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ABSTRACT

Block copolymers (BCPs) self-assemble into periodic arrays of lamella, cylinders, spheres and
gyroids with characteristic feature sizes of 3-100nm, making them ideal for fabrication of
nanostructured materials. For many applications including separation membranes and
nanopatterning, it is necessary to use block copolymer in thin film geometries and with domain
orientations perpendicular to substrates. Chapter 2 discusses the effects of surface and interfacial
energy on the self-assembly of PS-cylinder forming PS-b-PMMA thin films. These are less studied
than the standard PMMA-cylinder forming BCPs. We explore using this BCP as a sacrificial
template for the formation of nanoporous metal oxide films with tunable pore sizes. The fabricated
nanoporous membrane is transferred onto a macroporous support for protein separation studies.

Directed self-assembly (DSA) of BCPs utilizes topographic or chemical contrast guide patterns
to provide long-range orientational order. DSA has great potential for next generation lithography
as it enables low processing cost and feature density multiplication. Defectivity is the biggest
challenge for moving DSA into high-volume manufacturing. Current defectivity studies reply on
surface or cross-sectional 2D metrologies. These data are not enough to describe the 3D nature of
DSA morphologies and probe hidden defects under the surface. In chapter 3, we describe a 3D
metrology for graphoepitaxial DSA contact-hole shrink process (to make vias) using the post-DSA
membrane fabrication technique and STEM tomography. The 3D reconstruction results reveal
relationships between guide patterns of different surface chemistry and geometry and types of
defects in DSA morphologies.

In addition to patterning contacts using graphoepitaxial patterns, DSA using chemoepitaxial
patterns is a very effective technology for line/space patterning over large area. It is of particularly

interest in bit patterned media (BPM) applications. In BPM, an areal density of 5 Tb/in?
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corresponds to an 11 nm bit pitch size, which is a huge challenge for any existing lithography
techniques. Chapter 4 investigates the combination of two commonly used pitch splitting
techniques: DSA and self-aligned double patterning (SADP) to reach a total density multiplication
factor of 8. Starting from guiding lines with 84 nm pitch, a final line/space pattern with pitch as
small as 10.5 nm is demonstrated. This combined DSA and SADP strategy could avoid many
sacrificial layers and etch/deposition steps to reach the same aggressive pitch scaling compared to
self-aligned octuplet patterning (SAOP).

While DSA is approaching maturity for use in the semiconductor industry, researchers can
develop high-resolution nanofabrication using DSA technology to solve problems in the
condensed matter physics community. One revolutionary idea is to control the thermal transport
by periodic nanostructures, or phononic crystal patterning. Chapter 5 describes the approach to
fabricate DSA templated phononic crystal devices which have well-defined hexagonal packed
holes with 38 nm pitch in suspended silicon nitride bridges. A great reduction in thermal
conductivity is observed from thermoreflectance measurements. This work has applications into

novel thermoelectric devices and highly sensitive bolometric radiation detectors.
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CHAPTER 1: INTRODUCTION
1.1 Motivations

Nanostructured materials exhibit many interesting properties that are very different of those of
bulk materials. The remarkable potential of nanostructured materials makes nanotechnology the
most rapidly growing field, where scientists synthesize, characterize and process nanostructured
materials to utilize their unique physical, chemical, mechanical and optical properties.! Scientists
commonly applied two strategies to control the structure of materials at the nanoscale: top-down
and bottom-up.? The top-down approach is to use various lithography techniques to pattern ordered
nanostructures, which is used in today’s semiconductor industry. The bottom-up approach is to let
various nanocomposites form nanostructures with little long-range order by themselves.? Although
top-down techniques, such as electron beam lithography, generate features as small as 10 nm, the
photolithography techniques currently being used in high volume manufacturing has resolution
coarser than the dimensions of structures bottom-up methods could form.?

The strategy to bridge top-down and bottom up and get both long-range ordering and fine
resolution is “self-assembly”’: molecules synthesized bottom-up spontaneously form a desired
pattern.?* Templates fabricated top-down are often used to guide the ordering of the self-assembly
process. The self-assembly is driven by noncovalent interactions to find the lowest energy
configuration of the system and achieve equilibrium.* It is a powerful approach because scientists
can design and synthesize large quantities of materials with targeted properties to form well-
defined nanostructures with low-cost and high yield.? The self-assembly of block copolymers
(BCPs) is particularly attractive. For nanolithography applications, it is a cost-effective and
scalable way to pattern densely packed periodic arrays of features with dimensions typically

beyond the resolution limit of conventional photolithography.



When the self-assembling block copolymer is directed by templates made by top-down
conventional lithographic process, periodic nanostructures can be created with registration,
perfection, accuracy as well as enhanced density. The remarkable potential to use directed self-
assembly (DSA) of BCPs to providing higher resolution nanoscale features while working along
with the current photolithography process is recognized by semiconductor industry. The
international technology roadmap for semiconductors (ITRS) put it in the next generation
lithography landscape for the fabrication of integrated circuits at advanced node.®> Nonetheless,
BCPs can be easily utilized in the lab as a tool to create uniform nanoscale features over a large
area at low cost when fabricating functional materials and nanodevices for fundamental research.

The work in this dissertation elaborate the appealing aspects by using self-assembly of BCPs to
create various nanostructures with potential applications in nanoporous membrane, contact via
patterning for integrated circuits, high areal density bit-patterned media for future hard disk drives,
and nanoscale thermal transport. The successful fabrication of functional nanostructures requires
comprehensive consideration factors, including material selection, annealing conditions, interfaces
and surface, etc., which in many cases reply on fundamental understanding of the thermodynamics
and kinetics involved in block copolymer self-assembly.

1.2 Block copolymer thin films
1.2.1 Microphase separation

For a blend of two homopolymers, A and B, the free energy of mixing, F, described by the

Flory-Huggins theory?® is:

F :
r = P + ) + 2

where kg is the Boltzmann constant, T is the temperature, f is the volume fraction of the two

components (fat+ fs=1), N is the degree of polymerization, and y is the A-B Flory-Huggins



interaction parameter. The first two terms represent the entropy component, which is negative but
reduced when polymer chain is long. The third term represents the enthalpy of mixing, where y is the
free energy cost per monomer when A and B contacts. The larger positive y is, the larger the enthalpy
penalty will be when A and B contacts, and the more likely polymer/polymer blends phase separate on
a micrometer scale, which is referred as macrophase separation. y is a function of both chemistry of A

and B monomers and temperature:

x=a+=

where a and b are experimentally obtained constants for a given pair of A and B.

Block copolymers (BCPs) have covalent bonds to link two or more different polymer chains.
Unlike macrophase separation in homopolymer blends, the different polymer blocks in BCPs
cannot separate completely. Instead, they form microdomain structures at nanometer scale when
organizing to minimize unfavorable interactions between different polymer blocks, described as
microphase separation.” For a diblock copolymer, A-b-B, the strength of segregation is
proportional to yN and the microphase separation will not happen when yN <10.5 or at
temperatures above the order-disorder transition (ODT) temperature, Topr. Below Topr, a linear
diblock copolymer, according to the phase diagram of &, forms spheres A in a matrix of B when
fais very small. As fa keeps increasing towards 0.5, it will form hexagonal cylinders, then gyroid,
and finally lamellae.®

More morphologies were later discovered for this linear diablock copolymer. Bates and his
group discovered surprisingly low-symmetry Frank-Kasper ¢ phases and a metastable
dodecagonal quasicrystalline phase in sphere-forming poly(isoprene)-b-poly(lactide) diblock

copolymers.® ! The phase behaviors of multiblock copolymers and branched block copolymers



are even more complicated. For example, linear ABC triblock copolymers are know to form phases

including lamellae (L) phases, core-shell versions of the gyroid (G), hexagonal cylinder (C), body-
centered cubic (BCC) sphere phases (S), “alternating” versions of the gyroid (GA), diamond (DA),

cylinder (C*), and sphere (" and F*) phases, and an Fddd (or O™) network phase.!2® The
freedom to select different polymer chemistries, to vary block lengths, and to even blend in other
components provides unlimited potential for designing BCPs to create nanostructures with
precisely specified microdomain geometry, packing symmetry and chemical composition.*
1.2.2 Self-assembly of block copolymer thin films

Although BCPs in bulk and solution have extensive applications ranging from templating
materials to drug delivery,® the nanopatterning patterning application has particular interest where
BCPs are usually used as thin films or in confined spaces. In thin films, the orientation of BCPs
microdomains is sensitive to boundary conditions including the polymer-air or polymer-vacuum
interface and polymer-substrate interface. The total free energy F of BCP thin films can be
approximated as:

F = Fpotypoty T Fetastic + Froty,air + Froty,sub

The first two terms are associated with the interfacial energy between different domains and the
configurational entropy of the polymer chains, governing the BCP self-assembly in the bulk. The
third and fourth terms represent the surface energy and the interfacial energy.*®

When one block preferentially wets the surface or interface, the lamellae and cylinders orient
parallelly to the substrate to minimize surface energy and interfacial energy. One block wetting
both the surface and interface is referred as symmetric wetting, while different blocks wetting
surface and interface is described as asymmetric wetting.!’ For parallel lamellae pattern, holes or

islands form when the film thickness is incommensurate with the BCP natural period, Lo.l" If



knowing the film thickness and Lo, the surface topography (islands or holes) as well as step heights
are very useful to tell the preferentiality of surface and interface.'®2

For many nanopatterning applications, perpendicular microdomain orientation is more desired.
To balance interfacial energy, the surface of substrate could be easily chemically modified to make
it have similar interaction strength with different polymer blocks, which is referred as surface
neutralization. Mansky et al. showed that to induce perpendicular domain orientation of
poly(styrene-b-methyl methacrylate) (PS-b-PMMA) lamella, the substrate surface could be
modified with a random copolymer (PS-b-PMMA) with composition tailored to neutrally wet both
PS and PMMA.222 The random copolymers used for chemical modification are often brushes or
mat. Brushes have hydroxyl groups in each chain that attach to a surface to form thin polymer
layers and mats are thin cross-linked networks.?® Han et al. studied the range of different random
copolymer brush and mat layers to form vertical structures of PS PS-b-PMMA cylinders and
lamellae.?* In thin films, the orientation often propagates throughout the film thickness. When the
BCP film is thicker, the nucleation and growth of microdomains from surface and interface become
decoupled.?®?” Han et al. showed that the PS-b-PMMA cylindrical domains have areas with
disconnections or junctions in the middle of the film where two nucleation frons meet in 300-900
thick films.?® For PS-b-PMMA, the most commonly used BCP for thin film nanopatterning
applications, the control of domain orientation often relies on substrate surface modification
because the upper surface is assumed to be relatively neutral to PS and PMMA. PS and PMMA
have similar surface energies in the annealing temperature range used in most studies?®2°, but this
is usually not the case for other block copolymer systems. For BCPs with more distinct surface
energies between different blocks, scientists have developed various strategies including: top-coat

surface treatment,*3! solvent annealing,®> BCPs with decoupled bulk thermodynamics and



wetting characteristics,® surface active and phase-preferential additives®® or embedded neutral
layer,®* to neutralize top surface and control orientation.
1.2.3 Thermal annealing and solvent annealing

Commonly, BCP thin films are prepared by spin-coating. The solvent runs off quickly, so the
as-spun films have structures far away from equilibrium. To evolve the self-assembly towards
thermodynamic equilibrium morphology, BCP films are often annealed at elevated temperatures,
known as thermal annealing, or in solvent vapor at room temperature, known as solvent annealing.

For thermal annealing, BCP films are heated up to and hold at a temperature greater than glass
transition temperature, Tq, to enable polymers disentangle and alter configurations but not to
exceed Topr or cause polymer degradation. The diffusivity, D, of a polymer chain exhibits
Arrhenius dependence on temperature, T:

D = A exp(— %)
RT

where A is a constant, Ea is the apparent activation energy of a polymer, and R is the ideal gas
constant.® Increasing the thermal annealing temperature leads to faster ordering kinetics. During
thermal annealing, the two-dimensional ordering of BCP morphology is often observed to improve
with the formation of equilibrium nanodomains.®® The BCP nanodomains arrange into
polycrystalline arrays with small grains collapse into larger grains along annealing. The rotation
of small grains could be main pathway to merge into large grains.3’ On the boundary of two grains,
the nanodomains have disclinations or dislocations defects. With self-assembly process alone, the
polycrystalline grains could not grow into a single crystal grain. The grain boundary defects always
persist in the self-assembly pattern. Ji et al. found that the in cylinder forming PS-b-PMMA films,
diffusivity was faster at surface than that near interface and thicker films have faster ordering

kinetics and larger grain size than thin films.3” Welander et al. reported that increasing the



annealing temperature could shorten the annealing time to achieve defect free pattern in the case
of directed self-assembly of PS-b-PMMA 38

The other commonly used method, solvent annealing, increases the polymer chain mobility by
lowering the Tq of solvent-swollen BCP films under room temperature. Kim et al. used solvent
annealing significantly facilitated the mass transport in high molecular weight PS-b-PMMA which
is hardly achievable using thermal annealing alone.®® The solvent annealing driven self-assembley
follows a “quasi-equilibrium and quenching” mechanism.*® When the dry BCP film absorb the
solvents and swell, the microdomain structures of the swollen film at equilibrium depend on the
solvent selectivity and the swelling ratio. Then the self-assembly is quenched by quickly removing
the solvent from BCP film. The final morphology in the rapidly dried films is maintained except
for shrinking in the direction normal to the substrate.*! The swelling ratio of BCP film depends on
the solvent vapor pressure, which is more difficult to control compared with thermal annealing
temperature. Therefore, solvent annealing is considerate not as industry-friendly as thermal
annealing. One setup developed for more reproducible solvent annealing process uses continuous
inert gas flow to carry solvent vapor to BCP films by bubbling through liquid solvent. After
annealing, the solvent could be rapidly removed from BCP by purging pure inert gas.*? When
polymer volume fraction, ¢, is large, the swollen film is at glass state at low T and the polymer
chain doesn’t have sufficient mobility, which is the higher limit of ¢ corresponding to Tq. The
effective interaction parameter in the BCP and solvent mixture is:

Xeft = X

where a describes the selectivity of solvent. Neutral solvent, which distributes equally in different
polymer blocks, has a = 1 in SCMF theory and reduces the effective segregation strength.*® If ¢ is

too small, an order-disorder phase transition occurs and the BCP could not phase separate in



swollen state. This is the lower limit of ¢ corresponding to (yN)oot.*! The variations in y.¢ leads
to changes in the periods of BCP domains at swollen state. A neutral or slightly selective solvent
reduces the period, while a strong selective solvent (a is larger) increase the period as chains need
to stretch more to reduce more unfavored interfacial area between blocks.*

There is a growing desire to reduce the self-assembly processing time. A diversity of annealing
methods have been developed, such as microwave annealing,** solvo-microwave annealing,* and
laser annealing*®. The principles of these rapid annealing method are still very similar to the basic
thermal annealing and solvent annealing. Although some newer methods are very amenable to
scale-up roll-to-roll process, currently pure thermal annealing remains attractive to industry from
the point of view of simple process.*’

1.3 Directed self-assembly of block copolymer

The polycrystalline grains, or “fingerprint” structures, formed in self-assembled BCP films only
have short-range ordering. For many lithographic applications, it is necessary to have BCP
structures organized in long-range order or in a desired placement. For this purpose, different
directed self-assembly (DSA) techniques have been developed to control the placement of BCP
domains, and they have mainly two categories: graphoepitaxy topographic patterns, and
chemoepitaxy on chemical patterns. Epitaxy, a term often used in crystal growth, describes the
self-assembled BCP domains are growing in accordance with the patterned substrate and thus grain
coarsening stage is eliminated.

