the vacuum chamber within 1 hour after
being prepared and were subjected to XPS analysis. Photoemission peak positions were
corrected to C 1s at a binding energy of 284.8 eV. GISAXS and reflectometry data were
obtained from beamline I07 at Diamond Light Source Ltd (Didcot, Oxfordshire, U.K.).
GISAXS flight tube (purpose built) and Pilatus 2M detector were used for GISAXS
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measurements. Atomic Force Microscope (SPM, Park systems, XE-100) was operated
in AC (tapping) mode under ambient conditions using silicon microcantilever probe tips
with a constant of 42 N m-1 and a scanning force of 0.11 nN. Topographic and phase
images were recorded simultaneously. SEM images were obtained by a high resolution
(< 1 nm) Field Emission Zeiss Ultra Plus-SEM with a Gemini® column operating at an
accelerating voltage of 5 kV. EDX data and images were obtained using Helios Nanolab
DB FIB using HAADF detector in STEM mode. The TEM lamella specimen were
prepared by the Helios NanoLab DB FIB and were analysed by JEOL 2100 high
resolution transmission electron microscope operating at an accelerating voltage of
200kV.

Figure 4.1. Details of the process flow of BCP self-assembly on silicon substrates
functionalized with EG, film reconstruction with ethanol, iron oxide hard mask
fabrication and subsequent plasma etching to fabricate silicon nanopillars.

4.4. Results and Discussion
4.4.1. Molecular Functionalization with EG
For successful BCP integration in next generation electronics novel approaches are
required both for control of self-assembly and for reducing present defect formation
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densities. Figure 4.1. details the silicon substrate cleaning, modification with EG and the
BCP microphase separation steps. The hydrophilic nature of this EG coated film enables
the perpendicular orientation of P4VP hexagonally packed cylinders owing to the
preferential interaction with P4VP block in PS-b-P4VP. This alteration in substrate
surface chemistry aids the self-assembly in forming patterns with a high degree of order
that is absent from non-modified silicon substrates (see below).

Prior to BCP film formation, the EG functionalized surface was fully characterized by
AFM imaging, contact angle measurement, film thickness by ellipsometry, FTIR, and
XPS. The AFM scan of the EG treated surface is presented in Figure 4.2a and reveals a
fairly uniform surface with occasional particulate contamination which is however, not
seen after BCP deposition (see below). We believe this is multi-layer formation due to
strong hydroxyl bonding between EG molecules. We suggest that the multi-layers are redissolved in the BCP casting solution but are not re-deposited because of excellent
coverage of the BCP on the molecular layer. These observations support the hypothesis
of uniform surface functionalization. The attachment of EG at the substrate surface had
a marked effect on the water contact angle of the surface. The contact angle of the piranha
treated surfaces was measured at ~ 27°. The static water contact angle of EG modified
silicon substrate was found to be 36°, thus portraying the hydrophilic nature of the EG
monolayers. We further characterized the EG functionalized surface using ellipsometery
and the thickness was measured 1.72 nm. It should be stressed that this technique cannot
be used to predict the film density and as such EG coverage, but gives evidence of the
functionalization process.

145

Chapter 4: Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized Silicon

2015

Substrates: Fabrication of Inorganic Nanostructured Etchmask for Lithographic Use

Figure 4.2. AFM topography image (2-D) (a), FTIR spectrum (b) and XPS spectrum (c)
of EG functionalized silicon substrate.

The FTIR spectrum of EG functionalized surface presented in Figure 4.2b shows a very
broad, intense OH valence vibration band near 2600 cm-1. All of the OH deformational
and skeletal bands are slightly shifted to lower wavelength region compared to the liquid
phase EG bands and these shifts are consistent with grafting of EG-OH onto the silicon
substrate via hydrogen bonding. Besides the simple stretching vibrational mode, two
additional deformational vibrational modes are readily observed in the spectra at 1420
cm-1 and 723 cm-1. The assignment of the skeletal valance and CH2 deformation
vibrations in EG is not facile but comparison to simple molecular hydrocarbon molecules
can be useful.31 Thus, from Figure 4.2b, the peaks due to CH2 deformation are observed
are 2942 cm-1 (νCH2), 1420 cm-1 (δCH2), 1326 cm-1 (γCH2), 1268 cm-1 (τCH2) and 923
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cm-1 (ρCH2). The peak at 1420 cm-1 is overlapped with the hydroxyl deformation peak
assigned above. The two skeletal valance vibrations in EG can be assigned to peaks at
854 cm-1 and 1097 cm-1, respectively, of which the lower frequency probably has more
C-C character and the other more C-O character. Two other features at 530 cm-1 and 603
cm-1 can be assigned O-C-C and O-C-C-O vibrational modes, respectively. All of the
features are consistent with EG attachment to the surface. The EG functionalized silicon
substrate was further assessed using XPS analysis and data are presented in Figure 4.2c.
Well-resolved C 1s (284.9 eV), O 1s (533.0 eV) and Si 2p (98.5 eV) features are readily
observed (note these values are charge corrected values so the Si 2p peak is observed at
98.5 eV consistent with other studies of silicon wafers). The C 1s feature is consistent
with adsorbed features such as adsorbed ethanol.32 The O 1s is similar to that expected
of hydroxyl species in the presence of strong hydrogen bonding.32,33

As detailed above, the silicon substrate with a thin native oxide layer was piranha
activated prior to EG deposition. Piranha activation results in the formation of surface
OH groups as can be seen from the very low water contact angle (27°) on the substrate
surface. EG solution in ethanol was spin-coated on the activated surface and exposed in
ambient conditions at room temperature (~ 23 °C) prior to use. Since the sample was not
annealed, it is highly unlikely that condensation reactions between the silanol-OH and
EG-OH groups occurred. Instead, it appears that the EG molecules were attached to the
substrate surface through hydrogen bonding as suggested by XPS and FTIR. The rather
low water contact angle suggests that only one hydroxyl group is used to bond to the
surface with the second hydroxyl group available for surface reaction. The availability
of one of the OH groups is consistent with the areas of multilayer formation seen in the
AFM analysis. It should be noted that the assignment of hydrogen bonding mechanism
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rather than a condensation reaction of EG-OH groups and surface silanol-OH groups is
only partly supported by the XPS, FTIR and contact angle measurements and detailed
work may be required. However, we do think this is a valid mechanism as although the
EG is strongly bound enough to resist removal during ethanol washes (and subsequent
film deposition), however; all traces of EG are lost upon heating to temperatures above
100 ºC in vacuum.

4.4.2. BCP Self-assembly on Functionalized Surface
By tailoring the surface energy through this simple surface chemistry modification we
have developed highly oriented stable microdomains with reduced defect densities as
evidenced from the topographic image shown in Figure 4.3-4.6. The periodicity of these
domains is 26 nm (cylinder diameter = 20 nm). Thin films of PS-b-P4VP (24k-9.5k) were
generated after spin coating from a 0.5 wt.% BCP solution in toluene/THF mixture (see
experimental for further details) onto the EG treated silicon substrate and solvent
annealed in a THF atmosphere at 50 °C. Park et al.34-36 as well as Shin et al.37 have
demonstrated the effectiveness of developing BCP templates from a mixed solvent
environment with asymmetric PS-b-P4VP. In some cases even after spin coating ordered
morphologies were obtained, which were improved upon solvent annealing (see
Appendix – Chapter 4, Figure S4.7.1). In this study, THF which is a slightly PS selective
solvent was used for annealing thin films. The ability of THF to greatly improve lateral
ordering has previously been discussed.38
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Figure 4.3. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk
silicon substrates (a -2 hours, b - 4 hours, c - 6 hours) and EG treated substrates (d - 2
hours, e - 4 hours, f - 6 hours) annealed in THF atmosphere at ~ 17 °C (room
temperature). FFT patterns inset show the difference in the degree of order.

Although most hexagonal forming PS-b-P4VP systems that have been studied are
annealed at room temperature (~20 °C) in a nitrogen atmosphere, this produced a
combination of mostly poorly ordered perpendicular and parallel cylinders with
macroscale dewetting as well as defects in phase separated areas irrespective of the
anneal conditions considered (Figure 4.3). Instead a range of temperatures were
investigated to yield the most ordered morphology and increasing the temperature
provides sufficient driving force for microphase separation to take place forming ordered
patterns that is not evident at lower temperatures.
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Figure 4.4. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk
silicon substrates (a - 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 40 °C. FFT patterns inset
show the difference in the degree of order.

Both toluene cleaned and EG treated substrates showed evidence of both parallel and
perpendicular cylinders at different stages of the annealing process. A study of the
evolution of morphology of PS-b-P4VP was examined over 2, 4 and 6 hour periods at 40
°C, 50 °C and 60 °C in a THF atmosphere. Annealing carried out at 40 °C on toluene
cleaned substrates is shown in Figure 4.4a-c. Well-developed microdomains were
produced after 2 hours annealing, however; surface coverage was poor in comparison to
the microdomains produced on EG functionalized substrates at 40 °C. All AFM images
for EG samples taken at 40 °C show highly ordered domains as represented by the FFT
inset in Figure 4.4d-f. Samples annealed for 6 hours at 50 °C gave highly uniform films
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with high surface coverage and ordered arrays (See Appendix Figure S4.7.2). However,
it should be noted that the processing window for these film characteristics are not limited
to one specific time and temperature for EG samples. Furthermore, it was found that
those films annealed for this time period did not exhibit both perpendicular and parallel
cylindrical orientation. Figure 4.5c shows the resulting pattern from a PS-b-P4VP film
on toluene only cleaned substrates annealed at 50 °C for 6 hours. The corresponding BCP
film on an EG treated sample annealed for 6 hours at 50 °C gave the best ordered
perpendicular microdomain orientation. Furthermore, it was found that those films
annealed for this time period did not show any mixed cylindrical orientation. This
comparison illustrates the ability that EG has to wet the substrate sufficiently resulting
in enhanced surface coverage (See Figure S4.7.2). Films which were annealed in the
same solvent annealing condition but at an elevated temperature of 60 °C are shown in
Figure 4.6a-f. With the elevated temperature and longer annealing periods (especially 4
and 6 hours) good perpendicular domains were developed. With regard to toluene
cleaned substrates only, all annealing temperatures showed macroscale dewetting as well
as defects. It was generally observed that discrete holes formed in the non-EG treated
substrate surface, a phenomenon associated with thin film destabilization by
intermolecular forces.
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Figure 4.5. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk
silicon substrates (a – 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 50 °C. FFT patterns inset
show the difference in the degree of order.

Since hole growth in thin films is significantly influenced by both interfacial and
hydrodynamic forces we believe the toluene only cleaned substrates produce more
defects and hole growth due to these intermolecular forces with a bare silicon surface in
comparison to substrates that were chemically functionalized with EG.39 Also both a
mixture of perpendicular and parallel cylinders has yet to be shown in asymmetric PS-bP4VP when annealed in a THF atmosphere. We employed THF only but THF/Toluene
(80:20) was also studied and produced the same results. This work shows how the
patterns are not thermodynamically stable as the structure can change between all
perpendicular cylinders and a mixture of both perpendicular and parallel cylinders. We
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suggest that this mixed orientation results from a swelling/deswelling process as
described by Mokarian et al. for PS-b-PEO systems.40 Our observation for this PS-bP4VP system does not show time or structural fluctuations as dramatic as the PS-b-PEO
system mentioned but show similarities that suggest a film thinning effect also occurring
and therefore, the release of excess solvent causes a brief rearrangement of cylinders. So,
in summary, we found that 6 hours of annealing in a THF atmosphere at 50 °C gave the
most consistent pattern that could be utilized for our intended purpose.

The solubility of the BCP blocks in a particular solvent and the rate of solvent
evaporation causes the microphase separation as well as orientation of the microdomains.
Solvent swelling of a BCP film to a solvent vapor results in swelling the BCP film with
solvent vapors and confers enough mobility for the BCP to reorganize. The miscibility
between a polymer and a solvent is governed by the polymer (P)-solvent (S) interaction
parameter χP-S.41 The selectivity of THF for the PS-b-P4VP BCP can be defined by the
expression, χ = Vs (δs - δp)2/RT + 0.34,42 where Vs is the molar volume of the solvent,
R is the gas constant, T is the temperature, and δS and δp are the solubility parameters for
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Figure 4.6. AFM topography images of PS-b-P4VP thin films on toluene cleaned bulk
silicon substrates (a – 2 hours, b – 4 hours, c – 6 hours) and EG treated substrates (d – 2
hours, e – 4 hours, f – 6 hours) annealed in THF atmosphere at 60 °C. FFT patterns inset
show the difference in the degree of order.
solvent and polymer, respectively. From literature, Vs for THF is 81.7 cm3, δs for PS,
PVP, and THF are 18.6, 22.2, and 16.8 (MPa)1/2, respectively.43 Data calculated at
various temperatures are presented in Table 1. Considering the Flory-Huggins criterion
for complete solvent-polymer miscibility, i.e., χP-S < 0.5, it appears that THF is a good
solvent for PS and a poor solvent for PVP at the four temperatures (Table 1). There are
minor variations in the values of χPS-THF and χPVP-THF, both of which slightly decreases
with an increase in temperature and infers a decrease in the degree of immiscibility of
the polymer with the solvent. It should be noted that the mechanism(s) of solvent swelling
is not well understood. Peng et al.,44 while studying solvent annealing of PS-b-PMMA
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in acetone vapor at room temperature observed the vapor molecules attract the PMMA
block toward the surface of the film. The effect of selectivity and evaporation rate of
solvents on morphology change in PS-b-P4VP films was studied by Park et al.45 and
observed a morphology change from a dimple type to cylindrical microdomains oriented
perpendicular to surface with increasing THF concentration or as the solvent became less
selective for PS. In the present investigation, we believe the substrate interaction of P4VP
with ethylene glycol along with the solvent annealing conditions (i.e. solvent and
temperature used) thereby draw the PVP block to the surface through the PS-rich layer.

Table 1 Polymer (P)-Solvent (S) interaction parameters (χP-S)
Temperature
/oC

χP-S
χPS-THF

χP4VP-THF

17

0.450

1.328

40

0.442

1.255

50

0.439

1.227

60

0.436

1.201

4.4.3. BCP Film Reconstruction with Ethanol
Surface reconstruction was performed on the solvent annealed sample to facilitate the
incorporation of metal nanoparticles. This is possible through the use of a solvent which
is non-selective for the majority block, PS in this work, but highly selective for the minor
block, P4VP. Samples were immersed for 20 minutes in ethanol and were then dried
under nitrogen flow. The process leaves the pattern unchanged but yields a useful highly
ordered nanoporous film since P4VP is drawn to the surface as seen in Figure 4.7a. Figure
4.7b shows a cross-section SEM image (tilt 20°) of the surface reconstructed film
revealing well-defined nanopores. The TEM cross-sections in Figure 4.7c clearly show
that the nanopores are limited to the surface and resides on a thick (20 nm) PS matrix.
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Figure 4.7. Top-down (a) and 20° tilted (b) SEM images of surface reconstructed PS-bP4VP film (see experimental section for details). Corresponding FFT pattern inset (a)
shows the high degree of order. (c) Cross-section TEM image of nanoporous template
(inset a low-resolution cross-section TEM image).

4.4.4. Iron Oxide(s) Hard Mask Fabrication by Inclusion Technique
Following surface reconstruction, the spin coating of a low concentration (0.3 wt. %)
iron nitrate solution in ethanol was carried out to fill the nanoporous structure. To prevent
overloading of the pores, a low concentration of metal nitrate solution was employed.
Metal deposition from nitrate solutions is a straight forward process as recently outlined
in work by Ghoshal et al.46,47 However, in the fabrication of a hardmask it is vital that
overloading of the pores is avoided, as it will affect the pattern transfer process afterwards
whereby excess iron oxide(s) will be formed on the PS matrix leading to non-uniform
etching of the underlying silicon substrate.
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Post iron nitrate deposition, UV/Ozone treatment was carried out for a 3 hour period
which led to the formation of oxide(s) nanodot material and allowed for the removal of
the organic polymer matrix. Evidence of FeOxide(s) material is provided in Figure 4.8ac which shows an AFM topography and top-down SEM images of the well-ordered
FeOxide(s) nanodots resembling the template previously represented by PS-b-P4VP
BCP. Diameter of these nanodots can be manipulated by altering the initial concentration
of the iron nitrate solution. FeOxide(s) nanodots were also examined by calcination in
air at 800 °C for 1 hour to show thermal stability. The top-down SEM image in Figure
4.8c shows large area of FeOxide(s) nanodots without any change in periodicity or
diameter.

Figure 4.8. AFM topography image (a), top-down high resolution SEM image (b) of iron
oxide nanodots obtained after UV/Ozone treatment for 3 hours. (c) The iron oxide
nanodot patterns obtained from the UV/Ozone treated film after calcination at 800°C for
1 hour.
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Analysis of FTIR spectra of various BCP films after microphase separation provides
significant information about the behaviour of the film at various stages of FeOxide(s)
nanodots fabrication as shown in Figure 4.9. The intense peak observed at 1110 cm-1 can
be assigned to Si-O-Si stretching48 in all the spectra originating from the native SiO2
layer of the silicon substrate. The stretching of the C-O bonds in PVP which is of interest
in the present context can be identified at 970 cm-1 for the BCP films49 after microphase
separation and ethanol reconstruction. This signature PVP peak is of very low intensity
in the iron nitrate loaded film and could be due to the interaction of metal ion with the
PVP block. UV/Ozone treatment of the iron nitrate loaded film leads to the complete
burn out of the polymer and as such the absence of the PVP peak. It clearly indicates the
existence of metal ion-PVP interaction and does indeed evidence the inclusion of iron
nitrate into the porous BCP film.

Figure 4.9. FTIR spectra of BCP films after (a) microphase separation, (b) reconstruction
with ethanol for 20 minutes, (c) iron nitrate loading on the reconstructed film, and (d)
UV/Ozone treatment for 3 hour.

The survey spectra (Figure 4.10a and c) of the samples after UV/Ozone treatment and
further annealing/calcination indicates presence of the expected elements, Si, O, Fe and
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a small C 1s (~285 eV) feature due to adventitious carbon. High resolution Fe 2p spectra
were recorded to distinguish different phases of iron oxides. Fe 2p core level spectrum
recorded on iron oxide nanodots prepared after UV/Ozone treatment (Figure 4.10b)
consists of two broadened peaks associated with Fe 2p3/2 at 710.8 eV and Fe 2p1/2 at
724.8 eV due to the existence of both Fe+2 and Fe+3 ions. The curve fitted Fe 2p3/2 and
Fe 2p1/2 binding energies are 709.6 and 722.8 eV (assigned to Fe+2) and 711.5 and 724.9
eV (assigned to Fe+3), respectively, matches literature values.50

Figure 4.10. XPS survey (a, c) and high resolution Fe 2p core level (b, d) spectra of iron
oxide nanodots on silicon substrates after UV/Ozone treatment (a, b) and
calcination/annealing (c, d).
The concentration ratio of Fe+3/ Fe+2 was calculated from the curve-fitted peak areas as
about 2:1 as expected for Fe3O4. Fe 2p core level spectrum of iron oxide nanodots after

159

Chapter 4: Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized Silicon

2015

Substrates: Fabrication of Inorganic Nanostructured Etchmask for Lithographic Use

annealing/calcination (Figure 4.10d) consists of two sharp peaks at 711.5 and 725.1 eV
associated with Fe 2p3/2 and Fe 2p1/2 accompanied by high binding energy satellite
structures (+8 eV shift). These data are consistent with the existence of Fe+3 (Fe2O3) ions
only.51,52 Thus, XPS analysis confirms the formation of phase pure iron oxides without
any polymer residues.

4.4.5. GISAXS of BCP Films at Different Stages
Further evidence of film morphology is provided by grazing incidence small angle X-ray
scattering (GISAXS) data gathered as shown in Figure 4.11a-c. The data obtained was
measured above the critical angle of the polymer but below the critical angle for silicon.
With this incidence angle (α = 0.20°) the reflected X-rays from the silicon interface
enhance the scattering observed from the PS-b-P4VP films, specifically for the
reconstructed and iron nitrate containing films owing to the large electron density
difference. No diffraction features were observed for the initially microphase separated
PS-b-P4VP structure on silicon oxide surface functionalized with an ethylene glycol
layer (Figure 4.11a) most likely due to the low electron density between the two polymer
blocks. However, following surface reconstruction first order diffraction spots were
observed (Figure 4.11b). Furthermore, after loading of the reconstructed films with iron
nitrate the intensity of the diffraction spots increased (Figure 4.11c), indicating that the
metal ions are filling the void spaces in the film. As seen from Figure 4.11b and c the
scattering along Qz indicates that the cylindrical microdomains are oriented
perpendicular to the surface. Interestingly, the diffraction spots seen in Figure 4.11b are
not as intense as one would expect most likely due to the fact that the pores do not traverse
the entire film, as discussed earlier from TEM data (Figure 4.7c). It should also be noted
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that the specular beam spot in Figure 4.11b has become more diffuse suggesting that the
reconstructed film has become rougher.

Figure 4.11. GISAXS patterns of the BCP film after (a) microphase separation, (b)
reconstruction with ethanol for 20 minutes, and (c) iron nitrate loading on the
reconstructed film.

It was also noticed that the d-spacings of these diffraction spots in the reconstructed and
metal loaded films was not the same with the periodicity increasing from 24.6 nm to 29.7
nm. This is somewhat unexpected as the PS block is not solvated at all by the aqueous
solution from which the metal ions are cast and therefore were not expected to be affected
by the metal loading. In increasing the periodicity of the films the loading of the metal
ions is causing a distortion of the PS matrix of the film, which presumably is
accommodated by a stretching of the PS polymer chains. This distortion of the polymer
matrix cannot however be simply accommodated across the film as a whole and we
would therefore expect the formation of fault lines and defects in the film as a direct
result of this expansion. X-ray reflectometry experiments were also attempted, but these
did not yield any meaningful results (figure omitted for the sake of brevity).
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4.4.6. Fabrication of Silicon Nanopillars
Figure 4.12a-c shows the silicon nanopillars fabricated following pattern transfer using
the FeOxide(s) nanodot array template. SEM images in Figure 4.12a-b confirm high
surface coverage resulting and confirms that the FeOxide(s) template provided an ideal
etch mask to develop these high aspect ratio silicon nanopillars. Additionally the high
degree of order seen with the BCP thin film template is represented in the nanopillars
structures in Figure 4.12b. This SEM image shows a high degree of order with silicon
nanopillars diameter averaging 16 nm. Nanopillar structure height varies between 115
and 120 nm giving an aspect ratio of 1:6. This small difference in nanopillar height shows
that the silicon etch used works satisfactorily even though the etch was performed for
only 12 seconds. Again this point extends the significance of employing a metal oxide
etch mask whereby high fidelity silicon nanostructures can be obtained in a relatively
short period and by using a simple bottom up methodology. Further evidence of
FeOxide(s) deposited on the silicon substrate is shown in Figure 4.12c. The highresolution SEM image clearly shows the presence of FeOxide(s) nanodot on the top of
the silicon nanopillar.

To verify the presence of Fe in the nanodots fabricated, EDX was performed in point
mode to locate Fe on top of the nanopillar. It should be noted that when EDX is being
carried out, it results in the deposition of a large amount of carbon on the sample, and
since the
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Figure 4.12. Fabrication of silicon nanopillars following pattern transfer process using
FeOxide(s) as etch mask. Cross-section low-resolution SEM (a), high-resolution SEM
images (70° tilted) (b, c) of silicon nanopillars. (d) EDX spectrum of (a).

feature of interest is small (~ 20 nm of FeOxide(s) on Si nanopillars) this then results in
the rapid build-up of carbon on the sample surface which obscures the X-ray signals. For
this particular reason, EDX is performed on a single point on the sample rather than
obtaining a map of the elemental composition. From the EDX spectrum in Figure 4.12d,
peaks are visible identifying that Fe is indeed present at the top of the silicon nanopillar
structure. However these peaks are extremely small, representative of the low quantity
of metal deposited on the silicon substrate, which accounts for the major peak. It should
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be noted that the intense copper peak seen in the spectrum is due to the grid used during
analysis.

4.5. Conclusions
In conclusion, we have demonstrated a facile method for the enhancement of surface
coverage and ordering through a molecular functionalization based around ethylene
glycol which favorably interacted with PS-b-P4VP forming an ideal perpendicularly
orientated template. This orientation along with surface reconstruction process allowed
for the successful incorporation of a FeOxide(s) hard mask which enabled the fabrication
of high aspect ratio silicon nanopillars. Additionally, further information was provided
in this report with GISAXS and spectroscopic data aiding the understanding on film
morphology following the reconstruction and iron nitrate deposition process. In
summary, we have shown a simple approach using block copolymer lithography for the
fabrication of silicon nanopillars with high degree of order and fidelity.
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4.7. Appendix – Chapter 4
Self-Assembly of PS-b-P4VP Block Copolymer on Molecularly Functionalized
Silicon Substrates: Fabrication of Inorganic Nanostructured Etchmask for
Lithographic Use

PS-b-P4VP as cast on toluene cleaned
silicon

PS-b-P4VP as cast on ethylene glycol
silicon
b

a

c

d

Figure S4.7.1. Optical images (480 x 360 micron) of (a) PS-b-P4VP as cast on toluene
cleaned silicon and (b) PS-b-P4VP as cast on a silicon oxide surface functionalized with
an ethylene glycol layer. (c) and (d) show the corresponding topographic AFM structures.
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PS-b-P4VP after solvent anneal on
toluene cleaned silicon

PS-b-P4VP after solvent anneal on
ethylene glycol silicon

a

b

c

d

Figure S4.7.2. Optical images (480 x 360 micron) of (a) PS-b-P4VP after solvent anneal
with THF at 50°C on toluene cleaned silicon and (b) PS-b-P4VP after solvent anneal
with THF at 50°C on a silicon oxide surface functionalized with an ethylene glycol layer.
(c) and (d) show the corresponding topographic AFM structures.
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5.1. Abstract
“Directing” block copolymer (BCP) patterns is a possible option for future
semiconductor device patterning, but pattern transfer of BCP masks is somewhat
hindered by the inherently low etch contrast between blocks. In this chapter, we
demonstrate a “fab” friendly methodology for forming well-registered and aligned
silicon (Si) nanofins following pattern transfer of robust metal oxide nanowire masks
through the directed self-assembly (DSA) of BCPs. A cylindrical forming poly(styrene)block-poly(4-vinyl-pyridine) (PS-b-P4VP) BCP was employed producing “fingerprint”
line patterns over macroscopic areas following solvent vapor annealing treatment. The
directed assembly of PS-b-P4VP line patterns was enabled by electron-beam
lithographically defined hydrogen silsequioxane (HSQ) gratings. We developed metal
oxide nanowire features using PS-b-P4VP structures which facilitated high quality
pattern transfer to the underlying Si substrate. This chapter highlights the precision at
which long range ordered ~ 10 nm Si nanofin features with 32 nm pitch can be defined
using a cylindrical BCP system for nanolithography application. The results show
promise for future nanocircuitry fabrication to access sub-16 nm critical dimensions
using cylindrical systems as surface interfaces are easier to tailor than lamellar systems.
Additionally, the work helps to demonstrate the extension of these methods to a “high χ”
BCP beyond the size limitations of the more well-studied PS-b-poly(methyl
methylacrylate) (PS-b-PMMA) system.

5.2. Introduction
Resolution enhancement techniques may be required to augment current lithography
tools for fabricating fine patterns to achieve more densely packed electronic devices, i.e.
Moore’s Law.1 Physical limits will be reached that established photolithography is
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unable to surpass and defining sub-wavelength dimensions/features has seen a plethora
of alternative techniques explored.2 Proposed alternative lithographic patterning
techniques (e.g. extreme ultraviolet lithography or multi-source electron-beam
lithography) are struggling to meet required industrial criteria because of the prohibitive
costs involved, an inability to achieve density multiplication and the low throughput
associated limiting their overall industrial implementation.3 The use of conventional
“top-down” lithography to guide “bottom up” self-assembling materials i.e., directed
self-assembly (DSA), is viewed as a possible compatible methodology.4 DSA of BCPs
has been highlighted to define intricate future electronic circuitry enabling higher speed
and reduced energy consumption per device function.5,6 The DSA of BCPs is achieved
through chemoepitaxy and graphoepitaxy.7-14 Chemoepitaxy utilizes lithographic
methods to define a chemical pre-pattern to regulate polymer interactions and force strict
pattern alignment and order. Likewise, graphoepitaxy uses top-down optical or electronbeam techniques to topographically pattern substrates forming trenches to guide the selfassembly of BCP materials.

These DSA methods are advanced for the PS-b-PMMA BCP system.7-10,14 However, PSb-PMMA BCP is limited in the feature size attainable by having a relatively small FloryHuggins interaction parameter (χ, measures the chemical dissimilarity of the BCP
constituent blocks) of 0.04.15 For sub-15 nm BCP defined pitch sizes, the product χN
(where N is the degree of polymerization) needs to be tailored so that ordered microphase
separation occurs at low BCP molecular weights. High χ materials can also enable
reduced line edge roughness since the interfacial width of the nanodomains are
proportional to χ-0.5.16 A number of newly synthesized high χ BCPs including Nmaltoheptaosyl-3-acetamido-1-propyne-block-4-polytrimethylsilylmethacrylate (MH-b172
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PTMSS),17 PS-b-PTMSS,18 PS-block-poly(methyltrimethylsilylmethacrylate) (PS-bPTMSM),18

PTMSS-block-poly(D,L)lactide

(PTMSS-b-PLA,

χ=0.4)19,

and

poly(cyclohexylethylene)-block-PMMA (PCHE-b-PMMA)20 have been developed for
ultra-small features sizes as well as enhanced block contrast for etch processing. These
systems extend the work on PS-block-polydimethylsiloxane (PS-b-PDMS, χ=0.26)
which combines both high χ and the presence of a Si backbone that enhances etch contrast
and facile pattern transfer when used as an on-chip etch mask.21,22 Other notable
commercially available high χ BCP materials for etch mask applications include poly-2vinylpyridine (P2VP)-b-PDMS (χ ~ 1.06),23 PS-b-P2VP (χ ~ 0.18)24 and PS-b-PLA (χ ~
0.23).25-27 However to date, successful pattern transfer for high χ BCPs (other than PSb-PDMS)22,28 has been limited. PS-b-PVP BCPs may be particularly attractive for
nanolithography due to their high χ and a reactive PVP group that can enable inclusion
of etch contrast agents. For example, Buriak and coworkers have shown the formation of
various metallic nanowires with PS-b-P2VP block copolymers.29,30 Gu et al.24 recently
illustrated fine tuning of etch chemistry and pattern transfer methodologies using cryo
inductively coupled plasma etching of PS-b-P2VP BCPs.

In this chapter, large scale coverage of highly oriented and aligned parallel cylinders via
DSA and solvent vapor annealing (SVA) is demonstrated with a “high χ” PS-b-P4VP
system. We have used topographical patterns of hydrogen silsequioxane (HSQ) created
by electron beam lithography and an asymmetric PS-b-P4VP (24,000 g mol−1 - 9,500 g
mol−1) BCP self-assembly to fabricate aligned Si nanofins using etch enhanced pattern
transfer. Orientation of BCP films was controlled through solvent vapor annealing (SVA)
methodology forming in-plane cylinders (i.e. horizontal to the substrate surface, CII). PSb-P4VP templates were developed through a surface reconstruction strategy and etch
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contrast was enhanced via incorporation of metal oxide material either iron oxide (Fe3O4)
or aluminium oxide (γ-Al2O3). The metal oxide inclusion enabled an effective pattern
transfer producing uniform arrays of Si nanofins over macroscopic areas as characterized
by scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
Whilst line-space features of PS-b-P4VP systems have been shown previously,31,32 we
further demonstrate the mask etch application potential of PS-b-P4VP by integrating
DSA and metal oxide hardmask inclusion for high aspect ratio (1:4) Si pattern transfer.
Critically, previous work only details orientation control (i.e. vertical or parallel to the
surface plane). However, we show pattern alignment (to a surface direction) of the
arrangements which is critical for application. This also means that we are essentially
producing defect-free patterns over large areas. The methodology described herein
resulted in highly parallel nanofin structures with translational alignment and registration
of ~10 nm feature sizes within HSQ gratings.