1.3.1 Graphoepitaxy

Graphoepitaxy utilizes topographic features, such as trenches to guide the self-assembly of

BCPs. Kramer and coworkers first demonstrated with substrates with shallow trenches separated

by several micrometers lead to long-range ordering of poly(styrene-b-2-vinylpyridine) (PS-b-



P2VP) spheres over areas up to two hundred domains wide.*® The ordering of BCP domains within
topographic confinement is mainly governed by commensurability of the confined geometry with
the BCP sizes and the interaction of each block with template surface. Ross and coworkers used
narrower templates for poly(styrene-b-ferrocenylsilane) (PS-b-PFS) spheres and found perfect n
rows of spheres form when the wall spacing is between (n-0.5)Lo and (n+0.5)Lo.*° Han et al. found
PS-b-PMMA lamellar domains orient perpendicularly to both trench bottom and sidewall when
the surface of trench is homogeneous non-preferential, but the orientation with respect to trench
sidewalls becomes parallel by adjusting film thickness when the surface is weakly preferential.>

Many groups have used various types of BCPs and topographic patterns to further develop
graphoepitaxy method. Successful DSA patterns were templated using hydrogen silsesquioxane
(HSQ) pillars,®* V shape grooves formed by <111> Si planes,®* nanoscopic surface facets
generated from single-crystalline wafers,>® imprint molds,>* and even inorganic nanowires
converted from the fist layer BCP could be used to align the additional BCP films.>®
1.3.2 Chemoepitaxy

Chemoepitaxy uses patterns having regions preferentially wet different blocks, or chemical
contrast, to induce the formation of single-orientation patterns.>® Nealey and coworkers used
extreme ultraviolet (EUV) interferometric lithography to pattern self-assembled monolayers
(SAMs).*® The PMMA preferentially wet the SAMs in the exposed area and the other regions were
non-preferential to PS and PMMA. When the period of chemically patterned SAM matches Lo, the
orientation of PS-b-PMMA lamella perfectly matches the pattern. When the underlying chemical
pattern mismatches Lo, BCP forms defects to minimize the strain.®® BCP directed by chemical
patterns could form complex geometries with great fidelity. Nealey and coworkers demonstrated

the perfect registration of PS-b-PMMA lamella for device-oriented non-regular structures.>’®



This 1:1 patterning doesn’t prove smaller feature dimensions and advanced lithography is required
to fabricate templates for small BCPs. The resolution enhancement by DSA with density
multiplication provides higher resolution and throughput beyond the capabilities of lithographic
process used to make chemical patterns, and thus it has been pursued by semiconductor industry.
Ruiz et al. only patterned every other spot on PS-OH brush by electron beam lithography and
pattern period, Ls= 54 nm. DSA of PS-b-PMMA cylinders with Lo = 27 nm result in defect-free
hexagonal arrays of cylinders with long-range order over the entire area, multiplying the feature
density by a factor of 4, known as the density multiplication factor.>® Analogous to the density
multiplication of BCP cylinders, lamellae-forming BCPs on sparse chemical patterns could
enhance resolution of line and space patterns, which is very useful to pattern unidirectional dense
lines.®® Liu et al. developed a process known as LiNe flow to fabricate chemical patterns, which
has been widely used for chemoepitaxy studies.®*®2 The LiNe flow uses a crosslinked polymer
mat on substrate, followed by lithographic patterning of photoresist on top of the mat. The mat is
etched and trimmed to width of W with top surface protected under photoresist. After stripping
photoresist, a brush is backfilled into the interspatial regions of patterned mat to create chemical
contrast.

The control of W, Ls, and background chemistry is critical to obtain a defect-free DSA. 516465
For DSA of PS-b-PMMA, zero dislocation defects can be achieved on optimized chemical pattern
at thermodynamic equilibrium, as the free energy of defects is much higher than that of the aligned
state.®®” Along with the thermodynamics, Kinetics also plays an important role in DSA. Both
theoretical and experimental studies show that the defective morphologies are not equilibrium
structures but metastable state that are kinetically trapped long the annihilation pathway. With

Kinetic barriers, even aligned structure has lower energy at equilibrium, defects are often difficult
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to annihilate.®®-% The chemical patterns made with LiNe flow originally has minimal template
topography. Recent studies show that chemically modified sidewalls also have enthalpic
interactions and pin one of the blocks.®®7%"2 Chemical patterns having higher topography, or
combined chemical and topographic template could provide additional driving force for alignment.
Enhanced DSA kinetics and defects reduction were observed.”%"
1.4 Pattern transfer for nanopatterning

Applications using self-assembled BCP thins films often involve pattern transfer, so the
nanostructures formed in BCP could be replicated in different materials. Analogous to the
development step in photolithography, pattern transfer of BCP pattern requires selectively
removing one of the blocks so the remaining materials could serve as the etch mask. The selectivity
between two blocks is thus an important factor when choosing and developing BCP materials.
Many approaches have been developed to selectively remove one block. For example, “wet
PMMA development” is commonly used for PS-b-PMMA pattern. It utilizes UV irradiation to
degrade PMMA block followed by dissolving PMMA segments in acetic acid while leaving PS
structure intact.” The pattern collapse using wet process is an important concern.” Plasma etching
could be a better option if two blocks have dry etch selectivity to reduce the collapsing.”® Inorganic
materials can be added to the BCPs to enhance dry etch contrast by polymer synthesis or post-
assembly infusion. Some iron-containing and Si-containing BCP systems showed high etch
contrast tween the organic and inorganic blocks. 07781

The work in this thesis utilizes a process termed as sequential infiltration synthesis (SI1S)%28 in
infuse inorganic materials into BCP pattern. The SIS process uses standard atomic layer deposing
(ALD) setup. Compared to regular ALD deposition, the SIS mode has much longer reaction time

and higher pressure to allow ALD precursors diffuse deeply into BCP films.®* The BCPs suitable
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for SIS often contains one polar block and one non-polar block, such as PS-b-PMMA82858 gng
PS-b-P2VPY"87. Al,Osis the most commonly used metal oxide for SIS and used in this thesis. The
BCP film is first exposed to the vapor of metal precursor for a given time, which is
trimethylaluminum (TMA) in the case of Al.Os. The metal precursor diffuses into the BCP and
selectively bind to the polar components. The excess precursor vapor is removed by inert gas in a
purge step. Then another cycle using the vapor of the co-reactant precursor is run to finish the
reaction on the sites of metal precursor. In the case of Al,Os, water is used. In this way, the growth
of metal oxide only happens in the polar block. The full cycle is repeated for several times to
increase the amount of metal oxide. The polymer matrix could be removed by plasma etching
leaving behind the inorganic pattern that replicates the original BCP pattern. Biswas et al. used in-
situ Fourier transform infrared (FTIR) spectroscopy to investigate the SIS mechanism.®8 They
found that the TMA form an unstable intermediate complex with PMMA quickly but the
conversion of this intermediate complex into covalently-bonded structure is slow and competing
with TMA desorption. Therefore, longer exposure time and shorter purge time will promote the
SIS reaction. In addition to Al,Os, various inorganic materials, including TiO2,2® SiO,,% Zn0O,%?
and WO3,*° used for SIS process have been reported.
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CHAPTER 2: FABRICATION OF NANOPOROUS ALUMINA ULTRA-FILTRATION
MEMBRANE WITH TUNABLE PORE SIZE USING BLOCK COPOLYMER
TEMPLATES
2.1 Abstract

Control over nanopores size and three-dimensional structure is necessary to advance membrane
performance in ubiquitous separation devices. Here, inorganic nanoporous membranes are
fabricated by combining the assembly of cylinder-forming PS-b-PMMA (poly(styrene-block-
methyl methacrylate)) block copolymer and sequential infiltration synthesis (SIS). A key advance
relates to the use of PMMA majority block copolymer films and the optimization of thermal
annealing temperature and substrate chemistry to achieve through-film vertical PS cylinders. The
resulting morphology allows for direct fabrication of nanoporous AlOx by selective growth of
Al>O3 in the PMMA matrix during the SIS process, followed by polymer removal using oxygen
plasma. Control over the pore diameter is achieved by varying the number of Al,Oz growth cycles,
leading to pore size reduction from 21 nm to 16 nm. Three-dimensional characterization, using
TEM tomography, reveals that the AlOx channels are continuous through the film and have a
gradual increase in pore size with depth. Finally, we demonstrate the ultrafiltration performance
of the fabricated AIOx membrane for protein separation as a function of protein size and charge.
2.2 Introduction

Nanoporous membranes with uniform pore size have gained growing interest in the last decade
since they enable separations at the micro- and nano- scale in water filtration, molecular sorting,
drug delivery, and molecular sensing applications.*® The performance of nanoporous membranes
or ultrafiltration (UF) membranes depends on several critical properties: high selectivity is

achieved by tailoring the pore size and obtaining narrow pore distribution, while high flux can be
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achieved by high porosity, non-tortuous pathways, and high pressure gradient across the
membrane.*’ Common commercial nanoporous membranes, like polymeric UF membranes,
generally exhibit random structure pores, tortuous pore paths, wide pore size distribution, and are
relatively thick.*® Recently, high density porous arrays of inorganic and hybrid organic-inorganic
materials were demonstrated using a variety of nanofabrication techniques such as focused ion and
electron beams’® and rapid thermal annealing of nanocrystalline silicon.®° However, most of
these methods are suitable for small scale fabrication while separation processes typically require
large areas. Block copolymers (BCPs), on the other hand, are easily processed from solutions and
are amenable to the large-scale roll-to-roll fabrication'*2, offering a simple and scalable solution
for membrane fabrication.

BCPs have been widely used to generate templates and scaffolds for fabrication of
nanostructured materials, as chemically dissimilar polymer chains covalently linked together self-
assemble into periodic arrays of lamellar, cylindrical, spherical, and gyroid morphologies with
characteristic feature sizes of 5-50 nm.™® To create membranes with high pore densities, cylinder-
forming BCPs are typically used, and porosity is obtained either by selectively removing one block
by post-assembly etching processes,**%° or by using non-solvent induced phase separation.t’:*8
Previous studies have demonstrated the ability to fabricate nanoporous membranes with well-
ordered pores, narrow pore size distribution, and high pore density using self-assembled BCPs.?14
16.19-22 However, tuning the pore size to create size selectivity by design is still a major challenge
in the field. An additional challenge in polymeric and BCP membranes is the membranes’ high
fouling tendency that occurs due to the inherent hydrophobicity of polymers.'® On the other hand,

inorganic membranes, such as anodic aluminum oxide (AAO) membranes and titanium dioxide
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membranes, exhibit attractive thermal, chemical, and mechanical stability, greater fouling-
resistance, and often photocatalytic ability.*°

Recently, sequential infiltration synthesis (SIS), a technique derived from atomic layer
deposition (ALD), has been developed to selectively grow inorganic species (such as ZnO, TiO>
and Al>O3) in polymers that contain polar moieties, enabling inorganic nanostructures fabrication
from polymer and BCP templates.?®>-2” The SIS process is based on the selective binding of gaseous
organometallic precursors to polar moieties,?® which produces a hybrid organic-inorganic
composite. Subsequent polymer removal results in inorganic nanostructures templated by the
original block copolymer morphology. SIS has been demonstrated to significantly enhance etch
contrast in BCP lithography, enable fabrication of high aspect ratio inorganic nanostructure, as
well as enhance Z contrast for STEM imaging and tomography of BCP films,2429-33

In this work, we harness Al.Oz SIS to fabricate highly ordered, isoporous, AlOx membranes
with tunable pore size, templated by BCP self-assembly, and demonstrate the selectivity
capabilities of this membrane through charge-based separation of similarly sized proteins. Self-
assembled films of cylinder-forming poly(styrene-block-methyl methacrylate) (PS-b-PMMA)
with PS cylinders in PMMA matrix were used to template the AlIOx membranes. The assembly
was tuned through careful control of boundary conditions to create perpendicular PS cylinders for
templating non-tortuous membranes. The templating of AIOx membrane from BCP film was
characterized through a combination of scanning electron microscopy (SEM), grazing incident
small angle X-ray (GISAXS), and transmission electron microscopy (TEM) tomography, giving
detailed description of the AlOx membrane and its three-dimensional morphology. With the
additional degrees of freedom that the SIS process provides, we varied the AlIOx membrane pore

diameter between 21 nm and 16 nm, using a single BCP template. Finally, the thin AIOx membrane
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was combined with a supporting anodic aluminum oxide (AAO) membrane to create mechanically
robust hierarchical AIO/AAO membrane. Utilizing the pH-responsive surface charge of metal
oxides, we efficiently separated similarly sized proteins with both high selectivity and high flux
using the hierarchical membrane.
2.3 Experimental Section
2.3.1 Materials

Cylinder-forming polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA, C2050, M, =
20.2-50.5 kg/mol, PDI = 1.07) was purchased from Polymer Source, Inc. Poly(acrylic acid) sodium
salt solution (Mw = 15000 g/mol, 35% mass fraction in water) was purchased from Sigma-Aldrich
and used as received. Poly(styrene-co-methylmethacrylate-co-glycidyl methacrylate) (PS-r-
PMMA-PGMA) containing ~ 4 mol % of glycidyl methacrylate was synthesized by reversible
addition fragmentation chain transfer (RAFT) polymerization with styrene mole fractions from 21
to 85% (denoted as 21S to 85S) determined by 1H nuclear magnetic resonance spectroscopy.
Anodic aluminum oxide membranes (Anopore) were purchased from Sigma-Aldrich (20 nm and
100 nm pore size membranes with 60 um thickness). Bovine serum albumin (66 kDa) and bovine
hemoglobin (65 kDa) were purchased from Sigma-Aldrich and used as received. The buffer
powder for phosphate buffered saline (PBS) was purchased from Sigma-Aldrich (catalog no.
P3563). The pH values of the buffer solutions were tuned to 4.7 and 7.0 by adding a small amount
of HCI or NaOH solution.
2.3.2 Sample preparation

Silicon wafers were cleaned in a piranha solution (3:7 volumetric ration of concentrated sulfuric
acid and 30 wt% hydrogen peroxide solution) at 130 °C for 30 min and rinsed with deionized water

prior to use. PS-r-PMMA-modified substrates were prepared by spincoating 1 wt% of 21S to 85S
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in toluene solution onto the cleaned Si wafer at 4000 rpm for 1 min, followed by annealing at 250
°C for 30 min under a nitrogen atmosphere to be fully crosslinked. C2050 films with thickness
ranging from 22 nm to 401 nm were deposited from chlorobenzene solutions with concentrations
of 1-8 wt% on the PS-r-PMMA-modified substrates. Samples were annealed at 190 to 270 °C for
30 min to 3 h under a nitrogen atmosphere. Al,O3z SIS was performed in Arradiance Gemstar
ALD using alternating exposures to TMA and deionized H>O at 95 °C in semistatic mode. N gas
flow was used as purge and as carrier gas. The base pressure of the reactor was 50 mTorr before
introducing the precursors. During each setting exposure period, the TMA valve was opened for 1
s, after which the valve was closed, and the samples were exposed for 10 min, and then pure N> gas
was flowed through the chamber at 200 sccm for 5 min to purge any unreacted precursor. A same
exposure/purge process was used for the H.O precursor to complete one SIS cycle. The long
exposure time was chosen to ensure the precursors can diffuse through the entire thickness of the
film. The SIS cycle number was varied between 2 and 5. The polymers were etched with O
Reactive lon Etching (RIE) using Oxford Plasma-Pro NGP80. The samples were etched at 50 W
(RF power) for 5 min to make sure polymers were removed thoroughly. Film thickness was
measured using an alpha-SE ellipsometry.
2.3.3 Membrane fabrication

Silicon wafers were piranha cleaned with same procedure. About 100 nm thick water soluble
sacrifice layers were prepared by spin coating 5 wt% poly(acrylic acid) sodium salt (PAA-Na) in
water at 4000 rpm for 90 s. 63S was spin-cast from a 1 wt% toluene solution and followed by
annealing at 250 °C for 30 min under a nitrogen atmosphere to function as surface neutral layer.
C2050 films with thickness of 141 nm were spin-cast from chlorobenzene solutions with

concentrations of 4 wt% on the silicon-PAA-mat substrates. Samples were annealed at 270 °C for
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3 h under a nitrogen atmosphere. The BCP film and mat were floated using deionized water and
transferred onto the commercial AAO supporting membrane, followed by SIS and O> RIE as
previously described. While the SIS process results in growth of Al>Os also inside the polymer
mat,* this non-structured thin layer is not mechanically stable to be a stand-alone layer and
porosity is achieved without breakthrough Al>Os etch.

For TEM imaging samples, the BCP film and mat were floated and collected with a silicon
nitride supporting film (200 pm silicon frame, 30 nm silicon nitride supporting film).3*% The
same SIS and etching recipes were applied to TEM samples.

2.3.4 Metrology

A Carl Zeiss Merlin field-emission scanning electronic microscopy (SEM) was used to
investigate the surface morphology with an acceleration voltage of 1 keV and a typical working
distance of 3 mm. STEM imaging and tomography was performed using a field-emission gun TEM
operated at 200 kV, and camera length of 300 mm. For tomography, a series of STEM images
were acquired at tilt angles ranging from -68° to +68° at angular interval of 3° from -54° to +54°,
and at angular interval of 2° from +54° to +68° and from -54° to -68°. The tilt series of the STEM
images (51 projections) were aligned with Inspect 3D® software using naturally occurring defects
in the film. Reconstruction was performed using simultaneous iterative reconstruction technique
(SIRT) algorithm applied through the same software. Segmentation (thresholding) of the
reconstructed volume was performed manually using ImageJ to define the alumina domains for
surface rendering. Visualization of the segmented volume was performed using Amira® software.
Pore size analysis was performed using watershed segmentation algorithm implemented in a
python script. Pore diameter was measured as the diameter of a circle with the same area as the

segmented pore. Grazing-incidence small-angle scattering (GISAXS) measurements were
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performed at beamline 8-1D-E of the Advanced Photon Source at Argonne National Laboratory.
The X-ray energy was 7.35 keV, the wavelength was 1.69 nm, and the sample to detector distance
was 1.30 m. The exposure time to collect each scattering measurement was 1 second. Sets of 30
scattering measurements were collected and integrated to produce each 2D scattering profile.
2.3.5 Protein Transport and Separation

Protein separation was probed in a custom-made U-shape diffusion cell. Membranes were
sandwiched between two glass slides with a hole and two rubber O-rings and clamped between
glass fittings. The effective permeation area of the all membranes was 0.45 cm?. Fifteen milliliters
of a 0.01 M buffer solutions were placed into the source (including a mixture of 25uM BSA and
25uM BHb) and sink chambers. The value of the electrical double layer thickness is given by

Ap = (8mngodp) /2

where the ion density n, is ~0.006 for 0.01 M buffer solutions and Az is ~0.7 nm in water. 2136
Both compartments were stirred vigorously with magnetic stirrers to ensure homogenic solutions.
One milliliter was taken every 60 min from both the sink and the source sides, and the solute
concentrations in the sink side were quantified by UV-visible spectroscopy (Agilent 8453), using
the absorption band at 278 nm for BSA and at 408 nm for BHb.
2.4 Results and Discussion

The fabrication process of BCP-templated AIOx membrane is illustrated in Figure 2-1. A silicon
wafer coated with a ~100 nm thick water-soluble sodium salt of poly(acrylic) acid (PAA-Na) layer
was used as a substrate. The substrate chemistry was modified and controlled by depositing a 10
nm thick random copolymer mat with varied PS content. Cylinder-forming PS-b-PMMA (C2050)
films (M, = 20.2-b-50.5 kg/mol, center to center spacing- Lo = 38.3 nm) were self-assembled on

the random copolymer mat at various thicknesses. The polymer films were floated in deionized
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water and were transferred onto 60 pm thick AAO membranes with average pore size of 100 nm.
Al>;03 SIS was performed directly on the hierarchical BCP/AAO membrane, selectively growing
Al>03 in the PMMA domains. Finally, the membrane samples were exposed to oxygen plasma to
remove polymer components generating ultrathin highly ordered porous AlOx membranes on AAO

support.