5.3. Experimental
Materials. Planar substrates used were highly polished single-crystal silicon <100>
wafers (p-type) with a native oxide layer of ~2 nm. Poly(styrene)-block-Poly(4vinylpyridine) was purchased from Polymer Source, Inc., Canada, with a molecular
weight of Mn = 33.5 kg mol−1 (MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70),
a polydispersity (Mw/Mn) of 1.15 (where, Mn and Mw are number average and weight
average molecular weights) and was used without further purification. Fe2(NO3)3.9H2O
(Iron (III) nitrate nonahydrate), Al(NO3)3.9H2O (aluminium nitrate nonahydrate, ACS
reagent, ≥98%), acetone (ACS reagent, ≥99.5%) chloroform (for HPLC, ≥99.9%,
contains

0.5-1.0%

ethanol

as

stabilizer),

Tetrahydrofuran

(inhibitor-free,

CHROMASOLV Plus, for HPLC, ≥99.9%), Toluene (CHROMASOLV, for HPLC,
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99.9%), ethanol (dehydrated, 200 proof) were purchased from Sigma-Aldrich and used
without further purification unless otherwise stated. De-ionized (DI) water was used
wherever necessary.
HSQ Substrate Preparation and Substrate Cleaning. Ten × 10 mm bulk silicon ⟨100⟩

oriented substrates, nominal resistivity 0.001 Ω cm, were used for all DSA experiments.
The substrates were first patterned using a HSQ EBL (Raith e-LiNE plus) process prior
to deposition of the PS-b-P4VP block copolymer (BCP). The substrates were initially
degreased via ultrasonication in acetone and iso-propanol (IPA) solutions (2 × 2 min),
dried in ﬂowing N2 gas and baked for 2 minutes at 393 K in an ambient atmosphere to
remove any residual IPA. The substrates were then spin coated (500 rpm, 5 seconds,
2000 rpm, 32 seconds) with a 2.4 wt % solution of HSQ (XR-1541 Dow Corning Corp.)
in MIBK to produce a ∼50 nm ﬁlm of HSQ. The wafer was then baked at 393 K in an

ambient atmosphere for 3 minutes prior to transfer to the EBL system for exposure.
Arrays of 50 nm wide lines at pitches of (32n + 50) nm were exposed, where n is an
integer and 0 < n < 8. HSQ pitches were measured at ~110, 145, 175, 205, 240, 270, and
300 nm. Following electron beam exposure the samples were developed in an aqueous
solution of 0.25 M NaOH, 0.7 M NaCl for 15 seconds, followed by rinsing in ﬂowing DI
water for 60 seconds and 15 seconds rinse in IPA. The samples were then blown dry in
ﬂowing N2 gas.
Block Copolymer Film Preparation and Solvent Vapor Anneal. 0.5 weight %
solutions of PS-b-P4VP BCP were prepared in toluene/THF (80:20). The solutions were
left stirring overnight to ensure complete dissolution. Prior to spin coating planar Si or
HSQ substrates were sonicated for 20 minutes with acetone. Following this surface
cleaning, the substrates were then further rinsed in acetone and blown dry with nitrogen.
Spin coating of the PS-b-P4VP BCP solution was carried out at 3200 rpm for 30 seconds.
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Solvent vapor annealing was carried out in the conventional manner with a small vial
containing 8–10 ml of chloroform placed inside a glass jar (150 ml) with PS-b-P4VP
sample for 30 minutes to 3 hours (room temperature ~ 290 K). Samples were removed
from the glass jars after the desired anneal time and allowed to evaporate the trapped
solvent at ambient conditions. The films did not exhibit any major swelling during
annealing as the films were transparent throughout (same as spin cast). Surface
reconstruction was carried out by placing the solvent annealed PS-b-P4VP sample in a
glass jar with ethanol vapors for 20 minutes. After this vapor treatment, the sample was
removed and left to dry at room temperature. This provided enough time for swelling of
the P4VP domains to enable the reconstructed template to form for subsequent deposition
of the metal nitrate solutions.
Metal oxide nanowire pattern fabrication. Fe2(NO3)3.9H2O (iron nitrate hexahydrate)
and Al(NO3)3.9H2O (aluminium nitrate nonahydrate, ACS reagent, ≥98%) solutions of
0.4 wt % were prepared in ethanol and spin-coated on to the ethanol reconstructed
samples for 30 seconds at 3200 rpm. UV/O3 treatment was used to oxidize the precursor
and remove polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro
Series Digital UV Ozone System; Novascan Technologies, Inc., USA). The UV source
is two low pressure mercury vapor grid lamps. Both lamps have an output current of 0.8–
0.95 A and power of 65–100 W, as reported by the manufacturer, and have strong
emissions at both wavelengths of UV radiation (184.9 nm and 253.7 nm). The system
produces highly reactive ozone gas from oxygen that is present within the chamber.
Pattern transfer recipes. An STS, Advanced Oxide Etch (AOE) ICP etcher was used
for etching to pattern transfer the iron oxide and aluminium oxide nanowires to the
underlying Si substrate. The general plasma etch methodology for pattern transfer was
as follows; the initial etch was to remove the native oxide and then Si etch time was
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varied to form fins with different heights. The native oxide layer etch was carried out for
5 seconds using a combination of C4F8/H2 gas mixture (21 sccm/30 sccm) using an ICP
coil power of 800 W and a Reactive Ion Etching (RIE) power of 80 W. Following this,
nanofin fabrication involved a controlled gas mixture of C4F8/SF6 at ﬂow rates of 90
sccm/30 sccm respectively and the ICP and RIE power were set to 600 W and 15 W
respectively at a chamber pressure of 15 mTorr. Note that further details on the above
etches can be found in previously reported work by Ghoshal et al.33,34 Also as mentioned
above, Fe3O4 can be removed via wet etch procedures (oxalic acid), note that the γ-Al2O3
hardmask used here can be removed using a mild base (NaOH) treatment.
Characterization. PS-b-P4VP BCP film thicknesses were measured with a
spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed angle of incidence of
70°, on at least three different places on the sample and was averaged as the film
thickness. A two layer model (SiO2 + BCP) for total BCP film was used to simulate
experimental data. Atomic Force Microscopy (AFM) (Park systems, XE-100) was
operated in AC (tapping) mode under ambient conditions using silicon microcantilever
probe tips with a force constant of 42 N m-1. Topographic and phase images were
recorded simultaneously. Scanning Electron Microscopy (SEM) images were obtained
by a FEI Helios Nanolab 600i system at an accelerating voltage of 5 kV and at a working
distance of 4 mm. For cross-section SEM images, the substrate was cleaved in half and
positioned perpendicular to the incident beam of electrons. The stage was then tilted at
an angle of 20°. Transmission Electron Microscopy (TEM) lamella specimen were
prepared using the Helios NanoLab DB FIB and were analysed by JEOL 2100 high
resolution transmission electron microscope operating at an accelerating voltage of 200
kV. Domain size, periodicity of HSQ trenches and feature sizes etc. were measured from
SEM and TEM data using ImageJ software. X-ray Photoelectron Spectroscopy (XPS)
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was performed on Vacuum Science Workshop CLASS100 high performance
hemispherical analyser using Al Kα (hv = 1486.6 eV) X-ray at 200W power. Spectra
were obtained at a take-oﬀ angle of 90°. Photoemission peak positions were corrected to
C 1s at a binding energy of 284.8 eV.

5.4. Results and Discussion
Figure 5.1 shows the overall process flow for the fabrication of Si nanofins following the
DSA of PS-b-P4VP block copolymer in HSQ trenches. Large areas of translationally
ordered, in plane (CII) P4VP were generated by confinement in the HSQ topography.
Experimentally robust processes were established for developing P4VP CII patterns and
their subsequent impregnation with Fe3O4 and γ-Al2O3 hardmask materials and eventual
substrate pattern transfer. PS-b-P4VP thin films were spin coated onto HSQ
topographically patterned substrates (such that HSQ feature spacing was 32n nm where
n is an integer and 0 < n < 8). Full SEM characterization of these substrates is shown in
Appendix – Chapter 5 Figure S5.7.1. SVA was carried out in an ambient atmosphere of
chloroform and pattern transfer was then optimized for the DSA defined features. The
graphoepitaxial alignment of PS-b-P4VP within the topographical HSQ substrates was
carefully optimized using film thickness and SVA conditions.
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Figure 5.1. Overall process flow enabling Si nanofins via an enhanced metal oxide
pattern transfer. (a) Si substrate (b) Uniform HSQ resist material spin coated (c) Electron
beam lithography used to define 50 nm HSQ gratings at different pitches (see
experimental) (d) PS-b-P4VP BCP spin coated (e) Solvent vapor annealing of BCP film
in chloroform vapors at room temperature producing P4VP cylinders in plane (f) Film
exposed to ethanol vapors to form ‘activated’ porous P4VP nanodomains (g) Iron or
aluminium oxide formed via inclusion and UV/ozone treatment (h) Pattern transfer to
underlying Si forming aligned Si nanofins.

0.5, 1 and 2 wt % PS-b-P4VP BCP solutions were spin coated onto Si substrates that had
been ultrasonically cleaned. Characterization of 1 and 2 wt % films were initially
examined after a 3 hour SVA period and data are presented in Figure S5.7.2~S5.7.9. The
influence of different surface chemistries were also examined for the 0.5 wt % films (See
Figure S5.7.10~S5.7.16). Films thicknesses were measured after SVA for 2 hours at 52.6
and 97.2 (± 0.15) nm for 1 and 2 wt % films respectively. A color change associated with
increased swelling35 was observed for these films but not the thinner films as described
below (Figure 5.2). Relief structures such as “islands” and “holes” were observed in these
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thicker films and visible in both optical and atomic force microscopy (AFM). The thicker
films proved unsuitable for nanolithography due to irregular thickness and also that they
contained more than one layer of parallel cylinders. In comparison, an optical image
(Figure S5.7.13b) of the 0.5 wt % film showed film thickness uniformity and the
thickness of the film at 24.4 (± 0.15) nm is consistent with a single layer of cylinders (as
proven in TEM data presented below). Although 24.4 nm is below the ideal
commensurability of the system (since the cylinder centre to centre spacing is 32 nm) it
is suggested that under the chloroform solvent vapor that the thickness approaches an
ideal value. Thus, the solvent annealing conditions of the 0.5 wt % films was examined
in detail. Figure 5.2a~d show SEM characterization of the line pattern evolution for 0.5
wt % films with chloroform at room temperature (~ 290 K) from 30 minutes up to 3 hours
(note films were selectively swelled using ethanol vapor to provide SEM contrast). The
initial spin cast 0.5 wt % film (AFM image, Figure S5.13c) showed poorly ordered P4VP
cylinders normal (C⊥) to the substrate. The top-down SEM images in Figure 5.2 show
the film surface after 30 minutes to 3 hours. Well-developed line (CII) patterns were

observed with defects reducing as the anneal period was increased. The average domain
feature size and cylinder periodicity (Co) for the films was 20 nm and 32 nm respectively
for all samples. Self-assembled patterns were developed in HSQ trenches as shown in
Figure S5.17. Patterns were stained using ruthenium tetroxide vapor to enhance contrast.
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Figure 5.2. PS-b-P4VP BCP films were spin coated from a 0.5 wt % solution on to
acetone degreased Si substrates. Top-down SEM images are shown in (a)-(d) after
solvent vapor annealing with chloroform at room temperature (~ 290 K) of a 24 nm thick
PS-b-P4VP BCP film for (a) 30 minutes, (b) 1 hour, (c) 2 hour and (d) 3 hours
respectively. Note films were exposed to ethanol vapors following solvent vapor
annealing to create porous structures. Scale bars are 500 nm, while inset scale bars are
100 nm.
In-situ ellipsometery suggests the swollen thickness does not reach the theoretically ideal
thickness of 32 nm and after 2 hours SVA the measured thickness was 26.1 nm (see
Figure S5.7.18a and b). It should be noted that we have observed that the ideal cylinder
structure is compressed in thin films and this somewhat lower value might represent the
true ideal thickness.36 The relatively small increase in film thickness (~ 15%) under SVA
is probably due to the limited swelling of the BCP film during annealing as chloroform
is a nonselective solvent for pure PS-b-P4VP.35 Solubility parameters for chloroform, PS
and P4VP are 19.0, 18.6 and ~23 MPa1/2 respectively.32,37 The use of chloroform did
result in formation of P4VP CII while PS selective annealing solvents (e.g.
tetrahydrofuran or 1,4 dioxane) gave P4VP C⊥ arrangements. It should be noted that the
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SVA conditions and process window was optimized for this particular PS-b-P4VP
system and cannot be considered universally applicable for all PS-b-P4VP BCP systems.
Following SVA in chloroform we believe we have formed cylindrical morphological
structures but we cannot definitively rule out other phases without through film analysis
(GISAXS or cross-section TEM). However, we do believe that the lack of swelling with
chloroform may ensure minimal change in the effective volume composition of the BCP
film and thus the likely formation of cylinder structures. Substrates without any surface
modification (acetone only cleaned Si or bare Si) gave the best ordered line patterns and
thus this window was used for BCP deposition on planar and HSQ substrates. Acetone
only cleaned substrates were used as degreasing the substrates provided a uniform film.

Surface reconstruction is a popular method for creating “nanoporous” structures after
SVA for asymmetric PS-b-P4VP38,39 and as shown in Figure 5.2, it is sufficient to
generate SEM contrast. However, the ethanol reconstruction process needed to be
carefully controlled and destruction of the film morphology was observed when the SVA
films were immersed in ethanol (See Figure S5.7.19b and c) for extended periods. 10
minutes immersing times did produce porous structures (Figure S5.7.19a) of reasonable
quality but at longer times significant distortion of the PS matrix occurs through swelling
of the P4VP nanodomains. To create the nanoporous structure without distortion, we
used a similar approach to Gowd et al.40 where the film was exposed to ethanol vapor for
20 minutes. We believe that this allows more limited swelling of the P4VP and prevents
degradation of the P4VP line patterns. As shown in previous work it is unlikely that this
results in a fully developed pore system.41 This differs from the ethanol treatment used
for cylinder forming PS-b-PEO BCP systems where the pore system is well developed
and suggests effective etching of the PEO.33,34 The nature of these activation techniques
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is under debate but it is clear that well-defined inclusion formed patterns are reliant on
the optimization of the activation process. Figure 5.3a-d shows top-down SEM images
of highly aligned porous features of PS-b-P4VP films in HSQ gratings with 160, 192,
224 and 265 nm channel width dimensions. The methodology developed for planar films
can be extended to the HSQ topographical substrates as shown in Figure 5.3.

Figure 5.3. Top-down SEM images of graphoepitaxially aligned porous PS-b-P4VP
templates in HSQ gratings following swelling of P4VP domains using ethanol vapor. (a)
– (d) Show alignment of PS-b-P4VP features in 50 nm HSQ gratings (red bars in image
a) at channel widths of (a) 160 nm, (b) 192 nm, (c) 224 nm and (d) 265 nm. (c) and (d)
show areas where alignment has taken place from open areas in to the HSQ trench
gratings. Scale bars are 200 nm.

Notably, the influence of the HSQ gratings is evident from Figure 5.3c and d as one can
see the “fingerprint” pattern in the open area aligned in the HSQ guiding features over
large areas.
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Following surface reconstruction, the “activated” PS-b-P4VP acts as a template for the
development of metal oxide nanowires to form a hardmask for the pattern transfer
process. Employing Fe3O4 is an attractive and facile route to act as an etch mask during
plasma etching due to the robust nature of the oxide material which allows the
development of high fidelity nanostructures.38-40 Improving etch contrast between
polymer blocks is extremely important for pattern transfer and innovative methods have
been explored. For example, Elam, Darling and co-workers have developed a process
involving atomic layer deposition coined sequential infiltration synthesis (SIS) to
enhance the etch contrast of as formed PS-b-PMMA BCP patterns with inorganic
material.42,43 Exotic BCPs containing an inorganic block have been reviewed lately
showing potential for lithographic purposes.44 Here we use simple metal nitrate salts to
provide a robust inorganic moiety giving high etch contrast. The metal nitrate (iron or
aluminium) solution was spin coated on the nanoporous polymer film structure and the
surrounding polymer template was then removed via UV/O3 treatment. Figure 5.4a
displays large scale coverage of the Fe3O4 nanowires and the TEM inset shows a slightly
elliptical structure that may reflect the elliptical form of the cylinders noted before.36 The
inset also shows that what may be a small amount of Fe3O4 material resides across the
polymer substrate interface. This might result from a thin PVP wetting layer (as P4VP
has a higher affinity to the hydrophilic native oxide layer)35 in the self-assembled PS-bP4VP structure. This was not problematic for pattern transfer and this suggests these
darker areas may instead result from electron beam scattering events at the interface.
Further characterization from the STEM images in Figure 5.4b show both low resolution
and high resolution (inset) Fe3O4 nanowires with high and regular uniformity. The EDX
included in Figure 5.4b reveals the presence of iron in the expected regions41 (but not in
areas between wires suggesting that a scattering process is responsible for the apparent
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thin film between wires) as well as Si (from the substrate) and oxygen (from the Si oxide
layer and from the Fe3O4).

Figure 5.4. (a) Top-down SEM image of Fe3O4 nanowire array after UV/O3 treatment.
Inset in (a) shows cross section TEM of Fe3O4 nanowires/substrate interface. (b) EDX
spectrum of Fe3O4 nanowire array and HAADF image and inset show uniformity and
regularity of Fe3O4 nanowire array. (c) Top-down SEM image of γ-Al2O3 nanowire
arrays after UV/O3 treatment. Inset in (c) shows cross-section SEM view of γ-Al2O3
nanowires. Scale bars are 500 nm in (a) and (c) and represent 100 nm in (b).
γ-Al2O3 inclusion was also carried out and the SEM image in Figure 5.4c show welldefined uniform nanowires. γ-Al2O3 nanowires were produced in a similar manner to
Fe3O4 inclusion with an ethanolic metal precursor and the high uniformity is comparable
to the Fe3O4 nanowires described above. Figure 5.5a shows a large open area of HSQ
topographical substrate with well-defined γ-Al2O3 nanowires. Figure 5.5b-g displays the
DSA of HSQ line gratings with aligned γ-Al2O3 nanowire features over large areas with
channel widths of 96 nm, 128 nm, 160 nm, 192 nm, 224 nm and 265 nm respectively.
Distinct γ-Al2O3 nanowires features are observed in all images with two γ-Al2O3
nanowire features seen in the HSQ gratings with channel width of 96 nm and a total of
seven γ-Al2O3 nanowire features demonstrated in the 265 nm channel width. The γ-Al2O3
nanowires mimic the nanoporous template used and possess centre to centre spacings (32
nm) comparable to the original PS-b-P4VP BCP film. Fe3O4 inclusion in a 265 nm
channel width HSQ grating is also shown over large areas in Figure S5.7.20.
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Figure 5.5. (a) Shows top-down SEM image of γ-Al2O3 nanowires in open area of HSQ
substrate. (b)-(h) Top-down SEM images of aligned γ-Al2O3 nanowires in 50 nm HSQ
gratings with channel widths indicated in image. All scale bars are 200 nm.

X-ray photoelectron spectroscopy (XPS) was used to elucidate the chemical composition
of the metal nanowire structures developed from metal nitrate ethanolic solutions. Figure
5.6a and b show the high resolution spectra of Fe 2p and Al 2p core level binding energies
of Fe3O4 and γ-Al2O3 nanowires formed following UV/ozone treatment for 3 hours. The
ozonation process allowed complete or near-complete removal (as determined by C1s
signal reduction) of polymer material to form Fe3O4 nanowires (as shown in Figure 5.4a
and b) and γ-Al2O3 nanowires (Figure 5.4c). The survey and high resolution O 1s spectra
for the Fe3O4 nanowires can be found in Figure S5.7.21. The metal 2p features were
processed with the CasaXPS software using a Shirley background subtraction and curvefitting with Voigt profiles. For the Fe 2p core level, peaks are found at 713.5 eV (Fe
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2p3/2) and 724.9 eV (Fe 2p1/2) respectively. The values match previously reported
literature values.34,41 The 2p3/2:2p1/2 ratio was the expected value of 2:1.

Figure 5.6. (a) High resolution XPS spectra of Fe 2p core level of iron oxide (Fe3O4)
nanowires following UV/O3 treatment. (b) High resolution XPS spectra of Al 2p core
level of aluminium oxide nanowires (γ-Al2O3) following UV/O3 treatment. Survey
spectra and high resolution O 1s core level spectra are shown in Figure 5.7.21 and 5.7.22
for both samples.

Figure 5.6b displays XPS of the Al2p core level binding energy corresponding to the
nanowire sample shown in Figure 5.4c. The Al 2p core level binding energy (Figure 5.6b)
shows the characteristic peak for Al2p at 73.9 eV typical of γ-Al2O3 and this was
consistent with the O1s spectra (Figure S5.7.22).45

It has been speculated that the pattern transfer of an on-chip etch mask is second only to
lithography in importance.46 All etch processes are challenging24 and it is vital that
pattern transfer methods are highly selective46,47 so that DSA of BCPs can move
successfully from “lab to fab”. These Fe3O4 and γ-Al2O3 nanowires can act as efficient
hardmasks for pattern transfer. C4F8/H2 was employed to etch the native oxide layer thus
exposing the underlying Si which was then subject to a Si etch (C4F8/SF6). The top-down
SEM image in Figure 5.7a are of the Si nanofins following pattern transfer of the Fe3O4
nanowires using a short Si oxide etch (5 seconds) and an ICP Si etch (1 minute 30
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seconds). Note that the rough edges of the hardmask from the top-down SEM image in
Figure 5.7a are due to the Fe3O4 nanowire material that will inevitably be etched with
extended plasma etching. However, the damage to the Fe3O4 hardmask is not transferred
to the underlying Si material (see Figure 5.7 b,c and Figure 5.8).

In contrast, the cross-section SEM in Figure 5.7b and the inset show the regularity of the
Si structures where the Si was etched for 1 minute and 30 seconds. This provides
evidence for the mechanical strength of the hardmask, and while some rough edges are
visible from top-down SEM (Figure 5.7a) these did not affect the Si structure as seen
from the TEM characterization below. As described elsewhere,40 Fe3O4 can be etched
away/removed from the surface of the Si structures without damaging the existing Si.
Figure 5.7c shows Si nanofins after 2 minutes Si etching. The profile seen in the crosssection SEM image and inset reveal an even greater depth and definition to the Si
nanofins etched for 1 minute and 30 seconds in Figure 5.7b. TEM analysis was carried
out on the Si nanofins fabricated from the Fe3O4 nanowire hardmask template shown in
Figure 5.7a and b.

188

Chapter 5: Aligned Silicon Nanofins via the Directed Self-Assembly of PS-b-P4VP Block Copolymer and

2015

Metal Oxide Enhanced Pattern Transfer

Figure 5.7. (a) Top-down SEM of Si nanofins following plasma etching of Fe3O4
nanowire hardmask for 1 minute and 30 seconds. (b) Cross-section SEM image of sample
(a) while (c) shows cross-section SEM image of an Fe3O4 nanowire hardmask plasma
etched for 2 minutes. Insets in (b) and (c) show highly defined uniform nanofin arrays.
Main scale bars are 250 nm while inset scale bars represent 100 nm.

The corresponding TEM characterization of the Si etched for 1 minute and 30 seconds
are shown in Figure 5.8a-c and reveal the uniformity of the etch with dimensional control
owing to the Fe3O4 nanowire hardmask. The periodicity of the Si structure pattern (Co
= 32 nm) remains similar to the initial microphase separated, reconstructed template and
Fe3O4 nanowire patterns. The etched Si nanostructures possess features sizes of ~ 10 nm
and etch depths of ~ 40 nm.
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Figure 5.8. (a) Low resolution TEM image of Si nanofin array following plasma etching
Si for 1 minute and 30 seconds using Fe3O4 nanowire hardmask. (b) and (c) High
resolution TEM images of Si nanofins with 10 nm feature size and 16 nm half-pitch as
shown in (a).
Similarly, we examined the effectiveness of the γ-Al2O3 hardmask material. The etching
procedures were extended to the γ-Al2O3 hardmask showing similar results. However, it
should be noted that later etches were performed without the native oxide etch. The native
oxide etch can sometimes result in significant damage to the γ-Al2O3 hardmask and, thus,
limits etch fidelity. Figure 5.9a displays the top¬-down SEM image of Si nanofin
structures following etching of Si for 1 minute and 30 seconds using the γ-Al2O3
hardmask. The top-down and cross-section SEM images in Figure 5.9a and b reveal a
highly uniform etch with homogeneity across the Si surface. The use of a different metal
oxide material shows the versatility of the metal-ethanolic precursor solution as it is
simple, inexpensive, provides well-defined nanowires and acts as a robust hardmask for
pattern transfer. Figure 5.9c shows the resulting profile from a 2 minute Si etch using the
γ-Al2O3 material. The cross-section view and inset in Figure 5.9c reveals a homogenous
etching procedure with high reproducibility.
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Figure 5.9. (a) Top-down SEM image of pattern transfer of γ-Al2O3 hardmask nanowires
on planar Si generating Si nanofins. (b) Cross- section SEM view of sample (a) after 1
minute and 30 seconds of Si etching. (c) Cross-section SEM view of Si nanofins over
large area following 2 minutes of Si etching with γ-Al2O3 as hardmask. Inset in (c) reveals
the vertical profile and uniform nature of the nanofins. Main scale bars are 250 nm while
inset scale bars represent 100 nm.
Finally we demonstrate the pattern transfer producing aligned Si nanofins generated from
the γ-Al2O3 nanowire hardmask using the HSQ gratings for DSA application. Figure
5.10a-c shows the top-down SEM images of Si nanofins following pattern transfer using
Si etch (SF6/C4F8) for 1 minute and 30 seconds. Figure 5.10a displays an open area of
the HSQ substrate where the alignment of one P4VP cylinder was directed. The nanofin
shows good contrast in comparison to γ-Al2O3 features shown earlier (Figure 5.5) due to
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the Si etch. Distinct nanofins were also produced in the 160 nm and 265 nm trenches
displaying 4 and 7 Si nanofins respectively as displayed in Figure 5.10b and c.

One can also see that the feature size of the nanofins aligned next to the HSQ sidewalls
in the larger trench width (265 nm) is slightly smaller and we speculate that this may be
due to swelling effects during SVA or the “activation” step. The issue does not affect the
pattern transfer of the γ-Al2O3 nanowires in the graphoepitaxy process however we
suggest that by increasing the trench widths initially this problem may be overcome, and
could lead to uniform nanofin formation by accounting for excess swelling of domains
during SVA. A low resolution TEM image in Figure 5.10d shows the uniformity of the
Si etch in the 160 nm channel width with the γ-Al2O3 material acting as an effective etch
stop. Feature sizes were measured at ~ 10 nm while the etch depth was ~ 40 nm i.e. an
aspect ratio of 1:4. The high-resolution TEM images of Si nanofins are displayed in
Figure 5.10e and f revealing the uniformity of the nanofin structure.
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Figure 5.10. Top-down SEM images of pattern transferred Si nanofins in ~ 50 nm HSQ
gratings at channel widths of (a) 64 nm, (b) 160 nm and (c) 265 nm respectively.
Schematic shows process for pattern transfer of aligned γ-Al2O3 nanowire hardmask. (d)
Cross-section TEM of aligned Si nanofins in HSQ gratings possessing channel widths of
160 nm. (e,f) Show high resolution TEM images of Si nanofins fabircated from γ-Al2O3
nanowire hardmask. Scale bars are 250 nm unless indicated.

5.5. Conclusions
In this chapter, a straight forward, low cost and industrial compatible methodology for
the fabrication of sub-wavelength semiconductor features has been demonstrated. SVA
was shown to be an extremely effective route for controlling and optimizing cylindrical
morphology in an asymmetric PS-b-P4VP BCP system. Furthermore, the ability to
develop and control the orientation of the cylindrical morphology is promising for line
space features for on-chip etch mask application. The tuning of the film thickness of the
PS-b-P4VP is a significant process step for forming a monolayer of cylinders in thin film
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for etch mask application. Creating an ultrathin mask is important for the subsequent
pattern transfer to the device active layer that the mask patterns. The TEM
characterization presented in this work shows the ability of PS-b-P4VP to form well
oriented CII that enable metal oxide inclusion. Additionally, enhancing etch contrast over
large areas via metal oxide inclusion technique was shown allowing a facile pattern
transfer. The pattern transfer of the on-chip etch mask was shown to be extremely
successful for both the Fe3O4 and γ-Al2O3 hardmask material on planar Si. Si nanofins
were shown to be uniform from TEM characterization with feature sizes of sub-12 nm.
DSA of the PS-b-P4VP line patterns via a graphoepitaxial approach was also
demonstrated employing HSQ gratings. Metal oxide inclusion was carried out using
“activated” PS-b-P4VP features guided by the HSQ gratings with high reproducibility
comparable to the planar substrates. The pattern transfer of the metal oxide etch masks
was shown to result in regularly aligned Si nanofins with ~ 10 nm feature size. The
technique and approach used here has potential for industrial scale up owing to the simple
and limited process steps required for the fabrication of highly dense Si nanostructures.
Also the parallels with the semiconductor industry are clear as a top-down method was
employed to fabricate the guiding trenches with a well-established negative tone
electron-beam lithographic resist. The ability to fabricate Si structures with such high
precision and placement accuracy are attractive aspects for key enabling future devices.
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5.7. Appendix - Chapter 5
Aligned Silicon Nanofins via the Directed Self-Assembly of PS-b-P4VP Block
Copolymer and Metal Oxide Enhanced Pattern Transfer

Figure S5.7.1. (a) and (b) (scale bars = 500 µm) show top-down SEM images of HSQ
arrays following preparation as outlined in the experimental section in manuscript. High
resolution top-down SEM images are shown in (c)-(e) (scale bars = 200 nm) of the HSQ
trenches with channel widths of 64 nm, 128 nm and 160 nm respectively.

From our study of the thicker PS-b-P4VP films below (1 wt % and 2 wt %) it can be seen
that P4VP CII (i.e. parallel cylinders) can also be developed during some periods (e.g.
Figure S5.7.3). However, the quality of the features is extremely poor in comparison to
the 0.5 wt % films. Notably, ‘‘relief’’ features associated with thicker films create nonuniform films increasing defect features.

It is evident that this PS-b-P4VP system forms CII due to the film thickness, balanced
interfacial interactions and the solvent vapor anneal (SVA) conditions. With these
contributing issues evaluated, 0.5 wt % PS-b-P4VP films were deposited on substrates
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ultrasonically cleaned with organic solvent. Additionally, 0.5 wt % films SVA with
chloroform for 2 – 4 hours were used that possessed long correlation lengths.

Figure S5.7.2. Optical image (~ 480 x 360 micron) (top) shows a uniform film following
spin coating of 1 wt % PS-b-P4VP BCP thin film on an acetone cleaned silicon substrate.
AFM topographic image (bottom, scale bar = 400 nm) reveals a poorly microphase
separated structure. There appears to be some microphase separated features but these
are not distinct.
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Figure S5.7.3. Optical image (top) (~ 480 x 360 micron) show areas of 1 wt % PS-bP4VP BCP film with dewetting present after 1 hour solvent vapor annealing with
chloroform. The AFM topographic image (bottom left, scale bar = 400 nm) is from a
bright area in the optical image. The image shows formation of P4VP CII, i.e. parallel to
the substrate surface. Likewise the AFM topographic image (bottom right, scale bar =
400 nm) from the dark areas of the films shows P4VP CII. We do not observe CII across
the whole film due to its non-uniformity. This is evident in both AFM images.
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Figure S5.7.4. After 2 hours solvent vapor annealing the 1 wt % PS-b-P4VP BCP film,
the optical image (top) (~ 480 x 360 micron) shows that the bright regions have grown
from 1 hour solvent vapor annealing. The AFM topographic image (bottom left, scale
bar = 400 nm) does not show any microphase separation. Likewise the AFM topographic
image (bottom right, scale bar = 400 nm) does not show any hexagonal patterns. The
height scale bars of both images show a non-uniform film surface with regions differing
by at least 10 nm.
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Figure S5.7.5. After 3 hours solvent vapor annealing the 1 wt % PS-b-P4VP BCP film,
optical image (top) (~ 480 x 360 micron) reveals a greater coverage of the bright regions
compared to the optical image in Figure S5.7.4. The AFM topographic image (bottom,
scale bar = 400 nm) shows areas of microphase separated patterns (CII), however these
areas are not distinct due to the non-uniform nature of the film. Areas of dewetting are
also evident in the AFM image with greater than 20 nm depth (area indicated by arrows).
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Figure S5.7.6. As cast optical image (top) (~ 480 x 360 micron) of the PS-b-P4VP BCP
film following spin coating from a 2 wt % PS-b-P4VP solution on an acetone cleaned
silicon substrate. AFM topogrpahic image (bottom, scale bar = 400 nm) shows
microphase separated structures. The film shows cylinders normal to the substrate,
however these have extremely poor order. These films have a distinct purple color.
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Figure S5.7.7. Optical image (top) (~ 480 x 360 micron) reveals a non-uniform film
following 1 hour of solvent vapor annealing with chloroform from a 2 wt % PS-b-P4VP
BCP film. The AFM topographic image of the blue area of optical image (bottom left,
scale bar = 400 nm) shows a featureless surface with height variation as seen from the
height to the left of the image. Also the brown area (AFM image, bottom right, scale bar
= 400 nm) reveals a similar topography. The feature in the centre of the image (indicated
by arrow) shows a height difference of more than 40 nm.
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Figure S5.7.8. The optical image (top) (~ 480 x 360 micron) shows film surface
following 2 hours of solvent vapor annealing with chloroform from a 2 wt % PS-b-P4VP
BCP film. Both AFM topographic images (scale bars = 400 nm) do not show any
microphase separated areas. Blue areas (bottom left) and brown areas (bottom right)
scanned show relief structures with greater than 50 nm depth in some areas. The film
thickness not being an integer of the periodicty of the nanodomain results in such
formations.
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Figure S5.7.9. The AFM topographic image (bottom, scale bar = 400 nm) shows
featureless areas following 3 hours of solvent vapor annealing with chloroform from a 2
wt % PS-b-P4VP BCP film. Microphase separation was absent from the film.