Polymer film

BCP self-assembly B —

Transferring onto
AAO membrane

PMMA+ALO: PS

O:2RIE Al20: SIS

AlOx thin film on AAO
support membrane

Figure 2-1: Schematic illustration of BCP-templated AlOx membrane fabrication process. PS-
b-PMMA (C2050) BCP films were self-assembled on a random copolymer mat on top of a water-
soluble PAA-Na layer. The BCP and the random copolymer films were floated off in water and
transferred onto AAO membranes. The polymer film was treated with Al>Os SIS to selectively
grow AlOs within the PMMA microdomains. After the reaction, the samples were etched by
oxygen plasma to remove the polymer, resulting in nanoporous AlIOx membrane.

2.4.1 Self-assembly Study of Cylinder Forming PS-b-PMMA with PS cylinders

For utilizing BCP films as separation membranes, it is desired to induce the assembly of
perpendicular-oriented cylinders due to their high density and direct pathway through the film.
While the assembly of cylinder-forming poly(styrene-block-methyl methacrylate) (PS-b-PMMA)
with PMMA cylinders is well documented,®”#! less is known about PS-b-PMMA with PS

cylinders assembly. Han et al. reported non-preferential brush and mat chemistries that can

generate perpendicular-oriented PS cylinders in extremely thin C2050 films (BCP thickness of
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~0.5 Lo).*> However, these conditions were not sufficient to induce perpendicular orientation in
films thicker than 0.5 Lo. To rigorously study PS cylinder assembly in PS-b-PMMA films and to
identify the thermodynamically favorable boundary conditions to achieve the desired orientation,
the effects of the substrate chemistry and the annealing temperature on the domain orientation in
C2050 thin films (~0.8 Lo) were investigated using top-down SEM imaging (Figure 2). Silicon
wafers coated with the crosslinked polystyrene-random-poly(methyl methacrylate) mats with
different styrene mole fractions Fs;: (ranging from 0.21 to 0.85, 21S-85S) were used as substrates.
The thermal annealing temperature, T, was varied between 190-270 °C, and the films were

annealed for 30 min.
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Figure 2-2: Top-down SEM images of 30 nm (0.8 Lo) thick C2050 films on chemically modified
substrates containing different mole fractions of styrene and annealed at various temperatures.
Green and yellow colors indicate defect-free perpendicular PS cylinders in PMMA matrix, and
nearly defect-free perpendicular cylinders with few defects around grain boundaries, respectively.
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On Fst mats 21S-63S, the surface morphology progressed from parallel cylinders to
perpendicular cylinders with increasing Fs;, and vertical cylinders were observed when Fs; was
around 0.63. As Fstwas increased above 0.63, the area fraction of vertically oriented structures
decreased, and perpendicular cylinders formed only over small areas on 85S. Even for films
assembled on 63S, and in particular for temperatures below 230 °C, non-perfect morphologies
were observed with some bridging between adjacent cylinders, in agreement with previous work
conducted at 190 °C.*2

Since the annealing temperature also plays an important role in modulating the domain
orientation, the effect of the annealing temperature was studied. When the substrate composition
induced perpendicular morphology (0.56 < Fst<0.73), a wider perpendicular process window was
observed with an increase in the annealing temperature. While at 190 °C, only at Fst = 0.63 a
majority of vertically oriented structures was observed, at 270 °C, C2050 assembled into vertically
oriented structures between 0.56 < Fs; < 0.73. In addition, the number of parallel defects decreased
when the annealing temperature was increased from 190 °C to 270 °C.

Self-assembly behavior of a BCP film is governed by the interfacial interactions both at the
bottom and top of a film. Thus, the annealing temperature that affects the surface energy of PS and
PMMA (ys and ym, respectively) is as critical as the surface chemistry of substrate to achieve the
targeted BCP orientation. ys and ym become nearly equal at 250 °C which is considered to be the
optimized annealing temperature for symmetric lamella forming PS-b-PMMA films.*34* However,
in perpendicular orientation of C2050, larger PMMA fraction is exposed at the free surface
compared with symmetric lamella forming PS-b-PMMA films; thus, conditions for slightly
PMMA preferential free surface are desired. At 270°C, ym becomes lower than vs, yielding a more

stable free surface for this asymmetric PS-b-PMMA film and leading to defect-free perpendicular
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PS cylinders as was seen by top-down SEM in Figure 2-2 (63S and 73S). For comparison, the
optimized annealing temperatures for PMMA cylinders in the PS matrix (C4621, Mn = 46-b-21
kg/mol) were reported as 210°C - 230°C at which the free surface is slightly PS preferential 394! It
is important to note that the annealing temperature also plays a role in the nucleation at free surface
and in the pattern coarsening dynamics.3**° Faster coarsening dynamics could be an additional
reason for better defined cylinders formed in the high temperature regime. As shown in Figure 2-
2, optimization of annealing temperature in combination with fine turning of substrate chemistry
enabled us to achieve desired perpendicular PS cylinders in the PMMA matrix.

To maintain the mechanical strength of BCP and AlOx membranes, it is desirable to use semi-
thick block copolymer films as templates (thickness >100 nm). To examine the film morphology
as a function of thickness, three sets of C2050 films with thickness ranging from 20 nm to 401 nm
were compared and the surface morphologies of films were imaged after annealing at 270 °C for
3 hours (Figure 2-3). The high temperature which was chosen to induce perpendicular morphology
in C2050 also facilitates rapid assembly of BCP films. Therefore, we assumed that the BCP films
have reached close to equilibrium state in 3 hours. On 63S modified silicon substrates which were
shown to be a non-preferential substrate for C2050 thin films (Figure 2-2), high-degree of
perpendicular structures were obtained in most of the film thicknesses. Such thickness-
independent orientation indicates that both the bottom and top surfaces of BCP films are non-
preferential.*®4” In addition, the grain size increased with the film thickness, in agreement with Ji
et al.’s study on cylinder-forming PS-b-PMMA with PMMA cylinders (C4621, M, = 46-21

kg/mol).*
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Figure 2-3: Top-down SEM images of C2050 films with different thickness on 30S, 63S and
85S. Samples were annealed at 270 °C for 3 h under a nitrogen atmosphere. Green, yellow and red
colors indicate defect-free perpendicular PS cylinders in PMMA matrix, PS cylinders with defects
around the grain boundaries, and other morphologies, respectively.



On 30S and 85S modified substrates, different behavior was observed compared with films
assembled on 63S. In films thinner than 141 nm for 30S and 93 nm for 85S, the films exhibited
various morphologies including hole/island, hexagonally perforated lamellae, and parallel cylinder,
rather than perpendicular hexagonally packed cylinders. On the other hand, films thicker than 141
nm (on 30S) and thicker than 93 nm (on 85S) showed perpendicular morphology with only few
parallel defects at the top surface, similarly to what was observed in films assembled on 63S.

The change in coupling between the mat chemistry and surface morphology at the various
thicknesses reveals the effect of boundary conditions on surface morphology in semi-thick films.
At thickness smaller than ~ 100 nm, the polymer-substrate boundary condition dominates the
assembly and determines the domain orientation of the block copolymer throughout the film
thickness. At thicknesses above ~ 100 nm, on the other hand, the polymer-substrate and polymer-
free surface boundary condition are decoupled, and the polymer-free surface interaction
determines the domain orientation of cylinders near the film surface regardless of the chemistry of
the underlying substrate. This decoupling of boundary conditions in thick BCP films is in good
agreement with previous reports on other cylinder forming BCP.3%4

To utilize BCP films as templates for inorganic membranes it is important to have perpendicular
cylindrical domains through the entire film thickness that would lead to membranes with high
connectivity and direct pathways. Non-preferential boundaries are necessary but not sufficient
condition to ensure through-film continues cylinders; at thick and semi-thick films, non-coupled
nucleation occurs simultaneously at the substrate and at the free surface, which could result in non-
continuous perpendicular cylinders even when perpendicular assembly occurs at both
interfaces.3%#14% In order to ensure continuous PS cylinders and template thin AIOx membrane that

would enable high flux, the BCP film thickness was selected to be 141 nm and 63S was selected
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as the mat chemistry. The good assembly of C2050 film was demonstrated in lower magnification
SEM image shown in Figure 2-4. The continuity of cylinder channels will be further discussed in

sections 2.4.2 and 2.4.3.

Figure 2-4: Top down SEM images of 141 nm thick C2050 BCP film self-assembled on 63S
mat. The sample was annealed at 270 °C for 3 h under a nitrogen atmosphere.
2.4.2 BCP-templated AIOx membrane

To fabricate the BCP-templated AIOx membranes, Al,Oz SIS was performed using multiple
trimethylaluminum/water (TMA/H20) exposure cycles followed by oxygen plasma to remove the
polymer (see experimental section for details). Figure 2-5 shows the morphology of the BCP film,
the hybrid BCP-Al;O3 nanostructure after 3 cycles of TMA/H.0 SIS, and the nanoporous AlOx
membrane after oxygen plasma etching, using both SEM imaging (Figure 2-5(a)) and GISAXS
(Figure 2-5(b)). SEM images show that the hexagonal morphology at the surface was maintained
during SIS and plasma etch processes and the Al>Os growth occurred primarily in the PMMA
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domains, in agreement with previous SIS studies.?®?® The AIOx membrane showed mostly
cylindrical pores with few short openings caused by merging and splitting of cylinder domains
around grain boundaries, and large scale defects were not observed (Figure 2-6). To analyze the
ordering through the entire film thickness, films were characterized by GISAXS; the incidence
angle a; between the X-ray and the film’s surface was set to 0.200°, above the critical angle of the
BCP. For all three samples, multiple strong vertical peaks were present only in the gy direction,
corresponding to perpendicularly-oriented domains. Four intense multiple-order Bragg-rod peaks
at scattering vector ratios of q/q* = 1:4/3:4/4:~/7, as shown in Figure 2-5(c), indicated
hexagonal packing in all three samples, in agreement with the SEM results (Figure 2-5(a)). The
average center-to-center distance in the plane of films, measured from the peak position of first
four peaks, was 38.3 nm for all samples, confirming that the SIS and the etch process did not
change the lateral structure and that the AIOx membrane was indeed templated by the BCP film.
Additionally, the absent of diffuse elliptical scattering (Debye-Scherrer ring), which corresponds
to tilted or randomly oriented domains*®® supports the formation of vertically oriented cylinders
throughout the film. While the periodicity was maintained through the processes, the number of
high order peaks in the GISAXS significantly differs between the samples; the hybrid BCP-Al,O3
had an additional high order diffraction peak compared with the pristine BCP film, while the AlOx
nanostructure had as many as ten diffraction peaks, highlighting the long-range order of the AlOx
membrane. The increase in high order peaks originates from the increase in X-ray scattering
contrast with Al,O3 incorporated in PMMA domains and between AlOy and air in the nanoporous

AlOy structure formed after the oxygen etching.
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Figure 2-5: (a) SEM images of 141 nm thick C2050 BCP film, BCP film treated with 3
TMA/H20 cycles of SIS, and nanoporous AIlOx structure formed after O, etching. (b)
Corresponding GISAXS scattering pattern at incident angle ai = 0.200°. (c) Line intensity scanned
along the in-plane direction around Yoneda peak vs. gy
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Figure 2-6: Top down SEM image of AlOx membranes templated by 141 nm thick C2050 film
using 3 cycles of TMA/H0 SIS.
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Figure 2-7: The full range of GISAXS scattering pattern for 141 nm thick C2050 BCP film after
three Al,O3 SIS cycles and the corresponding line intensity profile vs. qy. The hump observed in
the high g range indicates that the Al,Os particles formed during the SIS have weak ordering with
average spacing around 3.52 nm.
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Analysis of the GISAXS data also reveals a hump in the high q range of the hybrid BCP-Al>O3
film scattering pattern, (Figure 2-7). This hump was not observed in the nanoporous AlOx structure
formed after oxygen etching. We hypothesize that the Al,Os particles formed during the SIS
process have weak ordering with average spacing of ~ 3.5 nm, while the AlOyx in the porous
membrane is closely packed. This observation is in good agreement with previous reports on the
dimension shrinkage during post-SIS etch process. *°%° Detailed distribution of inorganic

nanoparticles during SIS process is under ongoing investigation.
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Figure 2-8: Pore size tuning through SIS cycles: (a) SEM images of AIOx membranes templated
by 141 nm thick C2050 film using 2, 3, 4, and 5 cycles of TMA/H20 SIS, followed by oxygen
plasma etch. (b) Pore size distribution calculated from ~ 240 pores. (c) Pore diameter as a function
of cycle number.

Table 2-1: Average pore diameter, standard deviation, and open area fraction of AlOx
membranes templated by 141 nm thick C2050 film using various cycles of TMA/H20 SIS,
followed by oxygen plasma etch. The measurements were done using SEM images, 700 nm x 700
nm in size, with ~ 240 pores.

Number of SIS cycles | Average pore diameter (nm) | STD (1 o) | Open area fraction (f)
2 21.3 0.8 0.280
3 19.1 0.9 0.226
4 18.2 0.9 0.205
5 16.1 1.0 0.160
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To investigate the pore-size tunability, 141 nm thick BCP films assembled on 63S modified
substrates were treated with various number of TMA/H20O cycles followed by oxygen plasma
etching. Increasing the number of SIS cycles resulted in hexagonally packed pores with decreasing
pore sizes, as shown by top-view SEM imaging (Figure 2-8). The average pore diameters at the
film surface were 21.3 £ 0.8 nm, 19.1 £ 0.9, 18.2 £ 0.9, and 16.1 £ 1.0 nm when BCP films were
exposed to 2, 3, 4, and 5 TMA/H20 cycles, respectively (Figure 2-8 and Table 2-1); the
corresponding open area fractions f are listed in Table 2-1. The pore size was linearly dependent
on the number of SIS cycles (Figure 2-8(c)), but as the average pore diameter decreased, the pore
size distribution gradually became wider.

The decrease in pore size is the result of higher Al>Os content in the PMMA domain with
additional cycles which leads to thicker AlOx matrix after oxygen etching. The Al.O3z growth at
the surface becomes less uniform with additional cycles, as evident from the increase in standard
deviation with cycles. However, since Al,O3 growth in SIS occurs throughout the film thickness,
a more thorough inspection of the three-dimensional structure is needed to fully understand the
growth of Al,Os with SIS cycles. By controlling the growth of Al,O3 in the BCP we were able to
decrease the pore size by ~ 25 %, demonstrating the ability to tune the pore size from a single BCP
template. Further decrease in pore size can be conducted using additional SIS cycles or ALD
coatings.

2.4.3 The three-dimensional structure of AIOx membranes

While the pore size at the membrane surface is an important factor, the membrane performance
is determined by its entire three-dimensional (3D) structure. In order to probe the pores’ 3D
morphology and verify that the cylinder channels are indeed continuous throughout the entire

membrane thickness, scanning transmission electron microscopy (STEM) tomography® was used
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to directly resolve the 3D structures of the membrane with high resolution. For STEM imaging,
141 nm thick BCP film assembled on 63S modified substrate was floated (together with the
random copolymer layer) onto deionized water and was transferred onto a silicon nitride window,®

followed by Al,O3 SIS and O etch under the same conditions previously described.
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Figure 2-9: STEM tomography characterization of alumina membrane templated by C2050
using 3 cycles of AlOx SIS followed by polymer etch: (a) visualization of the reconstructed volume;
the dimensions of the reconstructed volume are 635 nm, 612 nm, and 62 nm (x,y,z). (b-d) 0.68 nm
thick, xy slices of the reconstructed volume at z high of 6 nm, 34 nm, and 58 nm, respectively. z =
0 is defined as the height at the SiNy substrate. (e) yz digitally sliced cross section of the
reconstructed volume. (f) Pore diameter as a function of depth.
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Visualization of the 3D reconstructed volume of AlOx membrane prepared using 3 SIS cycles,
obtained by angular dark field (ADF) STEM tomography, is shown in Figure 2-9(a); for clarity,
the AlOx is colored in blue and the pores are transparent. To better understand the pores structure,
the reconstructed volume was digitally sliced in xy and yz planes, creating slices parallel and
perpendicular to the subatrate, respectively. Figures 2-9 (b-d) show 0.68 nm thick xy slices taken
at the top, middle and bottom of the film (z = 58 nm, z = 34 nm, and z = 6 nm, respectively, where
z =~ 0 nm is the SiNx substrate). The bright regions in the ADF-STEM images are the strong
scattering AlOx, while the darker regions are the pores. The xy slices show perpendicular pores
throughout the AIOx thickness with some decrease in perpendicularity at the bottom of the
membrane (Figure 2-9(d)). The tomographic characterization indicates that the original BCP film,
which templated the AlOx membrane, had perpendicular-oriented PS cylinders in the entire film
thickness, in good agreement with the GISAXS characterization results (Figure 2-6). The
perpendicularity of the pores can also be clearly seen in the cross sectional yz slice (Figure 2-9(e)).
The AIOx membrane thickness, measured from the yz slices, was ~ 62 nm; i.e., the film shrunk in
z direction by 56% during etching, similar to recent studies on ZnO, AlOx, and TiOx nanostructures
formed by SIS in polymers.23°!