A screening procedure was also carried out with regard to different surface chemistries
for the 0.5 wt % PS-b-P4VP films and only chloroform was used for SVA at ambient
conditions. The contact angles were measured for all modified silicon substrate surfaces
(see Figure S5.7.10). Surface chemistries analyzed included ultraviolet/ozone (UV/O3)
cleaned, piranha cleaned, acetone cleaned, bare Si without any cleaning, PS-OH
functionalized and PDMS-OH functionalized silicon. It was found that P4VP C⊥ to the
substrate were formed following spin coating on all surface chemistries studied except
for PDMS-OH functionalized silicon surfaces (see Figure S5.7.16c). Although a piranha
cleaned silicon surface showed P4VP CII after SVA (see Figure S5.7.12d), areas of
dewetting are present suggesting that the silicon surface is too hydrophilic and thus the
hydrophilic PVP block interaction with the surface causes instability in the thin film.
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Likewise, the use of a hydrophobic (PDMS-OH functionalized) silicon surface did not
exhibit any microphase separation for spin cast or solvent vapor annealed films (See
Figure S5.7.16 c and d).

Methods and materials for silicon substrate surface chemistry modifications:
UV/ozone: Substrates were placed in UV/ozone system (PSD Pro Series Digital UV
Ozone System; Novascan Technologies, Inc., USA) for a 30 minute treatment period.
Piranha cleaned substrates: Substrates were placed in a ‘piranha’ bath (sulfuric
acid:hydrogen peroxide, 3:1) for 1 hour at 100°C. After piranha cleaning, substrates were
cleaned and washed repeatedly with DI water. They were then blown dry under N2 flow.
Acetone: As described in the manuscript, substrates were sonicated in acetone for 20
minutes and blown dry under N2 flow.
Bare Si: Substrates were used as received and no cleaning or modification was
employed.
PS-OH functionalized Si: Hydroxyl terminated polystyrene (PS-OH) was purchased
from Polymer Source, Inc., Canada. The material’s total number average molecular
weight Mn= 6 kg mol-1 and has a polydisperity of 1.05 and was not further modified. 1
wt % solutions of PS-OH (6k) were made up in toluene and stirred for 1 hour until fully
dissolved. ‘Piranha’ cleaned substrates were coated with the 1 wt % PS-OH (6k) solution
at 3000 rpm and thermally annealed at 180°C for 6 hours. After annealing, the PS-OH
modified films were then rinsed with toluene to remove any ungrafted PS-OH fragments.
PDMS-OH functionalized Si: Hydroxyl terminated polydimethylsiloxane (PDMS-OH)
was purchased from Polymer Source, Inc., Canada. The material’s total number average
molecular weight Mn= 5 kg mol-1 and has a polydisperity of 1.07 and was not further
modified. 1 wt % solutions of PDMS-OH (5k) were made up in toluene and stirred for 1
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hour until fully dissolved. ‘Piranha’ cleaned substrates were coated with the 1 wt %
PDMS-OH (6k) solution at 3000 rpm and thermally annealed at 180°C for 6 hours. After
annealing, the PDMS-OH modified films were rinsed with toluene to remove any
ungrafted PDMS-OH material.
All of the above modified surfaces were coated with a 0.5 wt % PS-b-P4VP BCP film
and solvent vapor annealed with CHCl3 vapor at room temperature (i.e., in the manner
described in the manuscript).

Figure S5.7.10. Contact angle (°) images of water droplets on (a) UV/ozone treated
cleaned silicon (0°), (b) piranha cleaned silicon (23°), (c) acetone only cleaned silicon
(26°), (d) bare silicon without cleaning (37°), (e) PS-OH functionalized silicon (94°) and
(f) PDMS-OH functionalized silicon (104°).
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Figure S5.7.11. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
on UV/ozone cleaned silicon sample (contact angle, 0°) and (b) following 2 hours of
solvent vapor annealing with chloroform. Corresponding AFM topographic images
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film
showing poorly ordered P4VP C⊥ (normal) to the silicon substrate. (d) Following 2 hours
solvent vapor annealing, the film is featureless.
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Figure S5.7.12. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
on piranha cleaned silicon sample (contact angle, 23°) and (b) following 2 hours of
solvent vapor annealing with chloroform. Corresponding AFM topographic images
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film
showing P4VP cylinders normal to the silicon substrate. (d) Following 2 hours solvent
vapor annealing, the film shows P4VP cylinders lying in plane. Areas of dewetting can
be seen in (d).
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Figure S5.7.13. Optical images (~480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
on acetone only cleaned silicon sample (contact angle, 26°) and (b) following 2 hours of
solvent vapor annealing with chloroform. Corresponding AFM topographic image (scale
bar = 400 nm) of (a) is shown in (c). (c) AFM topographic image of as cast film showing
P4VP cylinders normal to the silicon substrate. Corresponding AFM topographic image
of (b) is shown in (d). A fully microphase separated pattern is observed with cylinder
lying in plane. Reconstructed image in Figure 5.2 (c) in manuscript corresponds to Figure
S5.7.13(d).
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Figure S5.7.14. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
on bare silicon sample without cleaning (contact angle, 37°) and (b) following 2 hours of
solvent vapor annealing with chloroform. Corresponding AFM topographic images
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film
showing a poorly microphase separated pattern. (d) Following 2 hours solvent vapor
annealing, the film shows well developed P4VP cylinders lying in plane. However a large
defective area is seen in the AFM image. The non-uniform nature of the solvent vapor
annealed film can be seen in the optical image in (b).
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Figure S5.7.15. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
on PS-OH functionalized silicon substrate (contact angle, 94°) and (b) following 2 hours
of solvent vapor annealing with chloroform. Corresponding AFM topographic images
(scale bar = 400 nm) are shown in (c) and (d). (c) AFM topographic image of as cast film
showing P4VP cylinders normal to the silicon substrate. (d) Following 2 hours solvent
vapor annealing, the film shows P4VP cylinders lying in plane. Dewetted areas as well
as poorly microphase separated areas are also observed.
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Figure S5.7.16. Optical images (~ 480 x 360 micron) of (a) as cast 0.5 wt % PS-b-P4VP
BCP on PDMS-OH functionalized silicon substrate (contact angle, 104°) and (b)
following 2 hours of solvent vapor annealing with chloroform. Corresponding AFM
topographic images (scale bar = 400 nm) are shown in (c) and (d). Microphase separation
was not observed in either sample, as seen from (c) as cast and (d) solvent vapor
annealed.
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Figure S5.7.17. (a) Top-down SEM image of open area on HSQ patterned substrates
showing P4VP cylinders lying in plane after self-assembly via solvent vapor annealing.
(b) low resolution and (c) high resolution SEM images of P4VP cylinders lying in plane
guided by 50 nm wide HSQ gratings at a channel width of 265 nm. Note that all images
(a) – (c) were stained with ruthenium tetroxide for contrast purposes. All scale bars =
500 nm.

215

Chapter 5: Aligned Silicon Nanofins via the Directed Self-Assembly of PS-b-P4VP Block Copolymer and

2015

Metal Oxide Enhanced Pattern Transfer

Thickness (nm)

a

Time (minutes)

Thickness (nm)

b

Time (minutes)

Figure S5.7.18. In-situ thickness measurement. Plot of thickness (nm) change versus
time (minutes) of 0.5 wt % PS-b-P4VP BCP film spin coated on acetone only cleaned
silicon followed by annealing with chloroform vapor for (a) 30 minutes and (b) 230
minutes. Both (a) and (b) indicate that the film does not rise more than 15% (~26.5 nm)
from its initial thickness (~23nm).

216

Chapter 5: Aligned Silicon Nanofins via the Directed Self-Assembly of PS-b-P4VP Block Copolymer and

2015

Metal Oxide Enhanced Pattern Transfer

a

b

c

Figure S5.7.19. AFM topographic images (scale bars = 400 nm) of PS-b-P4VP BCP
films following immersion in 10 ml ethanol for (a) 10 minutes, (b) 20 minutes and (c) 30
minutes. (b) and (c) show deformation of the original PS-b-P4VP BCP structure due to
swelling of the P4VP nanodomains that distort the PS matrix.
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Figure S5.7.20. (a) and (b) show top-down SEM images of iron oxide nanowires where
50 nm wide HSQ prepatterns at a channel width of 265 nm that initially aligned PS-bP4VP BCP material. Note that these samples were silicon etched for 5 seconds to
improve contrast for SEM. Scale bars = 250 nm.

Figure S5.7.20a and b shows a top-down SEM image of the Fe3O4 nanowires with long
range order. The periodicity of the nanowires and domain size distributions are similar
to the original PS-b-P4VP self-assembled BCP template. Figure S5.7.20a shows an open
area of the substrate that exhibits the ‘‘fingerprint’’ like pattern evidenced on planar
substrates. As the pattern enters the trenches alignment takes place guided by the HSQ
sidewalls. The alignment and registration of the Fe3O4 nanowires is shown for up to 2
microns in HSQ trenches with a channel width of 265 nm. A total of 7 Fe3O4 nanowire
features can be seen in the SEM image. The high resolution SEM image in Figure
S5.7.20b shows well-defined Fe3O4 nanowire patterns from a 265 nm trench.
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Figure S5.7.21. XPS survey spectrum of (a) Fe3O4 nanowires and (b) γ-Al2O3 nanowires
formed via spin coating of metal nitrate-ethanolic solutions on porous PS-b-P4VP BCP
followed by UV/O3 for 3 hours.
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Figure S5.7.22. High resolution XPS spectra of O 1s region from (a) Fe3O4 nanowires
and (b) γ-Al2O3 nanowires.

219

Chapter 6
Solvent vapor annealing of block copolymers in confined
topographies:

commensurability

considerations

for

nanolithography

220

Chapter 6: Solvent vapor annealing of block copolymers in confined topographies: commensurability

2015

considerations for nanolithography

6.1. Abstract
The directed self-assembly (DSA) of block copolymer (BCP) materials in
topographically patterned substrates (i.e. graphoepitaxy) is a potential methodology for
the continued scaling of nanoelectronic device technologies. In this chapter, we detail an
unusual feature size variation in BCP nanodomains under confinement with
graphoepitaxially aligned cylinder-forming poly(styrene)-block-poly(4-vinylpyridine)
(PS-b-P4VP) BCP. Graphoepitaxy of PS-b-P4VP BCP line patterns (CII) was
accomplished via topography in hydrogen silsequioxane (HSQ) modified substrates and
solvent vapor annealing (SVA). Interestingly, reduced domain sizes in features close to
the HSQ guiding features were observed. The feature size reduction was evident after
inclusion of alumina into the P4VP domains followed by pattern transfer to the silicon
(Si) substrate. We suggest that this nanodomain size perturbation is due to solvent
swelling effects during SVA. We propose that using a commensurability value close to
the solvent vapor annealed periodicity will alleviate this issue leading to uniform
nanofins.

6.2. Introduction
Microphase separation of di-block copolymers (di-BCPs) can form sub-20 nm arrays of
spherical, cylindrical, gyroidal and lamellar geometries that have potential in electronic,
environmental and energy applications.1-4 In particular, BCP materials are of significant
interest to chip manufacturers for use as on-chip etch masks for patterning future
nanoelectronic circuitry.5,6 In order to align (to a substrate direction) the randomly
oriented domain structures that result from microphase separation and, thus, allow the
formation of the periodic arrangements needed for development of advanced device
technologies such as Fin-type field-effect transistors (FinFETs),7 directed self-assembly
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(DSA) is required. DSA is an absolute pre-requisite to attain the low defect density and
overlay accuracy required for industrial integration.8

BCP

self-assembly

can

be

directed

via

pre-patterned

chemical

patterns

(chemoepitaxy)9,10 or using topographical patterns (graphoepitaxy).11,12 Graphoepitaxy
has been exploited in many BCP systems such as PS-b-PMMA (PS-b-polymethyl
methacrylate),13,14

PS-b-PDMS (PS-b-polydimethylsiloxane)15,16 and PS-b-PVP.17,18

DSA of BCP thin films through both thermal annealing19 and solvent vapor annealing20
(SVA) has been studied extensively and attention is being given to the selective removal
of block components21,22 or the inclusion of etch contrast agents to facilitate pattern
transfer.23

Pattern transfer of BCP etch masks is probably the least studied aspect of published
nanolithography work but is paramount for obtaining uniform integrated circuit
elements.24,25 This is particularly true for BCP materials with a high Flory-Huggins
interaction parameter (χ) such as the PS-b-PVP systems (χ = 0.18 for PS-b-P2VP) since
they can display low domain sizes.26,27 This chapter describes an important observation
for graphoepitaxially aligned line space features of PS-b-P4VP (24 kg mol-1 – 9.5 kg mol1

) BCP system which suggests that SVA of graphoepitaxially aligned patterns may be

more complex than often considered.