Figures 2-9(b-e) show that the pore size changes as a function of depth and the sidewalls
become thinner at smaller z. To analyze the change in pore size with depth, the average pore
diameter of 240 pores was measured in each xy slice of the tomography reconstructed volume
using watershed segmentation and the pore diameter was plotted as a function of z (Figure 2-9(f)).
Close to the surface (z = 60 nm), average pore size of 26.1 £ 2.4 nm was measured, with minor
change in diameter until z = 50 nm. Below z = 50 nm, the pore size gradually increased towards

the substrate (until z =20 nm), where at the bottom of the film (z = 8 nm) average pore size of 32.0
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+ 4.1 nm was measured. Below z = 7 nm the signal to noise ratio was too low for a reliable
measurement. The measured pore size at the surface from the tomography data was higher than
what was measured from the SEM images; we attribute this difference to the different interaction
of the specimen with the electron beam and the detecting systems in the two imaging systems.

The change in pore size through depth indicates that for the SIS conditions used in this study,
higher Al,Oz growth occurred at the top third of the film compared to the bottom of the film. Since
SIS is a diffusion-limited process, more uniform Al>Os growth could be expected if longer
exposure time is used.>>® Additionally, purge time could affect the SIS growth due to the unstable
nature of physisorbed PMMA-TMA complex.>® Optimizing purge time could minimize the
amount of precursor that is physically absorbed at the top of the film and allow covalent bonding
to form between the metal precursor and the polymer moieties inside the film.>® However, for
separation applications, the widening of pores with depth is desired, since the narrow pore size
enables high selectively and the widening of the pores leads to high flux.*>*’
2.4.4 Similarly Sized Protein Separation

Using a U-shape diffusion cell (Figure 2-10), separation tests were conducted on alumina
membranes using two similar-size proteins in buffer solutions (see experimental section). Bovine
serum albumin (BSA) and bovine hemoglobin (BHb) were chosen as a model system since they
have similar volumes (14 nm x 3.8 nm x 3.8 nm and 6.4 nm x 5.5 nm x 5 nm, respectively) but
different isoelectric points (4.7 and 7.0, respectively);>*°° thus, their electrical charge can be tuned
by varying the pH value of the buffer solution (Figure 2-11). The ionic strength of the buffer
solution was chosen to be 0.01M since it results in Debye length of ~ 3.3 nm in the electric double
layer (EDL) which is developed around the charged proteins and the charged pore walls (see

experimental section). This Debye length is significant for pore sizes of ~ 20 nm and proteins
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diameters of ~ 6 nm.?1:3:5¢ The flux and the separation selectivity were compared between three
membranes: a) the hierarchical AIOxAAO membrane developed in this study (AlOx membrane
templated by the 141 nm thick BCP film treated with 3 cycles of Al,O3 SIS and transferred onto a
commercially available AAO membrane with 100 nm pores), b) commercially available AAO

membrane with 100 nm pores, and c) commercially available AAO membrane with 20 nm pores.
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Figure 2-10: The separation of similarly size proteins: (a) the membranes performance was
tested using a U-shape cell. (b) The flux of BSA and BHb measured at pH values of 4.7 and 7.0
through three different membranes: AAO membrane with average pore diameter of 100 nm, AAO
membrane with average pore diameter of 20 nm, and a hierarchical membrane with BCP-templated
AlOx membrane on top of AAO membrane with average pore diameter of 100 nm (AlOx SIS

membrane). (c) Separation selectivity of BSA/BHb at pH 4.7 and BHb/BSA at pH 7 for the three
membrane types.
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Figure 2-11: (a) Surface charge versus pH for BSA, BHb and Al,Oz membranes. (¢) Schematic

illustrations showing the transport of BSA (blue) and BHb (red) through the membrane at pH 4.7
and 7.0.
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The average flux of the proteins at pH = 4.7 and pH = 7.0 in a mixed protein diffusion
experiment using these three membranes is presented in Figure 2-10(b). The flux values were
normalized according to the open area fraction of each membrane, considering that 37% of AlOx
pores are blocked by the AAO membrane underneath. At pH = 4.7, BSA diffused through AAO
membrane with average pore size of 100 nm at high flux of (2.6 + 0.1) x 10° M-cm™-s, and the
flux of BHb was only slightly lower ((2.3 +0.1) x 10~° M-cm?-s™). These flux values are in good
agreement with other protein separation results using membranes with the same characteristic pore
size.5*% The selectivity of separation, calculated from the flux ratio between two proteins, was 1.1
+ 0.1 (Figure 2-10(c)). Although at pH = 4.7 BSA has neutral charge while BHb and the AlOx
membrane are positively charged (Al2Os isoelectric point is 9), the difference in the charge states
has little effect on the separation selectivity since the effective pore size (with the EDL) is
considerably larger than the hydrated protein diameters. The same behavior was seen at pH = 7.0,
where both proteins showed high flux (BSA flux: (2.1 +0.1) x 10° M-cm2-s%, and BHb flux: (2.2
+0.1) x 10°° M-cm2-s?), leading to low selectivity of 1.1 + 0.1.

When AAO membrane with average pore size of 20 nmwas used for separating the two proteins,
small increase in selectivity was measured (1.5 £ 0.2 and 1.3 £ 0.2 for the pH values of 4.7 and 7,
respectively), but with low flux values of (1.8 +0.2) x 101%°t0 (2.8 £ 0.2) x 10 M.cm?.s?, At
pore diameter of 20 nm, the effective pore size is close to the hydrated protein diameter and the
proteins must diffuse through 60 um thick membrane, resulting in lower flux compared to the 100
nm pore AAO membrane. The relatively small increase in selectivity was attributed to the large
thickness of the membrane and the wide distribution of pore sizes.*®

When the hierarchical membrane with 62 nm thick top layer of porous AlOx templated by BCP

(SIS membrane) was used to separate the proteins, both high flux and high selectivity were

48



observed. At pH = 4.7, BSA flux was (1.4 + 0.1) x 10°° M-cm?-s?and BHb flux was (1.8 + 0.1)
x 1072 M-cm2.s?, resulting in selectivity of 7.7 + 0.1, while at pH = 7.0, BSA flux and BHb flux
were (2.6 + 0.1) x 107 M-cm?.s™ and (1.1 £ 0.1) x 10°° M-cm-s, respectively, resulting in
selectivity of 4.1 £ 0.1. The high flux through the AIOx membrane and the 3-5 folds’ increase in
selectivity compared to the 20 nm pores size AAO membrane are attributed to the ultrathin
selective layer (62 nm, Figure 2-9) and the narrow pore size distribution (19.1 £ 0.9 nm, Figure 2-
8, that enable to effectively harness the charged protein-membrane interactions. At pH = 4.7, the
positively charged BHb can barely diffuse through the positively charged membrane, while BSA,
which does not carry electrical charges, can efficiently diffuse through the 60 nm thick AlOx
membrane. At pH = 7.0, BSA is negatively charged while BHb is neutral, leading to efficient
diffusion of BHb through the hierarchical membrane.

The combination of hierarchical alumina membrane with thin separating layer and uniform
nanoscale pores resulted in improved performance over commercial AAO membranes. Future
development of this BCP-templated inorganic membrane for water UF should include a
comparison between this type of membrane and commercially available polymeric UF membranes.
With the progress recently demonstrated in roll-to-roll processes for both BCP! and ALD®’ and
further engineering of the support layer to create low-roughness, low-cost, robust substrate, BCP-
templated inorganic membrane could be fabricated on a large scale.

2.5 Summary

In summary, we have demonstrated that PMMA-rich, cylinder-forming PS-b-PMMA can be
harnessed to template nanoporous AIOx membranes with narrow pore size distribution and precise
control over the pore size and showed the protein separation capabilities of this membrane.

Perpendicular-oriented PS cylinders were assembled in PMMA-rich BCP films over a large range
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of thicknesses by precisely controlling the substrate chemistry and the annealing temperature.
Nanoporous AlOx membranes with tunable pore size were templated by single BCP through
variating the amount of Al,Os grown inside the PMMA domains in the SIS process. GISAXS and
electron microscopy showed the highly order hexagonally packed structures of the BCP film, the
hybrid intermediate, and the AIOx nanoporous membrane, with STEM tomography revealing the
high connectivity and non-tortuous pore structure in three dimensions. The diffusion-limited
infiltration and growth of Al,Oz precursors in the PMMA block resulted in a gradient in Al2O3
content through depth, with larger Al,O3 content at the top versus the bottom and hence an increase
in pore size from top to bottom of the membrane, as evident from the STEM tomography. This
non-homogeneous depth profile is considered ideal for separation applications.

Combining the thin BCP-templated AIOx membrane with supporting AAO membrane resulted
in hierarchical membrane that was used for separating similarly sized proteins. The ultrathin AlOx
nanostructure and the narrowly distributed pore size enabled the hierarchical membrane to separate
proteins with both high flux and high selectivity. The processes and membrane fabrication
approach developed in this research provides a potential new route for making isoporous metal-
oxide membranes. We envision this route as a new platform for advanced and multifunctional
membranes that would exhibit high separation selectivity, anti-fouling behavior and photocatalytic
activity.
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CHAPTER 3: STUDYING THE EFFECTS OF CHEMISTRY AND GEOMETRY ON DSA
HOLE-SHRINK PROCESS IN THREE DIMENSIONS
3.1 Abstract

Acquiring three-dimensional information becomes increasingly important for the development
of block copolymer (BCP) directed self-assembly (DSA) lithography, as 2D imaging is no longer
sufficient to describe the 3D nature of DSA morphology and probe hidden structures under the
surface. In this study, using post-DSA membrane fabrication technique and STEM (scanning
transmission electron microscopy) tomography we were able to characterize the 3D structures of
BCP in graphoepitaxial DSA hole shrink process. Different DSA structures of singlets formed in
templated holes with different surface chemistry and geometry were successfully captured and
their 3D shapes were reconstructed from tomography data. The results reveal that strong
polystyrene-preferential sidewalls are necessary to create vertical DSA cylinders and that template
size outside of process window could result in defective DSA results in three dimensions. Our
study as well as the established 3D metrology would greatly help to develop a fundamental
understanding of the key DSA factors for optimizing the graphoepitaxial hole shrink process.
3.2 Introduction

Directed self-assembly (DSA) of block copolymers (BCP) has been widely investigated as a
potential patterning solution to extend lithography to generate smaller and denser features!?.
Graphoepitaxial DSA of cylinder-forming BCP is a promising implementation of DSA to fabricate
uniform holes well below the conventional lithography resolution.® In a typical DSA hole shrink
process, the guide holes matching the BCP size are firstly made using conventional lithographic
method. Then, a cylinder forming polystyrene-block-poly(methyl methacrylate) (PS-b-PMMA) is

spin-coated and phase separated in the confined space. During annealing, vertical PMMA
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cylindrical domains are formed in the center of the hole guide patterns. After selectively removing
PMMA block, the shrinkage of hole pattern dimensions depending on the molecular weight of PS-
b-PMMA is achieved.>*

Currently, most studies are evaluating the DSA hole shrink process based on observations from
2D top view images obtained from scanning electron microscopes (SEM), like statistical studies
of process window®. The insight of three-dimensional BCP morphologies inside the holes is
limited. Judging from top view images solely could result in the misinterpretations when analyzing
the defectively of DSA hole shrink process because the defects might be hidden under the surface.®
Although some simulation studies have predicted that the three-dimensional DSA structure is
affected by factors including the size of guide holes, the compositions of BCP and the affinity of
surface’0, it is often difficult to evaluate the accuracy of these simulation results due to the lack
of direct comparison from experimental results.® Therefore, it is very valuable to obtain precise

3D information of BCP assembled inside the holes.

Here, we developed a 3D metrology for graphepitaxial hole shrink process using post-DSA
membrane fabrication techniques and STEM tomography*!!2, The self-assembly of PS-b-PMMA
cylinders were directed by guide holes made of spin-on carbon (SOC) on silicon nitride coated Si
substrate, which was then made into membrane sample for TEM characterization. Two different
brushes were used to modify the affinity of the sidewall and bottom surface separately. The effect
of surface modification on confined cylinder morphology was studied using STEM tomography.
By comparing the reconstruction results with simulated morphologies, we were able to predict
how different surface conditions would result in the defective DSA structure. A similar 3D

metrology was applied to the 300 mm track-processed wafer. 3D structures of singlets with
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different template size were reconstructed from tomography series. Different defective

morphologies when templates were too small or too large were analyzed.

3.3 Experimental Section
In this section we describe the DSA hole shrink sample fabrication followed by the TEM sample

preparation as shown in Figure 3-1.

EB resist

/ ..'.'_'.,
e

Si wafer with SiN Pattern SiN Coat SOC, SOG E-Beam Lithography Stacked-mask
on both sides window on back and E-beam resist process
brush PMMA PMMA +Al,0,
‘ ’ ~PS ' '
Graft OH-brush on "
guide patterns Dsssfzf:’clr;‘:zcal KOH back etching Al O, SIS staining

Figure 3-1: Schematic illustration of DSA hole-shrink process and TEM sample preparation

3.3.1 Materials

Spin-on-carbon (SOC) and spin-on-glass (SOG) solutions were provided by Tokyo Ohka
Kogyo Co. (TOK) and used as received. GL-2000-12 E-beam resist was purchased from Gluon.
Two polystyrene-based brushes A and B with different end groups were synthesized by TOK and
used as received. Cylinder-forming PS-b-PMMA (Lo, center-to-center periodicity = 38 nm) as well
as a lamella-forming PS-b-PMMA (Lo = 32 nm) were synthesized by TOK and used as received.
200 um thick Silicon wafers (N-type doped, (100) orientation, double-side polished) coated with

30 nm thick low-stress silicon nitride (SiNx) on both sides were purchased from Pure Wafer.
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3.3.2 Graphoepitaxy process flow

The templated DSA approach in this study is similar to the one developed by imec.'® The
substrate was spin coated with ~100 nm of SOC and ~30 nm of SOG and ~60 nm of e-beam resist.
E-beam lithography was performed to write hole patterns with ~55 nm in diameter and 110 nm
pitch. The hole patterns were transferred from resist layer into the SOG and then from SOG to
SOC through dry etch using CF4 and O2 gas respectively. The SOG was removed by buffered
oxide etchant. Brush A or B was grafted on the templates by spin-coating from solution, annealing
at 280 °C for 1 min and organic solvent rinsing. The cylinder-forming PS-b-PMMA was spin
coated on the templates to a film thickness of approximately 20 nm (as measured from a similarly
cast film on bare silicon) and annealed at 250 °C for 1 min under a N2 environment. The DSA
samples made from 300 mm track-processed wafer was prepared in imec using photolithography
and different brushes and BCP as described in literature.*
3.3.3 Characterization of surface properties

Wafers coated with flat SOC and SiNy films and gone through the same O etch process are
used to mimic the bottom and sidewall surface. Brush A and B were applied to different substrates
separately. The lamella-forming PS-b-PMMA (Lo = 32 nm) was spin-coated to form 40 nm thick
films on brush grafted substrates. The samples were thermally annealed at 180°C for 15 min.
Optical characterization was performed with an Olympus BX60 microscope. The scanning
electron microscopy was performed with a Carl Zeiss Merlin SEM.
3.3.4 TEM sample preparation

The aforementioned DSA hole shrink samples were prepared on the front side of SiNy coated
wafer, and were made into TEM membrane sample using the post-DSA membrane fabrication

methods-as reported in an earlier paper.* SiNx on the back side of wafer was patterned by optical
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lithography as the first step (Figure 3-1). After performing hole shrink DSA on the front side,
wafers were back etched in KOH solution with front side sealed and protected to make several 3
mm x 3 mm TEM samples with target pattern area at the center of 1 mm x 200 pum large SiNy
windows for TEM imaging. The 300 mm track-processed was made into TEM samples using the
same approach, except the Si wafer thickness is 800 um and the SiNx film thickness is 15 nm.
3.3.5 STEM tomography and 3D reconstruction

We use the similar sample staining and STEM tomography methods as described in an earlier
paper.121> Al,O5 sequential infiltration synthesis (SIS) was performed on each TEM samples using
alternating exposures to trimethylaluminum (TMA) and deionized H.O to selectively stain PMMA
and provide imaging contrast and stability. STEM tomography was performed using a field-
emission gun TEM (FEI Tecnai) operated at 200 kV. The camera length is 300 mm and samples
were imaged using high angle annular dark field detector. STEM Images were collected from hole
shrink samples with holder tilting from -70° to +70° with 2° or 3° angular interval and dynamic
focus. The range of tilting angles of 800 wm thick samples was narrowed down to about -54° to
+54°. The tilt series were then aligned and reconstructed into xy slices stacking along z direction
using Inspect3D software.