6.3. Experimental
Solvents. Acetone (ACS reagent, ≥99.5%) chloroform (for HPLC, ≥99.9%, contains 0.51.0% ethanol as stabilizer), iso-propyl alcohol (LC-MS CHROMASOLV), ethanol
(dehydrated, 200 proof), Tetrahydrofuran (inhibitor-free, CHROMASOLV Plus, for
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HPLC, ≥99.9%), Toluene (CHROMASOLV, for HPLC, 99.9%), were purchased from
Sigma-Aldrich and used without further purification. De-ionized water was used
wherever necessary.
General Methods.
Hydrogen silsequioxane (HSQ) substrate preparation. Ten × 10 mm bulk Si ⟨100⟩
oriented substrates (nominal resistivity 0.001 Ω cm) were employed and were first

patterned using a HSQ Electron Beam Lithography (Raith e-LiNE plus) process. The
substrates were initially degreased via ultrasonication in acetone and iso-propanol (IPA)
solutions (2 × 2 min), dried in ﬂowing nitrogen gas and baked for 2 minutes at 393 K in
an ambient atmosphere to remove any residual IPA. The substrates were then spin coated
with a 2.4 wt % solution of HSQ (XR-1541 Dow Corning Corp.) in MIBK
(methylisobutyl ketone) to produce a ∼50 nm ﬁlm of HSQ. The wafer was subsequently
baked at 393 K in an ambient atmosphere for 3 minutes prior to transfer to the EBL

system for exposure. HSQ arrays of 50 nm wide lines at pitches of (32n + 50) nm were
exposed, where n is an integer and 0 < n < 8. Note that 32 was chosen as this is the
repeating period of the PS-b-P4VP microdomains. Following electron beam exposure
the samples were developed in an aqueous solution of 0.25 M NaOH, 0.7 M NaCl for 15
seconds, followed by rinsing in ﬂowing DI water for 60 seconds and 15 seconds rinse in
IPA. A process flow is shown in the appendix for HSQ fabrication. The samples were
then blown dry in ﬂowing nitrogen gas. HSQ gratings were fabricated at pitches of ~110,
145, 175, 205, 240, 270 and 300 nm (i.e. n = 2, 3, 4, 5, 6, 7 and 8). The HSQ dimensions,
PS-b-P4VP and alumina feature size, domain sizes etc. were measured through analysis
of SEM and TEM images using ImageJ software. Note that the 265 nm (n = 8.28) HSQ
grating value was higher than the expected 256 nm (n = 8) and this variation can be
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attributed to a higher exposure dose. Larger HSQ channels were also fabricated at 285
nm and 350 nm as detailed below.
PS-b-P4VP BCP thin film deposition, solvent vapor annealing and film
“activation”. Poly(styrene)-block-poly(4-vinylpyridine) was purchased from Polymer
Source, Inc., Canada, with a molecular weight of Mn = 33.5 kg mol−1 (MnPS = 24 kg
mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a polydispersity (Mw/Mn) of 1.15 (where, Mn
and Mw are number average and weight average molecular weights) and was used as
received. Solutions of 0.5 weight % PS-b-P4VP BCP were prepared in toluene/THF
(80:20). The solutions were left stirring for 12 hours to ensure complete dissolution. Prior
to spin coating planar Si or HSQ substrates were sonicated for 20 minutes with acetone.
The substrates were then rinsed in acetone and blown dry with nitrogen. Spin coating of
the PS-b-P4VP solution was carried out at 3200 rpm for 30 seconds. Solvent vapor
annealing was carried out in the conventional manner with a small vial containing 8–10
ml of chloroform placed inside a glass jar (150 ml) with PS-b-P4VP sample for ~ 2 hours
(room temperature ~ 290 K). After removing samples and leaving excess solvent to
evaporate, the solvent vapor annealed films (with a thickness of 25 nm) were further
exposed to ethanol vapors for surface reconstruction. In order to create a nanoporous PSb-P4VP film for metal-salt inclusion, films were exposed to ethanol vapors for
“activation”. Conventional solvent vapor annealing was carried out by placing the selfassembled PS-b-P4VP film in a jar containing a vial with ~8 ml of ethanol solvent. Films
were exposed to the ethanol vapors for 15-20 minutes. The films were then removed and
left to dry/deswell at room temperature (~ 290 K). The resulting nanoporous line pattern
was subsequently spin coated with the aluminium nitrate ethanol solution as described
below.
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Metal oxide (alumina) nanowire fabrication. Al(NO3)3.9H2O (aluminium nitrate
nonahydrate, ACS reagent, ≥98%) was employed as the metal nitrate salt precursor for
inclusion to act as a hardmask (etchstop). Solutions of 0.4 weight % Al(NO3)3.9H2O were
prepared in ethanol and spin-coated on to the ethanol reconstructed samples at 3200 rpm
for 30 seconds. Ultraviolet/ozone (UV/O3) treatment was used to oxidize the precursor
and remove polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro
Series Digital UV Ozone System; Novascan Technologies, Inc., USA).
Pattern Transfer Etch Procedure. An STS, Advanced Oxide Etch (AOE) ICP etcher
was used to pattern transfer alumina nanowires to the underlying Si substrate. Nanofin
fabrication was carried out by using a controlled gas mixture of C4F8/SF6 at ﬂow rates of
90 sccm/30 sccm and the ICP and RIE power were set to 600 W and 15 W respectively
at a chamber pressure of 15 mTorr. Alumina nanowires were etched using C4F8/SF6 Si
etch recipe. Nanofins shown in Figure 6.2.c,d, Figure 6.3. and Figure 6.4. result from a
Si etch of 1 minute and 30 seconds. Nanofins shown in Figure 4 were fabricated after
using the Si etch for 2 minutes. Note that most of the original HSQ material has been
consumed during the etching process and is indicated in TEM images to show initial
placement for the reader.
Instrumentation and Characterization. Block copolymer film thicknesses were
measured with a spectroscopic ellipsometer “J.A. Woollam Ellipsometer” at a fixed
angle of incidence of 70°, on at least three different places on the sample and was
averaged as the film thickness. A two layer model (SiO2 + PS-b-P4VP) for total BCP
film was used to simulate experimental data. Scanning Electron Microscopy (SEM)
images were obtained by a FEI Helios Nanolab 600i system at an accelerating voltage of
5 kV and at a working distance of 4 mm. Transmission Electron Microscopy (TEM)
lamella specimen were prepared using the Helios NanoLab DB FIB. FIB samples were
225

Chapter 6: Solvent vapor annealing of block copolymers in confined topographies: commensurability

2015

considerations for nanolithography

analysed by JEOL 2100 high resolution transmission electron microscope operating at
an accelerating voltage of 200 kV.

6.4. Results and Discussion
Figure 6.1 outlines the process for fabricating Si nanofins directed in HSQ trenches. Selfassembly of PS-b-P4VP BCP thin films was induced via SVA in a chloroform
atmosphere at room temperature (~ 290 K). P4VP cylinders were orientated parallel (CII)
to the substrate, forming “fingerprint” patterns with a 32 nm periodicity. P4VP cylinder
dimensions were measured at 20 nm. These patterns were guided and aligned in HSQ
trenches of varying pitch (the nominal HSQ pitch was (32n + 50) nm where n is an integer
and 0 < n < 8). An ethanol vapor treatment was employed to “activate” the PS-b-P4VP
thin film creating a nanoporous structure.28,29 This process introduces free volume to
assist the salt inclusion process.30,31 The selective inclusion of the salt into the P4VP
block of the “activated” nanoporous films was achieved via spin coating of an ethanolic
solution of aluminium nitrate. Following deposition of the metal-salt ethanolic precursor,
UV/O3 exposure was carried out for 3 hours leading to the formation of γ-Al2O3 (alumina)
nanowires at the substrate surface.
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Figure 6.1. Outline of the swelling phenomenon occurring during solvent vapor
annealing of PS-b-P4VP BCP graphoepitaxially aligned by HSQ gratings and fabrication
of Si nanofins from side-view perspective. (a) Spin coated PS-b-P4VP BCP film, note
that ordered equilibrium structures are shown for simplicity. CW = channel width, DS =
domain spacing, r = cylinder radius and s = half cylinder edge to cylinder edge distance.
BCP film shows majority PS (blue) matrix and minority P4VP cylinders (red). (b)
Swelling of film and expansion when exposed to chloroform during solvent vapor
annealing. (c) PS-b-P4VP Film after release of solvent vapor. (d) Exposure to ethanol
vapor for 20 minutes during “activation” step to form a nanoporous structure, i.e. creating
swollen P4VP domains (light green). (e) Fabrication of alumina (dark green) nanowires
after spin coating of aluminium nitrate ethanol precursor on nanoporous PS-b-P4VP film
followed by UV/O3. (f) Pattern transfer of alumina nanowire hardmask (etchstop) using
dry etch procedure to underlying Si.

Figure 6.2a shows uniform alumina nanowires after metal-oxide inclusion on an open
area of the patterned HSQ substrate. Figure 6.2.b displays a top-down SEM image of
alumina nanowires graphoepitaxially aligned within ~ 50 nm HSQ gratings with channel
widths of ~ 265 nm. Seven alumina nanowire features mimicking the original P4VP
structure can be seen. Si nanofins resulting from pattern transfer of the alumina
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Figure 6.2. Top-down SEM image of (a) large open area of alumina nanowires and (b)
alignment of alumina nanowires within channel widths of ~ 265 nm. Green bars represent
the alumina nanowires while yellow bars represent the guiding HSQ gratings, see (Figure
6.1.E), (c) open area of Si nanofins following plasma etching of the alumina nanowires
on the HSQ patterned Si substrate surface and (d) area of aligned Si nanofins within ~50
nm HSQ gratings with channel widths of ~265 nm. Note that green bars in (d) represent
Si nanofins with alumina mask present on top, see Figure 6.1.F. It is evident that the
nanofins closer to the sidewalls are smaller in diameter.

nanowire hardmask from an open area of the HSQ patterned substrate are shown in figure
6.2.c. Figure 6.2.d shows a top-down SEM image corresponding to Si nanofins fabricated
from pattern transfer of DSA graphoepitaxy features. Etch recipes for pattern transfer are
detailed in the experimental section. It is clear from Figure 6.2.d that the nanofins closest
to the sidewall are considerably smaller in feature size than the five nanofins in the centre
of the channel (feature sizes of 6 and 12 nm respectively).
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The occurrence of this reduction in feature sizes was observed in several areas of HSQ
arrays (10 x 10 micron each) and across varying HSQ periodicities (>100 nm). Figure
6.3 displays top-down SEM images of Si nanofins in 128 nm and 224 nm channel widths
where sidewall nanofin feature size reduction is evident.

Figure 6.3. Top-down SEM image of (a) 3 Si nanofins within 128 nm HSQ gratings and
(b) 6 Si nanofins within 224 nm HSQ gratings. Nanofins aligned next to the HSQ gratings
show reduced feature sizes in comparison to the remaining Si nanofins. Green lines in
(a) represent Si nanofins with alumina mask present on top. Arrows in (a) and (b) point
to the reduced feature sizes of nanofins next to HSQ gratings.

As mentioned, this is in contrast to the uniform nanofins made on planar substrate areas,
as there is no variation in feature size (figure 6.2.c). Also, there was no variation in
feature size observed with Si etch time. Corresponding TEM data of the Si nanofins from
the ~ 265 nm arrays (Figure 6.2.d) are displayed in Figure 6.4. following pattern transfer
to the substrate and it is clear that the alumina nanowires closest to the HSQ sidewalls
have produced deeper Si nanofins (up to ~ 15 nm) than the nanofins at the centre of the
channel, which is consistent with enhanced etching in the more confined space.
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Figure 6.4. (a) Cross-section TEM image of large area of Si nanofins following pattern
transfer of alumina nanowire hardmask in channel widths of ~ 265 nm and 50 nm HSQ
gratings. (b) High resolution TEM image of Si nanofins between HSQ gratings where
the reduced Si nanofin feature size and increased etch depth at the HSQ sidewalls is
evident.

To further show that this feature size variation was not a direct result of either the etch
procedure or geometry related etch effects, we show data for pattern transfer of the BCP
metal oxide enhanced structures formed in channels of ~ 285 nm and ~ 350 nm
respectively (Figures 6.5.a and 6.5.b). These widths are too large for good DSA and a
non-aligned arrangement is observed. An indicative TEM image is displayed in figure 4c
of Si nanofins fabricated via pattern transfer (350 nm channels) in confinement of aligned
patterns only.
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Figure 6.5. Top-down SEM images of Si nanofins in HSQ trenches of (a) ~ 285 nm and
(b) ~ 350 nm respectively. (c) Cross-section TEM of Si nanofins fabricated from alumina
nanowires acting as a hardmask in HSQ trenches. Arrows in (c) indicate where HSQ
gratings were prior to etching.

To explain the observations we suggest that the solvent swelling that occurs during SVA
is the cause of these complex structures. The dimensions of the channels were set
according to the dimensions of the pattern seen on planar surfaces after solvent induced
microphase separation. This is explained in Figure 6.1A and is set at number of domain
spacings (DS) plus 2(r+s) where r = cylinder radius and s = half cylinder edge to cylinder
edge distance. Thus, the guiding channels employed were set at 32n (where 0 > n > 8)
nm. Whilst this approach is established for thermally annealed systems where polymer
expansion is limited, in SVA there is a considerable expansion due to solvent swelling
and this results in both film expansion and non-ideal feature spacing (Figure 6.1.B). The
expansion might result in curvature at the side walls in the plane of the cylinders to allow
optimum cylinder separation and also due to sidewall-polymer interfacial interactions.
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We have shown previously that removal from the solvent atmosphere results in rapid
film shrinkage and residual material at sidewalls as the solvent front moves rapidly
through the film.32 A direct result is a change in cylinder shape from a cylindrical to an
elliptical cross-section.33,34 The shape of the film in the channel results in a tilt of the
cylinders close to the sidewall after the release of solvent following SVA (Figure 6.1.C).
In certain instances, this might result in polymer being isolated at the top of the channel
walls due to the additional binding at these edge sites. In Figure 6.1.D, ethanol is used
to selectively swell the P4VP domains (see experimental for details) to create a
nanoporous matrix assisting the metal-salt inclusion technique. In Figure 6.1.E the results
of metal ion oxidation and polymer removal can be seen and in particular reduction of
the alumina dimensions because of the smaller footprint (due to elliptical tilting and also
partial volume reduction with material remaining at the edge of the mesa) of the P4VP
derived feature. On pattern transfer (Figure 6.1.F), the narrow alumina features provide
thinner Si features. Also because of the smaller dimensions, an enhanced etch rate
(compared to the larger features) is observed due to gas confinement and aspect-ratio
dependent etching (ARDE). It is quite apparent that the features are not only narrower
but deeper into the substrate from TEM data (figure 6.4.). The enhanced etching of Si
material near the HSQ gratings in figure 6.4 may be a direct result of the wider
dimensions of the HSQ itself (with respect to the alumina nanowires). Furthermore,
ARDE and other plasma issues are visible at the larger alumina features as these have
produced a smaller aspect ratio in comparison to the sidewall alumina features. One can
see that the proximity of the larger alumina mask features has resulted in a slower etch.
The non-uniformity of the resultant Si etch that has led to an enhanced etching rate at the
edges may be due to micro-trenching at the larger HSQ features and could be alleviated
through process flows integrating passivation methods. Employing passivated Si etches
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(e.g. pulsed-mode or mixed mode) can improve anisotropy of the Si etch35 while
protecting sidewall features.

6.5. Conclusions
The work presented in this chapter has significant importance in the application of BCP
methods for producing ultra-fine features at substrates requiring the use of polymers that
can only be annealed by solvent treatment. In nanolithography, methods must be
developed that not only produce translational periodicity but also precisely and
reproducibly create features of uniform dimensions. This work suggests feature size
variation may be more challenging than expected. In order to alleviate the issues
observed we believe trenches that are larger than the ideal commensurability (domain
periodicity) of the BCP may be needed to allow for extra swelling. The additional
“expansion” volume will be dependent on the degree of swelling which will be related
to the solvent-polymer interactions, vapor pressure and temperature.
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6.7. Appendix – Chapter 6

Solvent vapor annealing of block copolymers in confined topographies:
commensurability considerations for nanolithography

Figure S6.7.1. Preparation of HSQ patterned substrates via spin coating and electron
beam lithography.
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HSQ

Figure S6.7.2. Top-down SEM image of large scale area of HSQ gratings with 128 nm
channel widths. Inset shows high resolution SEM image of HSQ gratings after
fabrication.
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7.1. Abstract
High-mobility materials and non-traditional device architectures are of key interest in the
semiconductor industry because of the need to achieve higher computing speed and low
power consumption. In this chapter, we present an integrated approach using directed
self-assembly (DSA) of block copolymers (BCPs) to form aligned line-space features
through graphoepitaxy on germanium on insulator (GeOI) substrates. Ge is an example
of a high mobility material (III-V, II-VI) where the chemical activity of the surface and
its composition sensitivity to etch processing offers considerable challenges in
fabrication compared to silicon (Si). We believe the methods described here afford an
opportunity to develop ultra-small dimension patterns from these important highmobility materials. High quality metal oxide enhanced pattern transfer to Ge is
demonstrated for the realization of nanofins with sub-10 nm feature size. Graphoepitaxial
alignment of a poly(styrene)-block-poly(4-vinylpyridine) PS-b-P4VP BCP was achieved
using pre-defined HSQ topography at a GeOI substrate. PS-b-P4VP was spin-coated onto
the substrate and solvent vapor annealed to affect microphase separation. Subsequent
impregnation of the aligned BCP templates with a salt precursor “in-situ” and simple
processing was used to generate robust metal oxide nanowire (e.g. Fe3O4, γ-Al2O3, and
HfO2) hardmask arrays. Optimized plasma based dry etching of the oxide modified
substrate allowed the formation of high aspect ratio Ge nanofin features within the HSQ
topographical structure. We believe the methodology developed has significant potential
for high resolution device patterning of high mobility semiconductors. We envision that
the aligned Ge nanofin arrays prepared here via graphoepitaxy might have application as
a replacement channel material for complementary metal–oxide–semiconductor
(CMOS) devices and integrated circuit (IC) technology. Furthermore, the low capital
required to produce Ge nanostructures with DSA technology may be an attractive route
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to address technological and economic challenges facing the nanoelectronic and
semiconductor industry.