Segmentation (thresholding) of the reconstructed image stacks was performed in ImageJ.
Binary signals corresponding to stained PMMA domains and SOC templates were separated into
two stacks. The stack of PS domains was generated by filling the binary signals of the SOC
templates (from hollow circles to solid circles). The rendered 3D structures were visualized in
tomviz software when displaying the contours of PMMA stack colored in blue and PS stack

colored in red simultaneously.
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3.3.6 Simulation

The simulation results presented in this work are based on the standard theoretically informed
coarse-grained model.?5%8 This model has previously been shown to be in quantitative with
experimental results.>2° The cylindrical confinement is imposed by hard walls; the sidewall and
bottom substrate interact with the polymer according to a term parametrized by a proportionality
constant A4, the magnitude of which dictates the strength of substrate interactions. Full details are
available in the a previous publication?..
3.4 Results and Discussion
3.4.1 3D metrology for DSA hole shrink process

The direct observation of three-dimensional morphologies of PS-b-PMMA cylinders within
templated holes is rarely reported mainly due to the challenges of sample preparation. Several
studies used cross-sectional TEM to measure the amount of residual PS layer between PMMA
cylinder and the bottom of templates.>® However, as a destructive method, shrinkage and
mismatch of thickness is often found as the issue. Okabe K et al. used FIB Pt deposition and
milling to prepare cross-sectional TEM samples. Using elemental mapping and 3D reconstruction,
they successfully captured a noticeable amount of PS residual layer under the Pt filling.® Although
FIB is versatile to make site-specific TEM samples, it requires the removal of material and
protecting polymers from FIB damage could be difficult. A reduction in SOG and SOC thickness
as large as 40 nm was observed implying the potential compression of BCP structure as well.®
Therefore, it is important to develop a 3D metrology with minimal damage to the polymer
assemblies as well as SOC templates during the sample preparation. Dixit D et al. reported that
they used a ellipsometry-based scatterometry to optically characterize DSA hole shrink samples,

which can non-destructively predict dimensional changes.?? However, this method is limited to
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characterize local and detailed DSA-induced defects. Without comparing to 3D real space
information, it is difficult to evaluate the accuracy of optical models they applied.

Recently, STEM tomography has been developed to probe different BCP 3D structures and it
is especially suitable for capturing heterogeneous and complicated morphologies.*?*23 In this
study, we use an established TEM sample preparation approach based on the back-etching of SiNx
coated <100> Si wafers'!. The template made of SOC as well as block polymer films on the front
side of wafer are perfectly preserved. Using SIS staining, the shape of polymer interface could be
clearly revealed, which avoids any potential damage caused by selective removal of polymer
domains and metal deposition. Although the field of view in STEM tomography is limited (1 um
%] pum in this study) to get high resolution images, the 3D volume of about thirty holes could be
captured in each tomography series. Therefore, it offers a much larger field of view than regular
cross-sectional images and gives more representative and statistical data. With all these advantages,
the 3D metrology used in this study could be a high throughput method to acquire the detailed
information of DSA hole shrink process in all dimensions.

3.4.2 Effects of surface chemistry

Previous simulation studies have predicted that both the surface chemistry and geometry of
cylindrical templates play important role in guiding the DSA of BCP cylinders.?® In terms of
surface chemistry, defect-free DSA is predicted when sidewall is wetting to PS and bottom is non-
preferential to PS and PMMA.2° The challenge to reach this ideal situation is that, during SOC
etch step both sidewall and bottom surface are exposed to oxygen-containing plasma and that both
could be easily modified by OH terminated polymer brush. There are differences in materials
though: the sidewall surface is plasma exposed SOC and the bottom surface is plasma exposed

SiNx (or other substrates). Doise J et al. developed a dual-brush process and could independently
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modify the sidewall and bottom surface by consecutively grafting two brushes with distinct end-
groups.** In our study of surface chemistry effects, only one brush was used in each DSA sample,
but the surface chemistry was controlled by Kinetically grafting of the polymer brush. Two
polystyrene based brush A and B with different end groups were found that when grafted at high
temperature they could modify the sidewall and bottom surface differently.

We follow Doise J et al.’s approach® to prepare SOC and SiNx substrates mimicking sidewall
and bottom surface and determine the surface affinity. The schematic of the hole and island test is
shown in Figure 3-2 (a). Films of a lamella-forming PS-b-PMMA are prepared on SOC and SiNx
modified by brush A or B. The film thickness is carefully controlled to about 40 nm (1.25 Lo).
Based on previously reported studies'?*, perpendicular oriented BCP microdomains are formed
and the film is flat macroscopically when the substrate is non-preferential to PS and PMMA. In
contrast, preferential wetting of PS or PMMA at substrates leads to parallel oriented lamella. With
PS domain on the top surface when thermally annealed at 180 °C, islands like terraced topography
is observed optically for PS-preferential substrates and holes like terraced topography is formed
for PMMA preferential substrates. The characterization results of SOC and SiNx modified by brush
A and B are shown in Figure 3-2 (b). Both substrates show holes like terraces in optical
micrographs as they wet PMMA after O etch. Islands are observed on the SOC sidewall surfaces
modified by both brush A and B, and the SiNx bottom surface modified by brush A only, indicating
the PS-wetting behavior on these three surfaces. The SiNy bottom surface modified by brush B
shows flat surface optically and perpendicular lamella morphology in SEM, corresponding to the

non-preferential wetting.
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Figure 3-2: (a) Schematic of 1.25 Lo thick lamella-forming PS-b-PMMA films thermally
annealed at 180 °C on substrates with different affinity to PS or PMMA. (b) Optical micrographs
of 40 nm thick lamellar PS-b-PMMA (Lo = 32nm) thin films on the mimicked SiNx bottom surface
and SOC sidewall surface before and after applying brush A or B. The inset is an SEM image of
the perpendicular lamella morphology of the optically flat film.

Table 3-1: Summary of wetting behaviors of bottom and sidewall surfaces
Without brush Brush A Brush B

SiNx Bottom PMMA-preferential PS-preferential non-preferential

SOC sidewall PMMA-preferential PS-preferential PS-preferential
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As summarized in Table 3-1, the brush A makes both sidewall and bottom surface PS-
preferential, while brush B makes sidewall surface preferential to PS block and bottom surface
non-preferential to PS and PMMA blocks. Two DSA samples was made on SiNx membrane for
TEM characterization with identical DSA procedure except using brush A or B to modify the
surface of templates. As shown in Figure 3-3, there is no significant difference in this two samples
in top-down SEM images. Both show successful DSA singlets. The bright domain inside of each
hole corresponds to the Al,Oz-stained PMMA cylinder domain while the outer bright domain
corresponds to the Al,Os-stained outline of the SOC template. The staining effect of the sidewall
surface might result from polar components generated on the plasma exposed area during SOC
etch. The 2D STEM images revealed more distinct cylinders structures between these two samples.
PMMA cylinders in brush A modified sample appear to be more centered and isolated, while in

brush B modified samples they show connections to template sidewalls in many holes.

Brush A Brush B

SEM

In each prepatterned hole, the brighter domains are Al,Os-stained PMMA or the sidewall surface
and the darker area is PS.

Full STEM tomography is performed to generate entire 3D structures of these two samples.

Figure 3-4 shows the reconstruction results. For each sample, three xy slices (parallel to the
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substrate) displaying 4 x 4 DSA holes are taken from different heights z of the reconstruction
volumes where z = 0 is defined as the approximate height of bottom of prepatterned holes (or top
surface of SiNy). The 3D visualization of one DSA hole from each sample shown in Figure 3-4

has the Al,Os-stained PMMA block colored in blue and the PS block colored in red.

Z~40 nm 25 nm 10 nm
0} 010] 0,
OO0
CHOIN0IO,
010 (0] C.

Brush A

O OO
SHOMONS

Brush B

OO0
OO

Figure 3-4: STEM tomography reconstruction results of two DSA samples using different brush
for surface modification. xy slices were taken at three different sample heights z. The brighter
domains are Al,Os-stained PMMA or the sidewall surface and the darker domains are PS and SOC
template. In the 3D visualization, Al>Os-stained PMMA is in blue color and PS is in red color.

For the DSA sample using brush A, all PMMA cylinders are at about the center of the template
without connecting to sidewall from top to bottom. In the slice at z = 10 nm which is close to
bottom substrate, only about seven out of sixteen holes still-show signals from well-defined
PMMA cylinders. It indicates the existence of PS residual layers in the bottom of about 50% of
DSA holes. As for the other DSA sample using brush B, the morphologies are distinct through
BCP thickness. In the slice taken at z = 40 nm where it is slightly beneath the BCP top surface,
most of the PMMA cylinders are still relatively close to the center of template while few of them

start showing irregular shape and connecting to sidewalls. At z =25 nm where it is approximately
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at the height of half of the filled BCP thickness, the bridging to sidewall could be found in most
of DSA holes. When z = 10 nm, the cylinder domains are stiH very distorted, but all the holes still
show signals from PMMA. This height evolution shows that the brush B sample has more distorted
PMMA cylinders and it exhibit many bridge-like defects connecting to SOC sidewall, but all
PMMA cylinders reach to bottom substrates and there are much less PS residual defects. The 3D
rendering shows the representative DSA results of each brush: the brush A gives vertical cylinder
domains; the brush B gives bridging defects connecting to sidewall.

The fact that the DSA sample using brush A has more PS residue defects could be attributed to
its PS-preferential bottom surface. For brush B, its non-preferential bottom surface leads to
through-film PMMA domains in majority. However, the existence of bridging to sidewalls
indicates the wetting behavior of brush B modified sidewall is different. In the ideal DSA singlet,
the area fraction of PS (fps) at the sidewall interface should be 100% when the sidewall surface has
much stronger affinity to PS. The bridging defects happen when fps needs to be decreased to reach
minimum interfacial free energy, which implies that the preferentiality of brush B modified

sidewall surface to PS decreased.

Non-preferential sidewall PS-preferential sidewall
< >

#Fr X9 00

Figure 3-5: Simulation results using coarse-grained model where the volume franction of
PMMA is 0.3 and the diameter of confinement is 50 nm (1.32 L0). Only the PMMA block is
presented in blue color.

To better understand which surface wetting behavior leads to the bridging defects, a coarse-

grained model is used to simulate the DSA results in cylindrical confinement with non-preferential
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bottom and altering attraction of sidewall to PS as shown in Figure 3-5. We use the same simulation
method described in a previous study.?* When the sidewall surface is changing from strongly PS-
preferential to non-preferential, in simulation the morphology of PMMA changes from a vertical
cylinder domain in the center to an expanded and distorted shape with increasing contact area to
sidewall. In the middle point where the sidewall surface is slightly PS-preferential, the simulated
morphology has vertical cylinder with bridging defect reaching to sidewall, which is similar with
our experimental observations of the brush B sample.

Comparing the 3D structures of DSA samples observed from tomography to the simulated
morphologies, a more precise description of the surface properties of those two samples would be:
brush A makes both sidewall and bottom surface strongly PS-preferential; brush B makes the
bottom non-preferential and the sidewall enby slightly PS-preferential. It is likely that, when trying
to prepare non-preferential bottom surface using a single-brush process, the attraction of sidewall
to PS is often sacrificed. When simulation studies encourage to use non-preferential bottom surface
to eliminate PS residual layer, it is worth noting that the surface chemistry of sidewall is crucial as
well”810 1t is necessary to keep sidewall surface in the strongly PS preferential region to avoid
any distortion of vertical PMMA cylinders.

3.4.3 Effects of geometry

The geometry of graphoepitaxial template also has great impact on the DSA results. The
diameter of template must match the periodicity of BCP to form singlets. When sidewall wets the
majority block the critical dimension (CD) required is around 1xLo.2°> Considering the thickness
of brush grafted to template surface, the CD is often slightly larger than 1xLo and with certain
tolerance judged from the hole open yield.*?® The matching between BCP periodicity and CD of

template is considered very important as holes too small or too large could result in more PS

70



residual layer in the bottom and missing holes after pattern transfer.* Here we probe several DSA
pattern area with different template size using STEM tomography to better understand how the

template size affect the quality of DSA in three dimensions.

Z~40 nm 25 nm

Figure 3-6: STEM tomography results of singlets with different template CD and the
representative 3D rendering.

Figure 3-6 shows the tomography results of three DSA area with template CD of 44.7 nm, 57.9
nm and 69.1 nm (as measured from 2D STEM image). This TEM sample is prepared from a 800
pm thick track-processed wafer. The wafer thickness limits the maximum tilting angle in
tomography series to 54°. But the reconstruction results are still of good quality and high resolution.
These DSA patterns were made through dual-brush process to independently make sidewall
surface PS-preferential and bottom surface non-preferential.}* The reported CD process window
for wafer prepared with same DSA conditions is about 47-58 nm.'* The three pattern area selected

has CD smaller than, within, and larger than the reported CD window respectively. Again, xy slices
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were taken at three different sample heights: close to top of the film at z ~ 40 nm, middle of the
film at z ~ 25 nm and relatively bottom of the film at z ~ 10 nm. For all three DSA patterns, PS-
residual layer is not observed. Signals from PMMA cylinders are very clear even in the bottom of
the film. In the template with CD of 44.7 nm, two out of sixteen DSA holes are defective without
well-defined vertical cylinders. When CD is 57.9 nm, all three xy slices look very similar indicates
the DSA cylinders are in circular shape and very uniform throughout the thickness. For the largest
CD (69.1 nm), most of the DSA cylinders are circular but we notice some cylinders start to show
more irregular shape. In the hole at the top right corner, the shape of PMMA cylinder becomes
more oval when approaching to the bottom .

These observations verify that, even when the CD of template is outside of the optimized
process window, the dual-brush process successfully prevents the formation of PS-residual layer
in the bottom. Comparing with the single brush process used in the surface chemistry study, the
dual-brush process is more effective to control the sidewall and bottom surface separately and
leads to better DSA quality. In terms of the geometry factor, when the CD is smaller than the
process window, there isn’t obvious PS residual layer in the bottom. However, the DSA
morphology goes through a more dramatic change. In some holes the vertical cylinder can’t even
form, which could be the real cause to the missing singlets®® after pattern transfer. When is CD is
slightly larger than the process window, some cylinders are no longer circular. If this distortion
happens in most of the film thickness, it could be etched into underlying substrate, which is not
ideal for pattern transfer either.