7.2. Introduction
With the inherent ability to form uniform periodically arranged nanoscale features,
microphase separated BCPs have been under intense scrutiny as on-chip etch masks for
patterning device relevant geometries (e.g. bends, junctions).1 Microphase separation
occurs due to the thermodynamic incompatibility between constituent blocks (A and B)
of a di-BCP as represented by the dimensionless parameter, χ (Flory-Huggins interaction
parameter).2 The degree of polymerization (N) is the number of monomers forming the
polymer chain and offers control of the periodicity of the resulting BCP microdomains.3
Likewise, tailoring the volume fraction (f) of respective blocks allows different
morphologies to be attained, namely lamellae, gyroidal, cylindrical and finally spherical
as fA reduces from 0.5. With the need to achieve low feature sizes and pitches for ever
decreasing technology nodes, “high χ” materials are required to allow a relatively high
segregation strength χ.N (> 10.5) as this enables ordered equilibrium morphologies to
form.4 DSA methodologies (namely chemoepitaxy and graphoepitaxy) over the past
decade have primarily been demonstrated on silicon substrates using “first generation
material” PS-b-PMMA BCP systems.5,6 Demonstrations on 300 mm wafer scale pilot
processes have recently been reported.7-9 Two concerning issues for PS-b-PMMA are the
minimum feature size attainable due to its’ low χ (0.04)10 and limited etch contrast
between the organic blocks reducing pattern transfer fidelity.

In this regard, “high χ” BCP materials such as PS-b-PDMS (χ~0.26), PS-b-PxVPs (x= 2
or 4, PS-b-P2VP χ~0.18), and PS-b-PLA (χ~0.21), are extremely attractive for reaching
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ultra-small features and have dominated recent literature.11-15 Moreover, methodologies
to selectively infiltrate and subsequently enhance microdomain etch contrast in neat selfassembled BCPs is now an area of considerable interest. In particular, sequential
infiltration synthesis (i.e. SIS) has been documented for achieving high-aspect (1:10)
ratio silicon features from alumina infiltrated PS-b-PMMA.16,17 Likewise, metal oxide
inclusion has been reported to significantly enhance “activated” PS-b-PEO and PS-bP4VP BCP systems for Si nanofeature fabrication.18-21

In order to extend the relentless dimensional scaling of semiconductor features (i.e.
Moore’s Law) to the deep nanoscale regime (< 10 nm), employing DSA of BCP
nanopatterns has emerged as a cost-effective route to controllably fabricate devicerelevant features on a wafer scale level. In parallel to research on the efficacy and
integration of patterning technologies (e.g. DSA, extreme ultraviolet, electron-beam
lithography, nanoimprint lithography), non-Si based materials such as graphene,22-26
Ge,27 carbon nanotubes,28 and III-V29 have received significant attention for improved
nanoelectronic device function mainly owing to their superior electrical properties. In
particular, Ge has been suggested as a possible replacement material for MOSFETs to
overcome future short channel effects which reduce device speed. Ge shares similar
properties to its group IV neighbor Si, which makes a near term integration of a Si/Ge
device possible or a complete replacement of Si channels viable in the future. Ge
possesses a larger Bohr exciton radius (~ 24.3 nm) to Si (~ 4.9 nm)30 consequently
enhancing quantum effects, and Ge notably has higher electron and hole mobilities (3900
cm2/V.s, 1900 cm2/V.s) compared to Si (1500 cm2/V.s , 450 cm2/V.s)31 thus potentially
increasing electronic device speed. However, its’ brittleness, reactivity and unstable
native oxides are serious areas of concern for device integration. If convenient process
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methods could be developed for the fabrication of high-mobility Ge devices using a GeOI
platform, this would represent significant progress towards next-generation IC
technologies.32 The work reported here is a synergistic approach combining DSA of a
high χ BCP material and an inclusion methodology to pattern transfer to GeOI substrates.
To the best of our knowledge, there are no reports to date on the graphoepitaxial
alignment of a high χ BCP and pattern transfer on Ge surfaces (bulk or GeOI). We have
reported the thermal evaporation of Ge on porous BCP templates,33 however the present
work achieves well-defined structures of importance for current Si transistor
architectures based on Fin-FET designs.

7.3. Experimental
Materials. Poly(styrene)-block-Poly(4-vinylpyridine) (referred to as PS-b-P4VP
BCP) was purchased from Polymer Source, Inc., Canada, with a molecular weight
of Mn = 33.5 kg mol−1 (MnPS = 24 kg mol−1; MnP4VP = 9.5 kg mol−1, fPS = 0.70), a
polydispersity (Mw/Mn) of 1.15 (where, Mn and Mw are number average and
weight average molecular weights) and was used as received. Fe2(NO3)3.9H2O
(Iron (III) nitrate nonahydrate), Al(NO3)3.9H2O (aluminium nitrate nonahydrate,
ACS reagent, ≥98%), HfCl4 (hafnium(IV) chloride, 98%) chloroform (for HPLC,
≥99.9%, contains 0.5-1.0% ethanol as stabilizer), Tetrahydrofuran (inhibitor-free,
CHROMASOLV Plus, for HPLC, ≥99.9%), Toluene (CHROMASOLV, for
HPLC, 99.9%), ethanol (dehydrated, 200 proof) were purchased from SigmaAldrich and used without further purification unless otherwise stated. De-ionized
(DI) water was used wherever necessary.
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GeOI HSQ patterning.
GeOI substrates were purchased from Soitech and consisted of a top layer of ~ 60 nm
undoped Ge ⟨100⟩, a middle layer of SiO2 measured at ~ 160 nm, and a bottom layer of
Si. Ten × 10 mm GeOI substrates, were used for all DSA experiments. The substrates

were patterned using a HSQ electron-beam lithography (Raith e-LiNE plus) process prior
to deposition of the PS-b-P4VP BCP. The substrates were initially degreased via
ultrasonication in acetone and iso-propanol (IPA) solutions (2 × 2 min), dried in ﬂowing
N2 gas and baked for 2 minutes at 393 K in an ambient atmosphere to remove any residual
IPA. Substrates were treated with 0.74 M citric acid solution for 6 minutes to remove
surface GeOx, rinsed thoroughly with DI and blown dry under N2. The substrates were
immediately spin coated (2000 rpm, 33 seconds) with a 2.4 wt % solution of HSQ (XR1541 Dow Corning Corp.) in MIBK to produce a ∼50 nm ﬁlm of HSQ. The wafer was

baked at 393 K in an ambient atmosphere for 3 minutes prior to transfer to the EBL
system for exposure. Arrays of 50 nm wide lines at pitches of (32n + 50) nm were
exposed, where n is an integer and 0 < n < 11. Note that 32 was chosen as this is close to
the pitch of the PS-b-P4VP BCP employed. The basic electron dose employed was
800 µC/cm2 and increased corresponding to larger trench sizes. Following electron beam
exposure the samples were developed in an aqueous solution of 0.25 M NaOH, 0.7 M
NaCl for 15 seconds, followed by rinsing in ﬂowing DI water for 60 seconds and 15
seconds rinse in IPA. The samples were then blown dry in ﬂowing N2 gas. Note that
channel widths of resulting prepatterns were measured at 192, 224, 265, 326, and 361
nm respectively.
GeOI substrate treatment, block copolymer film preparation and solvent
vapor annealing. For removal of the GeOx layer, a recent approach was
employed34 as follows. GeOI substrates were treated using a 1M citric acid
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solution. Samples were rinsed in DI water for 5 seconds and then immersed in the
1M citric acid solution for 1 minute. Substrates were removed and washed
repeatedly in DI water, and blown dry with N2 gas. The PS-b-P4VP solution was
then immediately spin coated on the citric acid treated GeOI substrate at 3200 rpm.
The PS-b-P4VP solutions were made at 0.5 weight % concentration, and were
prepared in toluene/THF (80:20). Solvent vapor annealing (SVA) was carried out
in the conventional manner with a small vial containing 8–10 ml of chloroform
placed inside a glass jar (150 ml) with PS-b-P4VP sample from 30 minutes to 3
hours as reported previously by our group for SVA on silicon substrates. Samples
were removed from the glass jars after the desired anneal time and allowed to
evaporate the trapped solvent at ambient conditions. Note that the films did not
exhibit any major swelling during SVA as the films were transparent throughout
(same as spin cast). After solvent vapor annealing, the samples were “activated”
via exposure to ethanol vapors at 50°C for 20 minutes to from a nanoporous
matrix.

Metal

oxide

nanowire

hardmask

fabrication.

Fe2(NO3)3.9H2O,

Al(NO3)3.9H2O, and HfCl4 solutions of 0.5 wt % were prepared in ethanol and
spin-coated on to the ethanol “activated” samples for 30 seconds at 3200 rpm.
UV/O3 treatment was carried out for 3 hours to oxidize the precursor and remove
polymer. Samples were UV/O3 treated in a UV/ozone system (PSD Pro Series
Digital UV Ozone System; Novascan Technologies, Inc., USA). The UV source
is two low pressure mercury vapour grid lamps. Both lamps have an output current
of 0.8–0.95 A and power of 65–100 W, as reported by the manufacturer, and have
strong emissions at both wavelengths of UV radiation (184.9 nm and 253.7 nm).
244

Chapter 7: Parallel Arrays of Sub-10 nm Aligned Germanium Nanofins from an “In-situ” Metal Oxide

2015

Hardmask using Directed Self-Assembly of Block Copolymers

The system produces highly reactive ozone gas from oxygen that is present within
the chamber.
Pattern transfer of metal oxide nanowire hardmask arrays to GeOI.
An STS Multiplex ICP etcher was used for etching to pattern transfer the Fe3O4, γ-Al2O3,
and HfO2 nanowire mask to the underlying GeOI substrate. CF4 was used for etching Ge
with the metal oxide nanowires as etchmasks. Samples were etched for 9 seconds in total
with CF4 gas only using a flow rate of 40 sccm, pressure of 10mTorr, and ICP power of
400 W. RF power was set at 100 W. Note that the DC bias (and peak to peak voltage) on
average for above runs was measured at ~ 355 V for peak to peak voltage of 1125 V.

7.4. Results and discussion
Figure 7.1 displays the process flow used for the fabrication of the Ge nanofins detailed
in this chapter. Native Ge oxide on GeOI surfaces was removed using a “green”
approach of citric acid treatment based on previous work from these laboratories (Collins
et al.34). The unstable native oxide of Ge is a major concern for its reintroduction to IC
manufacture and the citric acid treatment is extremely effective for oxide removal and
stabilization. The PS-b-P4VP BCP solution was spin-coated directly onto the passivated
GeOI surface. Graphoepitaxially aligned self-assembled PS-b-P4VP line features were
generated after solvent vapor annealing (SVA)35 in a chloroform atmosphere. SVA of
the 25 nm polymer thin film was carried out in an atmosphere of chloroform at room
temperature for 2 hours to induce self-assembly. We have previously established a
protocol for this cylinder forming PS-b-P4VP system with cylinder in-plane (CII)
orientation achieved when employing non-selective solvent swelling conditions.21
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Figure 7.1. A. GeOI substrate after HSQ (green) prepattern development for
graphoepitaxy. B. PS-b-P4VP film after solvent vapor annealing producing aligned
P4VP cylinders parallel to substrate. C. Activated PS-b-P4VP film after ethanol vapor
exposure. D. Metal oxide nanowire hardmask after spin coating metal-salt precursor and
successful metal ion oxidation and polymer template removal via UV/O3. E. Aligned Ge
nanofin fabrication following pattern transfer of hardmask.

Exposure of the self-assembled PS-b-P4VP patterns to hot ethanol resulted in porous
channels that could be impregnated with metal oxide material. “Activation” (i.e. surface
reconstruction)36,37 of P4VP domains through selective block swelling in ethanol vapors
was carried out at 50°C, and SEM characterization was employed to analyze films.
Figure 7.2a shows a top-down SEM image of open area of an “activated” PS-b-P4VP
BCP film displaying line-space features with high uniformity. Pitch and P4VP
microdomain dimensions of the fingerprint patterns were measured at 32.45 nm and 8.63
nm respectively (see Appendix Figure S7.7.1) following SVA. Whilst hot ethanol
immersion methods have been demonstrated to great effect,19,38 we have observed film
destruction as discussed in previous work.21 Thus we have used hot ethanol vapors to
create a near complete porous film. Parallel arrays of DSA of the “activated” PS-b-P4VP
line-space features is displayed with high uniformity in Figure 1b-d. The SEM images
shows strict registration of the graphoepitaxially aligned “activated” PS-b-P4VP cylinder
structures with the HSQ sidewall features. A total of 6, 7 and 11 P4VP CII features are
visible within 224 nm, 265 nm, and 361 nm channel widths respectively.

Following the controlled development of porous templates, fabrication of metal oxide
nanowires mimicking the original polymer pattern was achieved. As displayed in Figure
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7.2e-h, Fe3O4 nanowires on GeOI were enabled within HSQ prepatterns after spin coating
of a low weight percentage iron nitrate ethanolic precursor onto the “activated” PS-bP4VP template. An open area of Fe3O4 nanowires on a GeOI substrate can be seen in the
SEM image in Figure 7.2e. The high-resolution SEM image reveals nanowires that
display a high level of regularity and uniformity. For pattern transfer lithography
purposes, this is essential to avoid transferring any roughness or non-uniformity of the
hardmask to the underlying substrate. The pitch and nanowire dimensions were
comparable to the reconstructed films at 32.22 nm and 10.31 nm respectively. We
elucidated the chemical composition of the iron nitrate precursor through XPS and Figure
S7.7.2 shows confirmation of Fe3O4 formation on GeOI. Figure 7.2f-h shows 6, 7, and
11 Fe3O4 nanowires aligned within HSQ pre-patterns replicating the original “activated”
PS-b-P4VP line-space features (Figure 7.2b-d). It can be seen that the precise nanowire
feature positional accuracy and registration of Fe3O4 material is consistent with aims to
enhance current state-of-the-art IC patterning towards sub-10 nm features. The SEM
images reveal that there is no P4VP wetting layer at the HSQ sidewalls allowing
individually aligned nanowires to form. Substrate surface treatment or sidewall polymer
brush modifications were not necessary to overcome interfacial effects. The neutrality of
this cylinder forming PS-b-P4VP BCP system overcomes any previously outlined issues
with selective wetting of polymer blocks at HSQ sidewalls such as PDMS containing
BCPs in HSQ based prepatterns as described by Hobbs et al.39 There is some indication
of a Fe3O4 wetting layer (~ 2 nm in thickness) after the inclusion step as displayed in the
TEM image in Figure 7.2i.

There is possible evidence of hardened HSQ between Fe3O4 nanowires and along surface
of HSQ material. This extends across the channel base and the mesas (HSQ prepatterns).
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However, the nature of this layer remains uncertain. The possibility of forming such a
regular wetting layer without forming cylinders would seem unlikely. There is also the
possibility of surface scattering effects that can lead to these apparent layers. We also
note the possibility of the UV/O3 treatment forming dense silica from the HSQ. The
origin of this layer is under strict investigation. However, whatever its cause, it is clear
that the etch procedure can “punch” through the residual surface layer. We also believe
there is a residual HSQ layer at the substrate interface as discussed below.

Figure 7.2. Top-down SEM images of (a) open area of porous “activated” PS-b-P4VP
films. (b) – (d) display graphoepitaxial alignment of “activated” features in HSQ
prepatterns of 224 nm, 265 nm and 361 nm channel widths respectively. SEM images in
(e)-(h) show corresponding Fe3O4 nanowire hardmask features after metal oxide
inclusion in open areas and within HSQ prepatterns. All scale bars represent 250 nm. (i)
Cross-section TEM image of Fe3O4 nanowire hardmask features in HSQ prepattern of
361 nm channel widths [i.e. image (h)]. Scale bar is 50 nm. Note there is evidence of a
residual HSQ layer (between white lines).
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Note that the graphoepitaxial alignment of PS-b-P4VP and metal oxide inclusion was
also carried out on bulk Ge substrates and large scale alignment were achieved with
greater than 5 micron long features (see Figure S7.7.3).

Figure 7.3b displays a top-down image of parallel arrays of 11 Ge nanofins within HSQ
prepatterns following pattern transfer. A highly selective etch was employed using
carbon tetrafluoride (CF4) gas only.40 The Ge nanofins displayed in the TEM image in

Figure 7.3. (a) Shows cross-section profile of aligned Ge nanofins following pattern
transfer. (b) top-down SEM image of parallel arrays of pattern transferred Ge nanofins
in channel widths of 361 nm. (c)-(e) Low resolution and high-resolution TEM images of
graphoepitaxially aligned Ge nanofin structures corresponding to (b).