3.5 Summary
In our study, the DSA hole shrink samples are prepared on SiNx membrane without damaging

polymers and templates. STEM tomography is used to characterize DSA morphologies in three
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dimensions with high resolution. Different DSA structures are revealed when the surface of e-

beam patterned template is modified differently. Compared to the coarse-grained simulation

results, bridging defects connecting the PMMA cylinder with sidewall show up when the sidewall

surface is weakly PS-preferential. It is thus important to make sure the attraction of sidewall to PS

is still strong enough when trying to make bottom surface non-preferential, which might be more

difficult for single-brush process compared to dual-brush process. A singlet DSA hole shrink TEM

sample with different template CD sizes was prepared from a 300 mm track-processed wafer and

characterized using tomography in a similar approach. Based on collected 3D images, we find that

the dual-brush process could effectively avoid PS-residual defects in the bottom over a wide CD

range. Several types of defective DSA morphologies are identified as potential attributors to

observed pattern transfer defects when CD is outside of the process window.
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CHAPTER 4: COMBINING DOUBLE PATTERNING WITH SELF-ASSEMBLED
BLOCK COPOLYMER LAMELLAE TO FABRICATE 10 NM FULL-PITCH
LINE/SPACE PATTERNS
4.1 Abstract

Directed self-assembly of block copolymers and self-aligned double patterning are two
commonly used pitch scaling techniques to increase the density of lithographic features. In this
work, the combination of both these pitch scaling techniques was investigated to pattern at even
higher densities. In this process, the line/space patterned formed by the directed self-assembly of
a high-y block copolymer were used to template mandrels and a thin aluminium oxide spacer film
was deposited by atomic layer deposition. By this method, a total pitch scaling factor of 8,
equivalent to a 10.5 nm full pitch, was reached. The types of defects and the roughness evolution
of the process were discussed.
4.2 Introduction

The hard disk drive industry is facing challenges to further extend the capability of conventional
recording media.> According the technology roadmap given by the Advanced Storage Technology
Consortium (ASTC, http://www.idema.org/?page id=3193), energy assisted recording such as
heat-assisted magnetic recording (HAMR)?3 is targeted to increase the areal density above 2 Th/in?.
To go beyond 5 Tb/in?, the targeted innovation is the heated-dot magnetic recording (HDMR)
technology augmented by bit patterned media (BPM). BPM cuts a continuous magnetic layer to
the size of one bit, which helps to maintain high signal-to-noise ratio and good thermal stability
while increasing bit density.*® The reduction in the bit size is a challenge for existing lithography
techniques. The density of 5 Th/in? corresponds to an 11 nm bit period. Increasing the density to

10 Th/in? requires a further reduction of bit period to 8 nm, which is beyond the capabilities of
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even cutting-edge semiconductor fabrication processes.” Media fabrication based on nanoimprint
lithography has been developed to increase the throughput and reduce the cost.®®° However, due
to the bit size variation and low throughput of techniques as advanced as e-beam lithography, it is
difficult to generate highly uniform dots arrays with a density higher than 5 Tb/in? when fabricating
a nanoimprint master template.°

Directed self-assembly (DSA) of block copolymers (BCPs)!'? and self-aligned double
patterning (SADP)3!* are promising potential solutions for patterning high resolution
unidirectional lines. Both technologies are commonly used to increase the feature density of
lithographic templates. It has been shown that DSA based on poly(styrene-b-methyl methacrylate)
(PS-b-PMMA) can be used to create a 28 nm pitch line/space pattern on 84 nm pitch chemical
contrast pattern prepared by 193 nm immersion photolithography (193i).* The combination of
193i and SADP has been used in high volume manufacturing to convert 80 nm pitch photoresist
lines to 40 nm pitch line/space patterns.'® However, it remains challenging to reliably pattern 10
nm pitch features using these techniques. For DSA on the 193i prepattern which has a resolution
limit of approximately 70-80 nm?*’, a multiplication factor as large as 8 would be necessary. It is
important to note that challenges arise not only from the limited selection of suitable BCP
materials®®, but also from the increase in defect density when the density multiplication factor
increases.!®?° On the other hand, SADP alone is not enough to shrink the photolithographic
resolution to 10 nm. Self-aligned quadruple patterning (SAQP), or even self-aligned octuple
patterning (SAOP) would be needed, both of which would necessitate a number of additional
etching and deposition steps with extremely narrow process tolerances.?*??> One potential path to
further subdivide the pitch is extending the DSA lithography with a subsequent SADP process.®

This strategy has been studied using PS-b-PMMA.232* Due to its relatively small Flory Huggins
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parameter, y the PS-b-PMMA alone has a resolution limit around 22 nm full pitch.?® Dallorto et
al.*?* demonstrated that the pitch for a self-assembled PS-b-PMMA system could be reduced from
30 nm to 15 nm upon applying an additional SADP step. To further reduce the pitch and achieve
even higher bit areal density, using this approach combined with “high y”” block copolymers other
than PS-b-PMMA in the first DSA step could be effective.

In this study, we investigate the potential to create a unidirectional line/space pattern with a
pitch as small as 10.5 nm by combining DSA of a high y block copolymer and the SADP
approaches. The high y block copolymer used here is a lamellar poly(2-vinylpyridine-b-styrene-b-
2-vinylpyridine) (P2VP-b-PS-b-P2VP) with a pitch (Lo) of about 21 nm. After the DSA step, the
P2VP domains can be converted into hard mask materials using a process called sequential
infiltration synthesis (SIS).227 By this technique, trimming mandrels to the desired width
following spacer deposition can be easily accomplished because the resulting AlOx line
dimensions are controllable. We further simplified this process by using spin-on films as
sacrificial layers. Starting from 84 nm pitch prepattern, a total density multiplication factor of 8
was demonstrated. In addition, the defectivity and line roughness were thoroughly investigated to
identify the manufacturing challenges.

4.3 Experimental
4.3.1 Stack preparation

The stack for SADP was prepared by spin-coating SOC solution TOK-CDNO018R (TOK) on a
Si substrate and baking it at 205°C for 1 min to form a 15 nm thick SOC layer. Then, a SOG
solution TOK-CDNO20R (TOK) was spin-coated and baked at 205°C for 1 min to form a 10 nm
thick SOG layer on top of the SOC. Both these prepared SOC and SOG films are inert to the

organic solvents used in this study. The SOC is inert to buffered oxide etchant (BOE) wet
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chemistry. The SOG layer was hydrophobic after baking and was descummed in oxygen plasma
for 10 s to ensure good wetting of polymer films.
4.3.2 DSA sample preparation

The DSA pattern of P2VP-b-PS-b-P2VP was prepared using a similar method as reported
previously.®?® The 8 nm thick crosslinkable PS mat was prepared on the SOG/SOC stack by spin
coating it with TOK-CINO01-01R (obtained from TOK), followed by crosslinking at 250 °C for 10
min under N2. A 60 nm thick gl-2000 (Gluonlab) e-beam resist layer was coated on the PS mat
and patterned with 84 nm pitch lines by a JEOL 9300 E-beam lithography system with different
doses and then developed in n-amyl acetate for 15 s. O, plasma based reactive ion etching (RIE)
in a PlasmaTherm ICP Fluorine Etch was used to etch and trim the PS mat using the e-beam resist
patterns as mask. The remaining e-beam resist was stripped in N-methyl pyrrolidone. The exposed
SOG was modified by low molecular weight hydroxyl-terminated PS brush (PS-OH, M, = 1.2
kg/mol, purchased from Polymer Source). 20 nm of P2VP-b-PS-b-P2VP (M = 12k-b-23k-b-12k,
purchased from Polymer Source) was coated and annealed in acetone vapor for 1 hour with
swelling ratio kept at ~42%. AlOs sequential infiltration synthesis (SIS) was performed by
exposing samples with trimethylaluminum (TMA)/H.O vapor alternatively at 90°C in in
Arradiance Gemstar ALD system to selectively grow Al>Os in polar P2VP domains. The polymers
were then removed by O, plasma to generate dense AlOx lines.
4.3.3 SADP

AlOy lines were transferred first into SOG, then into SOC, using CF4 and Oz based RIE
respectively. The SOG and AlOx were stripped by dipping in buffered oxide etchant for 15 s. The
samples were then thoroughly rinsed in water. The SOC lines were left as mandrels. For spacer

deposition, 5 nm of ALD Al,Oz film were conformally deposited onto the SOC mandrels. The
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spacers were etched back using an inductively coupled plasma (ICP) RIE with a mixture gas of
BCls and Ar. Afterward, the SOC was removed by O> plasma.
4.3.4 Characterization and image analysis

Scanning electron microscopy (SEM) was performed on a Carl Zeiss Merlin SEM using the
InLens detector at 2 kV voltage. Raw SEM images were denoised and thresholded using a Python
script?®. From the thresholded images, the edges and centers of domains were extracted. The
placement error was defined as the deviation of the line center about the mean placement for each
line. The line width error was defined as the deviation of the edges about the closest center of the
line, and line edge error was defined as the deviation of the edges about the mean position of the
line. These deviations are naturally binned as they are defined by the pixel grid of the SEM. The
line edge roughness (LER), line width roughness (LWR) and line placement roughness (LPR) were

calculated respectively by fitting their deviations with a simple gaussian.??

o9 ®@

4.4 Results and discussion

Chemical Patterns DSA of BCP Polymer Removal
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Figure 4-1: Process flow of combining DSA and SADP approaches to reach the total density
pitch scaling factor of 8

81



4.4.1 Fabrication process of combining DSA and SADP approaches

Figure 4-1 depicts the process flow of forming 8 times denser line/space patterns through DSA
and SADP. DSA of P2VP-b-PS-b-P2VP was performed on chemical patterns using LiNe flow!!3°
on a substrate coated with SOG/SOC films. Starting with guiding stripes patterned by e-beam
lithography with a pitch of 4 Lo, the BCP lamella formed a DSA pattern with a pitch of Lo on top.2®
A multiplication factor of 4 was achieved. P2VVP domains were selectively converted to AlOx lines
by sequential infiltration synthesis (SIS) and O, plasma treatment.®3! SOG/SOC layers were
etched and trimmed by dry etch with AlOy lines as the etch mask. After stripping AlOx and SOG
by wet etch, SOC mandrels were left. For spacer deposition, an Al.O3 film was conformally
deposited onto the SOC mandrels by ALD. After the spacer etch back, the SOC mandrels were
removed, leaving two spacer lines for each mandrel line. This SADP process provided another
factor of 2 using the mandrels defined by the DSA pattern. A total density multiplication factor of
8 was realized.

The SADP process utilizing ALD spacers we used in this study was adapted from techniques
reported by Doerk et al?® and Dallorto et al*. Instead of using 20-25 nm sputtered carbon and 5-7
nm Si0,,3%* we used ~15 nm SOC and ~10 nm SOG to assist the pattern transfer from BCP
pattern to SOC mandrels. The thickness was adjusted based on the Lo of BCP. One crucial step in
SADRP is trimming the width of the mandrels to about 0.25 Lo, which requires the BCP has good
pattern transfer capability. Previously, P2VP-b-PS-b-P2VP combined with sequential infiltration
synthesis has been used to pattern lines with tunable line width.3! The thin SOG layer is necessary
to protect the SOC when removing the polymers and forming AlOx lines in oxygen plasma after

SIS. The SOC mandrels can be further trimmed during dry etch to decrease the width of mandrels
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with AIO/SOG masks. We would like to emphasize that the spin-on films are much easier to
prepare compared to the sputtered films in earlier studies?®2*, but work almost identically.

We first tested the SADP process on self-assembled P2VP-b-PS-b-P2VP pattern. Figure 4-2
shows the spacer lines formed after SADP. The peak in 2D fast Fourier transform (FFT) pattern
verifies that the pitch of spacer lines is 10.5 nm (0.5 Lo). It is worth noting that, although from top-
down SEM (Figure 4-2(a)) the spacer lines are evenly distributed, there is “pitch-walking”
(alternating pitch distribution) visible in the cross-sections (Figure 4-2(b)). The pitch-walking is
caused by the slope of mandrel sidewalls and spacer lines tilting towards the trench side, and it
makes further pattern transfer more difficult. By optimizing the SOC etching and improving the
mechanical stability of spacer lines, the problem of pitch-walking might be solved. However,
optimizing the process at such small dimensions in lab-scale experiments is prohibitively
nontrivial, and thus not included in this work. The discussion below is only based on the top-down

lateral observations.

Pitch = 10.5 nm
R

Figure 4-2: SADP results using solvent annealed P2VP-b-PS-b-P2VP self-assembly patterns.
Top-down (a) and cross-sectional (b) SEM images of the Al.Os spacer lines. (¢) FFT spectrum
showing the pitch of the Al,Os spacer lines are 10.5 nm.

83



Figure 4-3: DSA result of solvent annealed P2VP-b-PS-b-P2VP (Lo=21 nm) on 84 nm pitch
chemical pattern made by E-beam lithography with guiding stripes trimmed to different width W.
DSA was successful when Ws =21.1 nm (red frame).

(a) PS gmdmg stripes, pitch: 84 nm (b) DSA pattern, pitch: 21 nm

{1‘ 3 } 3

(c) Polymer removal, pitch: 21 nm  (d) SOC mandrels, pltch 21 nm

/]

(e) Spacer deposition, pitch: 21 nm (f) AI203 spacers, pltCh 10 5 nm

o

Figure 4-4: Representative top-down SEM images and corresponding full-pitch of line/space
patterns of (a) E-beam patterns after trim etch; (b) DSA of P2VP-b-PS-b-P2VP after SIS; (c) AlOx
lines after polymer removal; (d) SOC mandrels; (¢) ALD spacer deposited on mandrels; (f) final
Al,Osz spacer lines after etching back
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To apply the developed SADP process to oriented line and space patterns, the same P2VP-b-
PS-b-P2VP was first directed self-assembled on chemical patterned made by e-beam lithography
using a reported procedure.?® As shown in Figure 4-3, the degree of alignment changed with the
width of e-beam patterned guiding stripes Ws. When W; is around 21.1 nm as measured from top-
down SEM images, the DSA was successful and free of dislocation defects over a large area. This
DSA pattern was used for the further SADP process, the results of which are presented in Figure
4-4,

Beginning this process with 84 nm pitch guiding stripes (patterned by e-beam lithography)
resulted in post-DSA lines that increased in spatial density by a factor of four. These DSA lines
were then successfully transferred into the SOC layer to form SOC mandrels, which were spaced
at an identical pitch to Lo, 21 nm. After ALD spacer deposition and etch back, each mandrel line
was split into two spacer lines, which reduced the pitch to 10.5 nm. To ensure the spacer lines are
distributed symmetrically, it is critical to trim the SOC mandrels to correct dimensions. Figure 4-
5 shows an example of the SADP results when the SOC mandrels were not trimmed enough. When
the width of SOC mandrels approaches ~9 nm, they begin to merge after ALD spacer deposition,

which results in the final spacer lines pitch walking and bridging between every two lines.
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Figure 4-5: Top-down SEM images of (a) SOC mandrels with average line width of ~9 nm and
(b) the morphology after 5 nm ALD Al,O3 spacer deposition and (c) the resulting Al.Oz spacer
lines after etching back

- —
=N

85



4.4.2 Defect tracking

SEM observation was used to assembly a gallery of possible defects at each processing step.
Figure 4-6 illustrates the major defect modes. For the DSA film (Figure 4-6(a)), typical defect
types included P2VP line breakage, as well as gaping between adjacent P2VP stripes
corresponding to abnormally wide points in a PS domain. Defects of the latter type could arise
from impurities in the source polymer. The line breakage defects persist through the entire P2VP
thickness (as reported by Segal-Peretz et al.?®), and are recognized as one of the most common
defects in PS-b-PMMA DSA flow®2 Neither defect type is eliminated during subsequent
processing steps, including polymer removal, SOC mandrel formation, and spacer deposition
(Figure 4-6(b-d)). Both the merged and the broken SOC mandrel lines lead to breakage and pairs
of end loops in spacer lines. On the contrary, some SOC mandrels with residues start to merge and

make contact after spacer deposition and lead to continuous but bridging spacer lines.
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Figure 4-6: Defect gallery collected from SEM images of (a) DSA pattern, (b)polymer removal,
(c) SOC mandrels, (d) spacer deposition and (e) Al.Osspacer lines

It is important to note that defect analysis for this combined process is much more challenging
than for either process individually, as both DSA and SADP give rise to different types of defects.
For DSA specifically, high defect density has long been the major concern in applying it to
industrial high-volume manufacturing.®? Recent studies have suggested that the defects that form
during the DSA process, in addition to being due in part to material impurities, could be Kinetically
trapped metastable states during annealing.®?* The conjugation of both these factors, and the
uncertainty regarding the specific nature of how defects are formed and eliminated in DSA

structures, makes defect analysis and application toward manufacturing particularly challenging.
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Defects arising from the SADP step are relatively more trackable as the process is widely studied
and popular in semiconductor manufacturing, but the extremely small feature size makes the defect
analysis of this step very difficult.®® For this combined DSA and SADP patterning method to be
applied to high volume semiconductor manufacturing, the process must be further optimized to
minimize defects. Advanced high-volume metrology techniques with resolutions suitable for the
length scales of the defects must be developed.

4.4.3 Line roughness analysis

il

30 nm

d 1/2th Line Width,
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Figure 4-7: Example image of ALD spacer lines for roughness analysis: (a) the original SEM
image, (b) binary image after thresholding, (c) extracted line edges. (d) The binned distribution of
LWR, LER and LPR (blue) and fitting curves (red) measured from SEM image

In addition to defect analysis, it is important to characterize the roughness of spacer lines, which
is directly related to the uniformity of bit size and placement. A bit size distribution and placement
accuracy of less than 5% is required to ensure good write synchronization and bit addressability at
ultra-high bit densities.®%3" To evaluate and quantify the roughness of line and space patterns, we

calculated line width roughness (LWR), line edge roughness (LER) and line placement roughness

(LPR) from SEM images taken at each process step. LWR estimates the uniformity of the
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dimension of lines, which influences the uniformity of future bit size. LPR describes the waviness
of lines, which causes bit placement error. The waviness of edges is also important, as the edge
roughness of mandrel lines directly relates to the placement roughness of spacer lines, so it is
necessary to take LER into account as well. Figure 4-7 shows how we extract the edges and
calculate three different roughness using the raw SEM image of ALD spacer lines as an example.
The same approach was applied to six different steps in accordance with Figure 4-4. The 3¢ values

for LWR, LER and LPR are displayed in Figure 4-8 and Table 4-1.
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Figure 4-8: Measured line roughness at each process step

Table 4-1: Measured line width and line roughness values after each process

Line width (nm) LWR, 36 (nm) LER, 36 (nm) LPR, 36 (nm)
PS guiding stripes 21.08 4.10 5.89 3.52
DSA of BCP 10.00 2.27 5.30 4.49
Polymer removal 9.06 0.98 3.41 3.38
SOC mandrels 7.92 1.15 5.31 3.29
Spacer deposition 12.40 1.49 4,52 5.00
Al,O3 spacers 4,52 0.83 4.56 3.42

The LWR decreased over 75%: The 3o of spacer lines is as small as 0.75 nm compared to 4.1

nm for the initial e-beam patterned lines. The LWR significantly improved in the DSA pattern as
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measured after SIS and polymer removal. LWR slightly increased when transferring lines to SOC
mandrels and Al,Oz spacer deposition but decreased again when forming spacer lines. Both the
BCP domain size and ALD deposition thickness were highly uniform which attributed to the trend
of LWR decreasing. The 1o of the spacer line width distribution is 6.1% of the average spacer line
width, which is close to the tolerance for bit size uniformity to ensure the narrow switching field
distribution.®

However, both LER and LPR remained at a high level throughout the whole process. The
sidewalls of the e-beam exposed guiding stripe pattern were quite rough (3c LER: 5.89 nm). As
the DSA is believed to be mainly guided by the sloped sidewalls of the guiding stripes, the position
of BCP lamella varied accordingly?®®. The LER and LPR were neither improved after SADP.
Because the pitch of spacer lines was much smaller, the 1o distribute on position of the spacer
lines distribution is as high as 10.9% of the pattern pitch. Such high LPR will result in overwriting
adjacent bits and poor bit addressability. It is more of challenge to reduce the LPR of spacer lines
because the root cause is the roughness of the e-beam lithography template. Xiong et al. found that
the roughness of DSA lines changes as the BCPs are stretched /compressed.® For the BCP used in
this study, 3o LER and LPR after DSA, SIS and polymer removal were less than 2 nm when they
optimized the guiding stripes.® Assuming the LPR of spacer lines remains similarly, it is promising
to drop the 1o of the spacer lines’ position distribution down to around 6.3% of the pitch size,
which is close to the tolerance for bit placement accuracy.
4.5 Summary and conclusions

In conclusion, we demonstrated that combining the block-copolymer DSA and SADP processes
that line and space patterns with a full-pitch as small as 10.5 nm can be fabrication Starting with

DSA of a high y BCP (Lo = 21 nm) on 84 nm pitch chemical contrast pattern prepared by e-beam
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lithography, mandrel lines made of spin-on-carbon material were transferred from assembled

lamellae followed by vapor infiltration of hard mask material. After depositing and etching back

ALD Al>Os3 spacers, the number of lines was doubled and a total density multiplication factor of 8

was achieved with respect to the original sparse guiding pattern. This process holds promise to

address the challenge of fabricating bit-patterned media with bit densities beyond 5 Th/in?.