Figure 7.3c were fabricated after plasma etching of Ge for a total of 9 seconds. An initial
shorter etch (3 seconds) revealed little removal of Ge material (see Figure S7.7.4).
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However on continued etching with CF4, aspect ratios of 1 : 3.5 were achieved within
HSQ prepatterns as seen in the TEM data in Figure 7.3c, d and e. Feature sizes and etch
depths were measured at ~ 9 nm and ~ 31 nm respectively. The high dimensional control
of the etch process is clearly evident. Interestingly, attempted chlorine based etch
processes did not result in any etching of Ge. We believe this may be due to the residual
HSQ material as seen in the TEM image in Figure 7.2i at the substrate interface between
nanowire hardmask features and the Ge layer. Therefore, Cl2 plasma is unable to
successfully etch the residual HSQ layer and pattern transfer the nanowire template to
the Ge layer. In contrast, CF4 is well known to consume HSQ material39 and thus rapidly
etches the HSQ material at the substrate surface and enables Ge etching to take place.
Further surface studies are required to gain insight into the mechanism. Overall, the issue
was circumvented through employing alternative plasma etch chemistries allowing the
creation of Ge nanofins. Also, whilst we demonstrate Ge nanostructures of application
for Fin-FET based devices, further etching or thinner Ge thicknesses would enable the
fabrication of Ge nanowires for other technological application.

In order to show the efficacy and robustness of the methodology outlined above we have
employed aluminum and hafnium precursors as hardmask materials to pattern highaspect ratio (1:6) Ge features on planar GeOI substrates. Figure 7.4a and b display topdown SEM images of alumina (γ-Al2O3) and hafnia (HfO2) nanowire arrays with large
scale coverage on GeOI substrates. The γ-Al2O3 and HfO2 nanowires were fabricated
using ethanolic based precursors as the Fe3O4 nanowire hardmask arrays discussed
above. High resolution XPS of Al 2p and Hf 4f are shown in insets in Figure 7.4a and b
respectively confirming the presence of γ-Al2O3 and HfO2. The survey and highresolution oxygen spectrum of both samples are shown and discussed further in Figure
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S7.7.5. The inclusion of semiconductor and high-k dielectric hardmask material in this
simple reproducible process is advantageous for device processing considerations where
industrial fabrication compatibility is essential. The spin-coating processes address
scalability and throughput level that are paramount for high volume manufacturing
(HVM) and very large scale integration (VLSI). Additionally, all steps for the fabrication
of Ge nanofins were carried out at room temperature (290K). Ge etching using CF4 for 9
seconds was carried out for the pattern transfer of the γ-Al2O3 and HfO2 hardmask

Figure 7.4. Top-down SEM images of γ-Al2O3 nanowire (a) and HfO2 nanowire (b)
arrays following metal-salt inclusion process. Insets in (a) and (b) show high resolution
XPS scans for Al 2p and Hf 4f peaks. Top-down SEM of Ge nanofins following pattern
transfer with (c) γ-Al2O3 nanowire hardmask and (d) HfO2 nanowire hardmask.
Corresponding cross-section SEM images in (e) and (f) reveal high uniformity of Ge
nanofin structures. Main scale bars represent 250 nm whilst insets are 50 nm.
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nanowires to the underlying GeOI. Well-defined Ge nanofins were produced as shown
from top-down SEM images in Figure 7.4c (γ-Al2O3) and Figure 7.4d (HfO2) with good
uniformity. Moreover, the cross-section SEM images displayed in Figure 7.4e and f
reveal well-defined Ge nanofins from γ-Al2O3 (Figure 7.4e) and HfO2 (Figure 7.4f)
nanowire hardmasks. Clear evidence is revealed in the images of vertical and lateral
dimensional control owing to the robustness of the etch mask and high selectivity of the
dry etching process. The vertical profile of the Ge nanofins is also evident in the inset of
each cross-section SEM views. Feature sizes were measured at 9 nm while depths were
measured at 55 nm, i.e. an aspect ratio of 1:6.

7.5. Conclusions
In summary, we have presented a robust process flow for the fabrication of well-defined
high-aspect ratio sub-10 nm Ge nanofin feature sizes with vertical and lateral
dimensional control. This chapter demonstrates the level of accuracy in which a high χ
material could be used to template passivated GeOI substrate surfaces. Distinct and
isolated Fe3O4, γ-Al2O3 and HfO2 nanowire hardmask arrays were also shown at GeOI
substrate surfaces and were found to perform as excellent hardmasks for pattern transfer
with each exhibiting similar efficacy. Highly selective dry etch procedures were
employed to pattern transfer the on-chip etch masks to the underlying GeOI substrate to
generate Ge nanofins. More significantly, the self-assembly of PS-b-P4VP cylinders
lying in-plane (CII), and selective P4VP infiltration with metal oxide material were all
demonstrated with high reproducibility using a topographical DSA methodology.
Graphoepitaxial HSQ prepatterns were fabricated using top-down electron-beam
lithography to allow alignment and registration of cylinder forming PS-b-P4VP linespace features. Subsequent metal oxide nanowire fabrication and optimized etch time
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and chemistry enabled high-aspect ratio Ge nanofins to be achieved in graphoepitaxy
trenches. Overall, the work emphasizes the possibility to realize next-generation
electronic devices based on GeOI material through DSA of BCP technology for HVM
and VLSI device designs.
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7.7. Appendix – Chapter 7
Parallel Arrays of Sub-10 nm Aligned Germanium Nanofins from an “In-situ”
Metal Oxide Hardmask using Directed Self-Assembly of Block Copolymers

Figure S7.7.1. Graphs showing (a) P4VP microdomain feature size following
“activation”, (b) P4VP pitch dimensions following “activation”, (c) feature size of iron
oxide nanowires following iron oxide inclusion step, and (d) pitch of iron oxide
nanowires following iron oxide inclusion process. Note that 150-170 features were
measured from respective SEM images using ImageJ software for processing and
calculation.
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Figure S7.7.2. XPS data of iron oxide nanowires following metal ion oxidation and
polymer removal through UV/O3 treatment. (a) Survey spectrum of Fe3O4 nanowires on
GeOI substrate with HSQ prepatterns. Peaks identified include Ge 2p, Fe 2p, O 1s, C 1s,
Si 2p, and Ge 3d. Expected peaks were observed at binding energies of ~1220-1215 eV
for Ge 2p3/2 and ~ 29 eV for Ge 3d due to the top layer of Ge of the GeOI substrate. We
believe the C 1s peak and Si 2p are present due to residual polymer and residual HSQ
material at the GeOI surface. Furthermore, high-resolution Fe 2p core level energy
spectrum displayed in Figure S7.7.2b shows both Fe 2p3/2 and Fe 2p1/2 peaks at 710 eV
and 724 eV respectively. These are in good agreement with previous literature.1 The 2p3/2
: 2p1/2 ratio was calculated to be 2 : 1. Note that the 2p features were processed with the
CasaXPS software using a Shirley background subtraction and curve-fitting to Voigt
profiles. High resolution O 1s core level energy spectrum at 532 eV is shown in (c).
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Figure S7.7.3. Top-down SEM images of large scale graphoepitaxial alignment of
“activated” PS-b-P4VP templates following ethanol exposure on Ge in HSQ prepatterns
of 224 nm channel width (a), and 265 nm channel widths (b) and (c). Note in (c) open
unpatterned areas are evident with characteristic “fingerprint” patterns of cylinder lying
parallel to substrate surface. (d) Top-down SEM image of arrays of 6 Fe3O4 nanowires
within HSQ prepatterns of 224 nm channel width after metal oxide inclusion process. (e)
Top-down SEM image of arrays of 7 Fe3O4 nanowires within HSQ prepatterns of 265
nm channel width after metal oxide inclusion process.
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Figure S7.7.4. Top-down SEM images of DSA Fe3O4 nanowire hardmasks in different
channel widths after 3 seconds CF4 etching for pattern transfer. Channel widths for each
are 224 nm (a), 265 nm (b), 326 nm (c), and 361 nm (d) respectively. One observes the
contrast of the hardmask relative to the Ge material after plasma treatment. The contrast
is slightly enhanced in comparison to unetched samples as displayed in Figure 7.2e-h in
main chapter.
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Figure S7.7.5. XPS spectra of (a) survey of γ-Al2O3 nanowires on planar GeOI following
effective metal oxide inclusion and UV/O3 exposure for 3 hours showing expected peaks.
(b) High resolution O 1s of γ-Al2O3 with peak at 531 eV. High-resolution level energy
spectrum of the Al 2p peak at 73 eV is shown in inset in chapter 7 Figure 7.4a. XPS
survey spectra and high-resolution level energy spectrum of oxygen for HfO2 nanowire
sample on planar GeOI are shown in Figure S7.7.5 (c) and (d). High-resolution level
energy spectrum of the Hf 4f peak at 17 eV is shown in inset in chapter 7 Figure 7.4.b.
The XPS of Al 2p and Hf 4f and corresponding high-resolution O 1s values agree well
with literature reports for both γ-Al2O3 and HfO2 material.2,3
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8.1. Conclusions and Future Work
Next-generation electronic devices are expected to comprise an unprecedented level of
sophistication. Whilst high speed and low power consumption are prerequisites, multifunctionality and increased connectivity will be anticipated by consumer’s i.e. Internet
of Things (IoT). Semiconductor and nanoelectronic industries have continually achieved
increased growth and density of silicon device components every ~ 18 months. However,
dimensional scaling of integrated circuit features at sub-10 nm may be problematic due
to the physical limits of optical lithography and performance issues associated with
silicon (leakage, voltage variability and signal delay) and thus new materials and
processes are required to augment the lithographic process. This thesis aimed to
demonstrate on-chip etch masks to fabricate high fidelity and high density silicon and
germanium nanostructures using BCP lithography practices to provide viable routes for
next-generation electronic technologies. The advantages of BCP patterning are clear and
well-known including; 1) low cost, 2) high areal density with high throughput and 3)
ability to access sub-20 nm features. Limitations and challenges in the DSA of BCPs
field that this PhD work focused on included; 1) extending etch methodologies using a
PS-b-PLA BCP, 2) enabling high etch contrast using “in-situ” metal oxide hardmasks
with PS-b-P4VP BCP, and 3) integrating these processes with DSA technology.

Chapter 1 introduced the fundamental areas of BCP materials and employed methods in
the past and more recently for inorganic incorporation with “neat” BCPs. The
incorporation methods detailed were in relation to their use as on-chip etch masks for
advanced lithography purposes. Additionally, functional uses for devices and nonelectronic uses were also mentioned. Whilst efforts for advanced lithography patterning
will continue, the area of BCP patterning for inorganic inclusion and resulting pattern
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transferred geometries are now being used for diverse functions as smart surfaces, in
biomedical devices and for energy conservation. This is an area that will continue to
grow and much future work will focus on these uses with possibilities for
commercialization.

Chapter 2 outlined simple wet etch processes for removing the PLA block from PS-bPLA lamellar patterns. The processes developed can be easily adopted by university
research laboratories or small scale processes where dry etching tools are not
available/accessible. The presence of a wetting layer or weak PS interactions requires
careful substrate modification to retain the BCP film and avoid detachment. Another
notable issue identified was pattern collapse in the PS-b-PLA system that was due to the
thickness of the film. High aspect ratio of resist or on-chip etch masks will limit overall
pattern transfer fidelity. The dry etch process described in chapter 2 for the removal of
PLA from PS-b-PLA forming line space features was highly selective with great promise
for lithographic patterning process to sub-20 nm features.

Chapter 3 focused on the self-assembly of PS-b-PLA BCP line patterns using
conventional solvent vapor annealing to form ultra-thin lithography relevant etch masks.
Chapter 3 described short processing periods (< 1 hour) to form thin BCP films on silicon
that are ideal for pattern transfer purposes. The through film uniformity was
characterized via GISAXS measurements. Wet etch processes for PLA etching were also
shown with high selectivity. DSA was utilized for guiding self-assembly of PS-b-PLA
features. Future work must be carried out to optimize the DSA process to meet acceptable
levels of pattern registration and control of alignment direction.
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Chapter 4 highlighted a simple and short processing route using a molecular
functionalization process to enhance and increase PS-b-P4VP BCP ordering and
coverage. The route described avoided time consuming and costly polymer brush surface
modifications. Moreover, the BCP templates were utilized for demonstrating the efficacy
of a metal oxide inclusion procedure. Iron oxide nanodots were generated at the substrate
surface after simple spin coating and following ICP etching, Si nanopillars were
generated. The process surpasses “soft mask” templates as high aspect ratio (1:6) Si
features were fabricated after pattern transfer.

Chapter 5 detailed the self-assembly and alignment of PS-b-P4VP line features using
HSQ prepatterns over large areas. Metal oxide inclusion was utilized for the generation
of aligned 16 nm half-pitch silicon nanofins. The ability to position and orientate PS-bP4VP features and successfully enhance contrast using metal oxides integrated with
graphoepitaxy is important for DSA to address device relevant geometries. Additionally,
the alternative pattern transfer strategy was accomplished using various metal oxide
materials showing the versatility of the process to enhance contrast leading to high
fildelity (>1:4) silicon nanofins. Future work must focus on reproducing similar fidelity
nanofins using smaller pitch patterns. The etching process at smaller dimensions will be
considerably more complex in the sub-10 nm range as plasma based etches at the deep
nanoscale regime are not well understood.

Chapter 6 is closely related to the process described in chapter 5 and highlights an issue
observed following metal oxide inclusion and upon pattern transfer of nanodomain
variation along guiding sidewalls. Graphoepitaxy was used to guide PS-b-P4VP line
features and feature size reduction was observed at sidewalls following solvent vapor
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annealing. Excess swelling during solvent vapor annealing causing volume expansion
was postulated to be the cause of the feature perturbation observed. Using wider trenches
to compensate for the added volume expansion and thus larger BCP periodicity during
solvent vapor annealing and monitoring of solvent-polymer parameters were put forward
as means to avoid domain variations. Further study is needed to address this phenomenon
and as suggested, trench widths should be adjusted to match the solvent vapor annealed
periodicity and not the dried state periodicity. Additionally, investigation of solvents with
different selectivity values that form line patterns of PS-b-P4VP may lead to less
swelling/volume expansion and thus avoid deformation or feature size reduction.
Moreover, “in-situ” swelling studies would be insightful to precisely calculate the solvent
vapor annealed BCP periodicity and thus identify an optimum window for channel
widths. Jung and co-workers1 recently described employing warm solvent vapor
annealing to reduce cylinder line edge roughness and cylinder deformation in a PS-bPDMS BCP system.

Chapter 7 presented an integrated approach to achieve high aspect ratio sub-10 nm
aligned germanium nanofins using metal oxide enhanced PS-b-P4VP line features.
Germanium is of much interest in the scientific community as a high mobility material
to advance next generation electronic devices.2 As described in chapter 5 and chapter 6,
HSQ prepatterns initially employed to guide PS-b-P4VP features during solvent vapor
annealing. Germanium-on-insulator (GeOI) substrates were used for demonstration and
after metal oxide inclusion and pattern transfer resulted in high fidelity Ge nanofins.
GeOI is potentially a very promising substrate for industrial integration as Ge
nanostructures can be fabricated on a substrate possessing similar properties to silicon.
BCP patterning has been shown using other high mobility materials such as graphene3,4
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however this chapter demonstrated pattern transfer of a BCP mask on germanium for the
first time. Future work regarding the applicability of patterning smaller features must be
carried out to assess the viability of DSA BCP patterning on GeOI.

Whilst this thesis has documented sub-20 nm half-pitches and sub-10 nm pattern
transferred features, many challenges exist and will emerge as BCP patterning and DSA
methodologies aim to achieve sub-10 nm pattern transferred pitches. With this goal, new
materials and innovative processes will be needed to achieve further fin scaling. Since
BCP microphase separation is difficult to achieve with lower χN values, “exotic” BCP
materials or new additives to BCPs will be needed that can retain a χN value in the
ordered phase. This may be possible using sugar5 based BCPs as was reported lately to
effectively raise a BCPs χN value at low molecular weight or using salt addition6 to effect
a BCPs χ value.

Additionally, the study of scaling BCPs for etch-mask application will encompass
metrology methods for assessing global coverage and defects of polymer patterns.
Moreover, high-resolution imaging, including helium ion microscopy7 and 3-D electron
tomography8,9 of patterns will be required as the resolution of current techniques may not
be able to characterize patterns effectively in the sub-10 nm regime.
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