Analyses of the observed defects and line roughness showed that extensive further work in
process optimization will be required in order to meet the tight tolerances in bit size and placement
accuracy needed for bit-patterned media. The ALD deposited spacer film resulted in highly
uniform line widths with 1o only as small as 6.3% of the average line width. However, the line
position roughness with 16 10.9% of the pattern pitch, which is caused by line edge roughness of
the e-beam guiding pattern, is far larger than what is required by bit-patterned media. We envision
that the pattern quality will improve if the defects and roughness in DSA patterns are greatly
reduced by process optimization in future work.
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CHAPTER 5: THERMAL CONDUCTIVITY REDUCTION IN AMORPHOUS SILICON
NITRIDE PHONONIC CRYSTAL FABRICATED USING DIRECTED SELF-
ASSEMBLY OF BLOCK COPOLYMERS
5.1 Abstract

The reduction of thermal conductivity in nanostructured crystalline semiconductor materials
have been extensively studied. The similar phenomenon in amorphous materials is much less
explored, but the thermal management of amorphous solids is equally crucial in various
semiconductor electronic devices. Here we present the design and fabrication process of
suspending phononic crystal structures made of amorphous silicon nitride. Directed self-assembly
of cylinder-forming block copolymer is integrated to pattern highly ordered hexagonal packed
holes with 12 nm neck width and 37.5 nm pitch in silicon nitride. The reduction of thermal
conductivity at room temperature is 60% smaller than the value predicted based on porosity. In
comparison, holes with larger neck width and pitch patterned by e-beam lithography lead to
slightly reduced thermal conductivity that is close to classical prediction. We show that the thermal
conductivity of amorphous material could also be engineered by phononic crystal nanostructures
where the smallest dimension of the structure plays the most import roles. The small and uniform
periodic nanostructures obtained by block copolymer patterning could suppress the transport of
propagating phonons with broad range of mean-free paths. In addition, by changing the orientation
of block copolymer patterned hexagonal holes relative to the heat flow direction, we find that the
propagating phonons travel in random directions in amorphous silicon nitride. This is different

with the directional phonon transport observed in phononic crystals made of single crystal silicon.
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5.2 Introduction

Manipulating thermal properties using nanostructures has attracted great attention recently as it
holds promises to enhance the heat to electricity conversion efficiency in thermoelectric devices.!”
3 For non-metals, including semiconductor and insulator materials, the heat is transported
dominantly through atomic lattice vibrations known as phonons. Recent experimental and
theoretical work has greatly advanced understandings of phonon transport in nanostructured
solids.* Extensive studies use nanostructures to block phonons with mean free path (MFP) longer
than characteristic sizes and thus reduce thermal conductivities.”’ If nanostructures don’t alter the
electric conductivity as significantly, the energy conversion efficiencies in thermoelectric devices
could be enhanced.®® Such phenomena have been reported in various nanostructures including

10-12 " sorous thin films>%, nanocomposites'® and superlattices'®.

nanowires

Phononic crystals, which are usually two-dimensional periodic nanopores or nanomesh
fabricated by top-down process with high precision, have been used as good test beds to study the
nanoscale thermal transport.* The dependence of thermal conductivities on the characteristic size
in phononic crystal patterning has been reported.”!>!® It is important to note that, phonon wave
interference or coherent phonon scattering in phononic crystals only happens when phonon
wavelength matches the periodicity of holes and is much longer than surface roughness at
boundaries.!”"! At room temperature, most studies state that the incoherent phonon scattering is
the dominating factor to explain the reduced thermal conductivities, as the heat-carrying phonons
have wavelength much shorter than the periodicity of phononic crystals.”!”-?*2! The observed

lower thermal conductivity when the characteristic size is smaller has been mainly attributed to

the transport of more long MFP phonons being surpressed. *8-1-23
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Based on such incoherent phonon scattering mechanism, one can achieve lower thermal
conductivity and potentially better device performance by further reducing the size of nanopores
in phononic crystal patterning, which however limited by certain technical barriers such as the
patterning resolution in conventional lithographic techniques. Block copolymers (BCPs) that could
self-assemble into various well-ordered nanoscale features as small as few nanometers have been
used for high-resolution patterning in different applications with easy implementation and low

cost.”

Using asymmetric diblock copolymers which form perpendicular cylinder nanostructures
in thin films, high-resolution holes can be used as pattern transfer masks after selectively removing
cylindrical nanodomains.?>2® Lim et al. used cylinder forming poly(styrene-b-2-vinylpyridine)
(PS-b-P2VP) to pattern single crystal Si thin films with holes at a fixed pitch size of 60 nm and
neck size as small as 16 nm, and observed significantly reduced thermal conductivity.?” However,
the existing studies of utilizing BCP patterned nanostructures to impede thermal phonon transport
merely used self-assembled patterns with short-range order in lateral arrangement.’*2” The
directionality of phonon could be interrupted due to the random orientation in different grains or
by defects at grain boundaries in self-assembled pattern.

The nanoscale heat transfer in crystalline materials, such as single crystal Si, has been
extensively studied. In comparison, the understanding of thermal transport mechanisms in
amorphous materials is much less developed.?® The heat propagation in disordered solids is much
more complicated considering the lack of symmetry in lattice structure.?® Based on earlier models,
in amorphous solids, heat is conducted through overlapping thermal energy between neighbouring
atoms vibrating independently.”®*! Phonons in fully disordered atomic lattice should have

extremely short MFP at the scale of atomic spacing. How could phononic crystal patterning with

nanoscale features affect the transport of such short MFP phonons in amorphous solids? From the
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application perspective, amorphous materials are widely used for a variety of electronic devices.
Controlling their thermal properties at nanoscale is crucial to optimize the thermal design of
devices.?®3%33 For example, silicon nitride (SiNy) is commonly used for suspended structures in
many MEMS devices.>* Therefore, it not only is of fundamental interest but also could impact
device performance in applications to study if the same impeded phonon transport due to phononic
crystal patterning would occur in amorphous materials.

In this study, we demonstrated the how phononic crystals, especially those with very small
characteristic size patterned by block copolymer lithography, work for amorphous SiNy film. We
described the design and fabrication process of micromachined suspending SiNx bridges to reliably
measure in-plane thermal conductivity through thermoreflectance. To eliminate defects in self-
assembled BCP layer and preserve the potential directionality of propagating phonons, we
employed chemical patterns to direct the self-assembly (DSA) of block copolymer cylinders.
Hexagonal packed holes patterned by DSA cylinders with very small periodicity and neck width
(p =37.5 nm, n =12 nm) and perfect long-range two-dimensional order were successfully created
in amorphous silicon nitride. In comparison, reference sample patterned by e-beam lithography
with p = 800 nm and » =321 nm caused relatively small reduction in thermal conductivity. We
show clear evidence that phononic crystals with small characteristic size could suppress phonon
propagation even in amorphous materials. We further investigated the directionality of phonon in
amorphous silicon nitride. By rotating the DSA pattern, the phononic crystal patterns rotated with
different angles relative to the overall heat flow directional, which resulted different extent of
blockage of phonon pathways. The thermal conductivity of these samples was reduced similarly,

indicating the weak directionality of phonons in amorphous SiNx.
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5.3 Experimental Section
5.3.1 Materials
Silicon wafers (4", N-type, (100) orientation) coated with 70 nm thick low-stress silicon nitride
film were purchased from WRS materials. AR-P 6200.04 (CSAR 62) e-beam resist was purchased
from ALLRESIST. AZ MiR 703 photoresist and AZ 1:1 developer were purchased from EMD
Performance Materials and used as received. Spin-on-carbon (SOC) and spin-on-glass (SOG)
solutions were provided by Tokyo Ohka Kogyo Co. (TOK) and used as received. Cylinder-forming
poly(styrene-block-methyl methacrylate) (PS-b-PMMA, C2050, M, = 20.2-50.5 kg/mol, PDI =
1.07, LO ~38nm) and hydroxyl terminated polystyrene (PS-OH, M, = 6 kg/mol, PDI = 1.05) were
purchased from Polymer Source, Inc. Poly(styrene-co-methyl methacrylate-co-glycidyl
methacrylate) (PS-r-PMMA-r-PGMA) containing 4 mol % of glycidyl methacrylate and 63 mole %
of styrene was synthesized by reversible addition fragmentation chain transfer (RAFT)
polymerization (denoted as 63S).
5.3.2 Sample preparation
Patterning silicon nitride using directed self-assembly of block copolymer

The substrate was spin coated with ~100 nm of SOC and then ~30 nm of SOG. The wafer was
baked at 205 °C for 1 min after each film. Then an 8 nm 63S mat film was prepared by spin-coating
0.3 wt% of 63S in toluene solution at 2000 rpm and crosslinking at 230 °C for 20 min in N>
atmosphere. 80 nm AR-P 6200.04 e-beam resist was coated and baked at 150 °C for 1 min.
Hexagonal packed dots pattern with pitch around 75 nm was written by a Raith EBPG5000 Plus
e-beam writer using 100 kV accelerating voltage and 1 nA beam current. The e-beam pattern was
developed in n-amyl acetate for 1 min and then etched into 63S mat with O> reactive ion etch (RIE)

in a PlasmaTherm RIE instrument for 15 s. The e-beam resist was then stripped in 1-Methyl-2-
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pyrrolidinone (NMP). PS-OH was spin-coated from 1wt% toluene solution at 1500 rpm and the
wafer was baked at 230 °C for 30 min to graft the PS-OH brush to the exposed SOG film in the e-
beam patterned area. Unreacted brush was rinsed off using NMP and toluene. Subsequently, the
block copolymer (C2050) was spin-coated on the substrate from 2 wt% toluene solution at 1500
rpm, yielding an ~80 nm film and thermally annealed at 270 °C for 2 h. The BCP film was
converted into porous AlOx nanostructures using sequential infiltration synthesis (SIS) followed
by Oz RIE as published in the previous study of the same BCP*°. Using RIE with CF4 gas, the BCP
templated AlOx holes were etched into SOG. The wafer was immersed in diluted KOH solution to
remove AlOx. Photolithography was performed using a Heidelberg MLA150 Direct Write
Lithographer, AZ MiR 703 photoresist and AZ 1: 1 developer to expose 28 um by 28 um squares
designed for the phononic crystal areas. Some devices didn’t have photolithography pattern in this
step as reference samples without phononic crystal patterning. The wafer was then etched in RIE
using O gas to transfer the holes from the exposed SOG to SOC. The photoresist was stripped in
NMP. Later a mixture of CHF3 and O» gas was used to etch the holes into SiNy film while the SOG
film was removed together. The wafer was then cleaned in oxygen plasma for 1 min, which
removed all SOC film.
Patterning silicon nitride using e-beam lithography

The same SOG/SOC films were prepared on the silicon nitride coated wafer to make e-beam
patterned phononic crystals. 80 nm AR-P 6200.04 e-beam resist was coated and baked at 150 °C
for 1 min. Hexagonal packed dots patterns with 800 nm pitch were written in 50 um by 50 pm
square areas by the Raith EBPG5000 Plus e-beam writer using 100 kV accelerating voltage and 3

nA beam current. The e-beam patterned area was developed in n-amyl acetate for 1 min and then
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etched into SOG with CF4 based RIE. Afterwards, the holes were transferred down to silicon
nitride following the same photolithography, dry etch and wafer cleaning procedure.
Fabricating suspending silicon nitride phononic crystals

The phononic crystal devices were fabricated using a microfabrication process shown in Figure
5-1. After silicon nitride is patterned with holes using block copolymer or e-beam lithography, AZ
MiR 703 photoresist was coated on the wafer and patterned in Heidelberg MLA150 Direct Write
Lithographer. 100 nm Al was deposited on the resist using Angstrom EvoVac Electron Beam
Evaporator and lifted off in NMP at 80°C, which formed three aluminum pads for each phononic
crystal device. Another photolithography step was performed to pattern two triangular areas and
the exposed silicon nitride was removed by RIE etching with CHF3 and O, gas. Photoresist was
stripped in NMP. Finally, the porous silicon nitride bridges were released by anisotropic Si wet
etch. We used a buffered tetramethylammonium hydroxide (TMAH) formulation to prevent
dissolution of aluminium.*® The etchant was made of 200 mL 10% TMAH aqueous solution with
7 g Sipowder dissolved at 40 °C. After adding 3 g ammonium persulfate and heating the solution
to 85 °C, the device wafer was immersed in the bath for 30 min. The wafer was then cleaned by
immersing in a boiling DI water bath, and a cold DI water bath, and rinsing thoroughly by DI water
and isopropanol.
5.3.3 Thermoreflectance measurement

The thermal conductivity of amorphous silicon nitride phononic crystals was measured by time
domain thermoreflectance (TDTR) method, which is an optical pump-probe transient response
measurement.>” The sample was placed in vacuum at a pressure of 5x10* Pa to exclude the
influence of convection on thermal relaxation behavior. The center Al pad deposited on phononic

crystal with was irradiated with both a continuous wave pump laser at a wavelength of 785 nm
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and, a quasi-continuous wave pump laser with a pulse duration of 4 ps at a wavelength of 852 nm.
The pump beam raises the temperature of the Al pad, then the reflectivity of the pad increases. By
measuring intensity of the reflected probe beam, we can observe the temperature transient response
of the Al pad, which includes the information of thermal conductivity. The measured
thermoreflectance signals are analyzed by finite element method to obtain the thermal conductivity
values of the sample. The standard error of our measurement is smaller than £3% for each sample.
5.4 Results and Discussion

5.4.1 Design and fabrication process flow of silicon nitride phononic crystals

<100> Si with low stress Patterning holes using
SiN, and SOC/SOG films EB or BCP

o

Figure 5-1: (a) Schematic illustration of fabricating silicon nitride phononic crystals for
thermoreflectance measurement. The corresponding optical microscopy images showing the
fabrication process of the DSA patterned phononic crystal device: (b) pattern transfer of the BCP
templated holes into SOG film; (c) photolithography and only holes in the exposed area were
transferred from SOG/SOC to silicon nitride (light blue color); (d) photolithography and metal lift-
off to deposit the aluminum pads (white color); (e) silicon nitride was removed in the two triangular
area; (f) the bridge of silicon nitride phononic crystal was released by Si wet etch.

Deposition of Al pads Etch SiN, Bridge releasing
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Figure 5-2: Design of the silicon nitride phononic crystals for thermoreflectance measurement
with dimensions labeled.

Figure 5-1(a) schematically illustrates the fabrication process of silicon nitride phononic
crystals, which is based on conventional microfabrication techniques using <100> Si wafer with
patterned LPCVD SiN, mask. (See experimental section for details.) First, the SiNx film was
patterned with hexagonal array of holes using either BCP lithography or e-beam lithography in the
square shape area designed to be phononic crystals. Three Al pads (colored in yellow in Figure 5-
1(a)) were deposited on each device area: a smaller one at the central and two larger ones at two
opposite corners. Then the extra silicon nitride was removed leaving the phononic crystal patterned
SiNx in a rectangular bridge shape area with two long edges 45° relative to the Si <110> direction
and two short edges covered by aluminum pads. To suspend the fabricated silicon nitride
nanostructures, the device wafer was immersed in silicon wet etchant to selectively remove the
exposed <100> Si. The dimensions of silicon nitride phononic crystals are labeled in Figure 5-2.

As an example ofthe device fabrication, Figure 5-1(b-f) displays the corresponding optical images
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when making phononic crystals patterned by BCP lithography. More details about BCP
lithography will be explained in section 5.4.2.

The thermal properties of fabricated silicon nitride phononic crystals are measured using the
time domain thermoreflectance (TDTR) technique which is a well-researched non-contact optical
measurement technique for studying thermal properties of nanostructures'>?>%. The heat
introduced by the pulsed pump beam irradiating the center Al pad would dissipate through the
suspended structure of interest and escape to the bulk substrate at two ends.

The thermoreflectance measurement has been used to provide insights of phononic crystal
effects in single crystal Si based nanostructures, where the samples were commonly prepared on
silicon-on-insulator (SOI) wafers followed with etching the buried oxide in HF.!3??3® The etching
of buried oxide is isotropic and leaves large undercutting surrounding the area of interest. The
resulting large extra suspending film also contributes to the measured thermal conductance and
thus increases the measurement error. In comparison, the wet etching of Si is highly anisotropic
and self-limiting: the etch rate of <111> Si is negligible. To etch the Si underneath the silicon
nitride, the bridge must rotate relative to the Si <110> direction as 45° in this study. Therefore, the
released SiNx bridges were hanging diagonally on top of a square shape concave made of <111>
Si sidewalls at 54.7° relative to the wafer surface. The length of the SiNx bridges is highly
reproducible with minimized device-to-device variations. The two additional Al pads have edges
covering the ends of SiNx bridges and perpendicular to the direction of global heat flow. As the
thermal conductivity of Al (about 120 W/mK for 100 nm AI*’) is much higher than that of SiNy
(2.5 W/mK as in section 3.3), its contribution to measured thermal conductivity is negligible. The
local heat flow will quickly escape to the heat sink once in contact with Al, which ensures phonons

travel similar distance from the center Al pad to the bulk heat sink.
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5.4.2 Patterning silicon nitride by directed self-assembly of BCP

(a ) neutral mat PS brush o
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Figure 5-3: (a) Schematic illustration of DSA of PS-cylinder forming BCP on ebeam defined
chemical pattern with Ls = 2Lo and patterning silicon nitride with holes templated by the DSA
pattern of PS cylinder forming BCP. (b) Top-down SEM images of ebeam resist pattern (Ls = 75
nm), DSA pattern of PS cylinder forming BCP (Lo = 37.5 nm), and holes etched into silicon nitride
with pitch 37.5 nm. (c) Cross-sectional SEM images of the BCP templated holes etched into
SOG/SOC and silicon nitride respectively (imaged samples were tilted to 70 °©).

To implement the DSA process on the SiNx phononic crystals, it is necessary to ensure that well-
ordered holes are successfully transferred from BCP film to SiNx. We used a PS-cylinder-forming
PS-b-PMMA (C2050) with self-assembly conditions studied in an earlier paper®®. This BCP was
used here because it could be easily transformed to array of AlOx holes with highly uniform and
tuanable hole size through a vapor phase reaction, SIS*>. AlOx has good dry etch resistivity, so it
is a good etch mask to transfer the nanopores to hardmasks. The pore size of AlOx is not limitied
to the volume fraction of minority block in BCP but determined by the amount of AlOx infiltrated
into the BCP film during SIS, which allows furthur reduction of the neck width in future studies.
The DSA of the PS-cylinder-forming BCP has not been reported. Chemical patterns or

topographical patterns are often used to guide the formation of defect-free hexagonal arrays of

BCP cylinders over the large area.***® The prepatterned spots could have period Ls multiple
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integral larger than BCP Lo to reduce the patterning time.*'** Considering the process integration
and pattern transfer uniformity, we employed chemical patterns on flat surface to DSA the PS
cylinders in this study.

Figure 5-3 (a) shows the scheme of the chemoepitaxial DSA flow of PS-cylinder forming BCP,
transformation of BCP cylinders to opened holes, and the pattern transfer process. A stack of spin-
on-carbon (SOC) and spin-on-glass (SOG) layers were put on top of the SiNx film and used for
pattern transfer purpose after generating the BCP hexagonal packed cylinders. To prepare the
chemical patterns, a thin film of neutral mat was used. The same mat, a crosslinkable PS--PMMA
material (63 % PS), was reported to achieve the perpendicular cylinder orientation®>. The neutral
mat was e-beam patterned with hexagonal array spots patterns with period Ls = 2Lo. Hydroxyl
terminated PS-OH homopolymer brush was grafted on the exposed SOG surface in the e-beam
patterned dots. Thus, the formed chemical pattern has PS-wetting spots and non-preferential
background. BCP (C2050) was thermally annealed on this chemical pattern to form hexagonal
arrays of perpendicular PS cylinders in PMMA matrix. The density of DSA cylinders (period Lo)
is 4 times higher than that of e-beam prepatterns (period Ls). The PMMA matrix was selectively
converted to porous AlOx. Subsequently, the holes formed were etched into SOG, and later from
SOG to SOC with excellent dry etch selectivity. Then the holes were transferred into SiNy using
dry etch, which removed the SOG layer at the same time. The SOC was later removed by short
oxygen plasma cleaning. Figure 5-3(b) shows the SEM images of e-beam resist patterning (Ls =
75 nm), DSA of C2050 in registration with underlying chemical pattern (Lo = 37.5 nm) and holes
etched into SiNy (p =37.5 nm). Figure 5-3(c) shows the etching profiles of holes in SOG/SOC and

SiNx.

108



During the device fabrication, the photoresist developer is a base solution which could dissolve
AlOx, so it is necessary to transfer the holes from AlOx to SOG in the first step as shown in Figure
5-1(b) and 5-3(a). The color of square shape DSA patterned area is slightly different in optical
microscopy due to the highly ordered nanostructures. Using conventional photolithography
(Figure 5-1(c)), the holes were etched into the SiNx only in the target device area. Then, following
the schematic described in section 5.4.1, the DSA patterned SiNx were made into suspending
bridges designed for TDTR measurement.

The defect-free DSA was achieved after optimizing the e-beam patterned spots as well as the
commensurability of Ls with 2Lo. Figure 5-4(a) shows the DSA results on chemical patterns
prepared with a range of e-beam exposure doses. Ls of all resist patterns was fixed at 75 nm. For
the resist pattern with lowest dose, it had smallest spot sizes but very poor uniformity. The
corresponding DSA pattern lacked long-range order because the registration of PS cylinders on
PS-OH brush modified spot is too weak. When the resist patterned with higher e-beam doses, the
spot sizes increased, the uniformity improved, and the registration of PS cylinders was achieved.
At even higher dose, the assembly was still guided by the underlying chemical pattern, but number
of defects greatly increased. Not only were there dark spots in hexagonal packed cylinders, but
also different BCP morphologies other than perpendicular cylinders appeared. When the PS-OH
brush modified spot is too big, the overall interfacial energy of underlying chemical pattern shifted
out of the neutral window, so the perpendicular cylinder orientation could not sustain over large

area. The moderate e-beam exposure dose (in red circle) is thus optimal for DSA.
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Figure 5-4: (a) SEM images of the resist patterns (Ls = 75 nm) with different exposed hole sizes
and the corresponding DSA results. The ebeam condition circled in red was used to make phononic
crystal device. (b) A SEM image of the DSA result taken at the edge of the patterned area. (c) A
SEM image of the DSA holes in silicon nitride over a larger area and the 2D FFT image (insect).
(d) The low-magnification SEM image with Moiré interference patterns of a 50 um x 50 um DSA
patterned area (indicated by the white dash lines) with long range ordering. Outside of the DSA
patterned area, the Moiré interference patterns have multiple orientations, indicating there is no

long-range ordering.
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As shown in Figure 5-4(b), perfectly long-range ordered and registered PS cylinders were
formed on chemically patterned area. On non-patterned area, self-assembled perpendicular PS
cylinders formed in small randomly oriented grains. SEM images of large area of DSA holes
pattern transferred into silicon nitride are shown in Figure 5-4(c). The inserted 2D fast Fourier
transform (FFT) has a symmetric hexagonal pattern with sharp peaks, indicating highly ordered
hexagonal pattern of SiNy. In Figure 5-4(d), the Moiré interference patterns represent an area as

large as 50 um % 50 um of DSA pattern with high degree of perfection.

75 nm E 76 nm 77 nm 78 nm

prepattern 74 nm
pitch:

DSA
pattern

Figure 5-5: SEM images of DSA patterns etched into silicon nitride with different Ls and the
2D FFT images (inset). The DSA on resist pattern at Ls = 75 nm (in red circle) was used to make
the phononic crystal device.

According to previous DSA studies, the DSA of BCP cylinders on chemical patterns is sensitive
to the commensurability of Ls with Lo.***** Yang et al. found well-ordered DSA cylinders of a
PMMA-cylinder-forming BCP with Lo= 28 nm were formed on patterns with Ls = 56-60 nm, and
that the cylinders lost long-range order at Ls= 54 nm and 62 nm.** A similar tendency was observed
for C2050 as shown in Figure 5-5. At Ls = 75 nm, the DSA pattern had fewest defects in SEM
image. When Ls was smaller or larger than 75 nm, the DSA pattern had more merged cylinders (Ls
=76 nm) or small grains of misorientations (Ls = 74 nm, 77 nm and 78 nm). The ordering of the

DSA patterns were revealed in FFT spectrums as well. The DSA patterns with fewer defects

showed sharper hexagonal peaks, while the circles in FFT spectrum indicates existence of
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misoriented grains. DSA pattern at Ls = 75 nm (in red circle) was therefore chosen to fabricate the
phononic crystal devices.
5.4.3 Impact of limiting dimension

To study the impact of DSA patterning on thermal properties, we measured TDTR to compare
different SiNy phononic crystals. As shown in Figure 5-6, three types of samples were measured:
SiNx (a) with DSA patterned holes (p = 37.5 nm), (b) with e-beam patterned holes (»p = 800 nm),
and (c) without holes patterned, they were fabricated through very similar procedures (see

experimental section for more details).

Figure 5-6: Optical microscopy and SEM images and of the suspending silicon nitride bridges
(a) with DSA patterned holes (p = 37.5 nm), (b) ebeam patterned holes (p = 800 nm), and (c)
without holes patterned
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High magnification SEM images taken along the edge of the bridges patterned by DSA and e-
beam lithography are displayed in Figure 5-7. Both of they showed very narrow hole diameter
distribution. The DSA holes in silicon nitride bridge has an average hole diameter of 25.3 +1.1
nm, neck size of 12.0 £1.1 nm and the overall porosity of 41.9%. The e-beam patterned holes have
an average hole diameter 0of 476.9 1.4 nm, neck size of 323.1 £1.4 nm and the overall porosity of
32.2%.
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Figure 5-7: High magnification SEM images taken along the edge of the bridges and statistical
analysis of hole sizes (fitted the normal distribution) of (a) DSA and (b) ebeam patterned holes.
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Figure 5-8: The outlines of (a) DSA and (b) ebeam patterned holes extracted from SEM image.

Figure 5-9(a) shows the schematic illustration of the cross-section of the device and the TDTR
measurement: a pulse laser beam periodically heats the Al in the center of SiNy bridge while the
continuous laser measures the change in reflectance caused by the temperature rise. Figure 5-9(b)
presents the themoreflectance signals collected from three different samples. The time dependence

of the reflectance was well fitted by exponential decay, exp (—¢/7), where 7 is the thermal decay

time. The dimensions of holes and the measurement results for every samples are summarized in

Table 5-1.
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Figure 5-9: (a) Schematic illustration of cross-section of the device and the thermoreflectance
measurement. Laser beams are focused on the aluminum pad placed at the center of silicon nitride
bridge. (b) Representative recorded reflectance signals of silicon with DSA patterned holes (red
curve), ebeam patterned holes (blue curve), and unpatterned silicon nitride membrane (green
curve).

Table 5-1: Summary of measurement results
p (nm) d (nm) n (nm) Porosity T (MS) Kpredicted Kmeasured
(W/mK) | (W/mK)

DSA holes 37.5 25.5 12.0 41.9% 570130 1.0 0.39+0.02
e-beam holes | 800 476.9 | 323.1 32.2% 21044 1.3 1.240.02
membrane 0 0 0 0 120+5 2.540.1 2.510.1

The DSA patterned phononic crystal showed longest decay time and thus has highest thermal
resistance. The thermal conductivities calculated for DSA patterned, e-beam patterned, and

unpatterned SiNy are 0.4, 1.2, and 2.5 W/mK, which are averaged value of 4 devices. The measured
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value of unpatterned SiNx thin film is in good agreement with the reported value for LPCVD
deposited SiNy*®. This proves the reliability of the TDTR measurement and fitting. In this study,
all samples were measured at room temperature only.

There is 84% and 52% reduction in thermal conductively when SiNx was patterned by DSA with
p =37.5 nm and e-beam with p = 800 nm respectively. The thermal conductivity reduction caused
by phononic crystal patterning could be attributed to two mechanisms: the volume reduction and
blocking of propagating phonons. Thus, it is illustrative to first compare against predicted thermal
conductivity taking account of the effect of volume reduction which is related to their porosity, ¢.
The predicted thermal conductivities, Kpredicted, Were calculated for SiNx with different porosities
by finite element method (FEM) simulation using ANSY'S software. The xmeasured 1S 61% smaller
than xprediciea for DSA patterned phononic crystals, and 8% for e-beam patterned ones. Therefore,
the volume reduction factor alone underestimates the reduction of thermal conductivities of
amorphous SiNy, especially when it was patterned with smaller DSA holes.

The effect of nanostructures on amorphous SiNx thermal properties shows remarkable
similarities with existing studies of crystalline materials: nanostructures with smaller p and » leads
to smaller thermal conductivities than unpatterned SiNy film even after taking account of the
volume reduction. Because amorphous materials lack the translational symmetry and periodicity
in atomic lattice, cautions should be taken when applying concepts of phonon transport to
amorphous materials.?® More recent models, and later proved by molecular dynamics simulations
as well as experimental measurement state that in amorphous solids, although the majority of heat
are carried by diffusive lattice vibrations with high frequency, which is called diffusons, there
exists propagating phonon like vibration having relatively long MFP, which is called propagons.*’-

> Propagons are capable of transporting phonons much more efficiently than diffusons due to their
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long MFP. Therefore, small population of propagons could contribute to great portion of overall
thermal conductivity in amorphous solids.’! For SiNx, measurements showed unexpected high
thermal conductivity compared with minimum thermal conductivity, which might come from the
presence of long MFP propagons.?®#® Therefore, it is likely that excluding the porosity factor, the
phononic crystal patterning reducing the thermal conductivities in this study mainly by blocking
long MFP propagons.

The observed neck size dependence of thermal is useful to qualitatively estimate the MFP
distribution of porpagons.>? The e-beam patterned sample with p = 800 nm and n = 323 nm only
exhibited 8% lower thermal conductivity, indicating that propagons with MFPs greater than 323
nm contribute little to heat transport. Whereas DSA patterned SiNx with p =37.5 nmand n =12
nm decreased thermal conductivity by 61%, showing that at this length scale a large amount of
propagons are blocked. Our results indicate that propagons with MFP between 12 nm and 321 nm
contribute to half of the heat conduction in SiNx at room temperature. Further investigation is
required both experimentally and theoretically to shed light on the exact length scales of the
propagons in SiNx. Using the fabrication platform developed in this study, we would further adjust
the porosity of DSA patterned holes and make e-beam patterned phononic crystals with various p
and n, which are however beyond the scope of this work. We will report more physical discussion
and the comprehensive study about SiNx phononic crystals elsewhere.

5.4.3 Impact of lattice orientation
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Figure 5-10: (a) SEM images and (b) corresponding thermal conductivities of DSA patterned
silicon nitride phononic crystals with four different rotation angles and self-assembled holes. The
SEM images were taken near the longer edges of bridges.

It is known for single crystal Si phononic crystals that phonon could travel ballistically in the
aligned lattice.®”*® To investigate whether the propagons in amorphous SiNy travel with similar
directionality, DSA samples with different rotation angles were measured. The self-assembly
pattern where holes were packed in small and multidirectional grains was also included for
comparison. The results are summarized in Figure 5-10. The direct phonon path in DSA sample
of 0° rotation is fully blocked. When rotating additional 10°, 20° and 30°, the direct phonon path
keeps increasing until fully opens at 30°. The x of 0° sample is the smallest but is less than 10%
smaller than those of other three lattice orientations, which is however within the measurement
error range. As for the self-assembly pattern, the x about 17% higher than that of 0° DSA sample,

and 9% higher than those of 10°, 20° and 30° samples. Given that phonons mainly travel
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incoherently at room temperature, this different could simply rise from its smaller porosity due to
some defective cylinders weren’t transferred to SiNyx around grain boundaries.

Anufriev et al. studied two types of hole arrangement in Si phononic crystals: squared lattice, in
which phonons can travel in straight line, and staggered hexagonal lattice, in which the direct path
of phonons is blocked.” They found phonons traveled faster through the aligned lattice than
through the staggered lattice. There was 30% difference in thermal decay time when neck width
was 30 nm at room temperature and the difference increased at lower temperature. In this study,
we observed a much smaller impact of lattice orientation and phonon pathway in amorphous SiNy
phononic crystals, even though the neck width via DSA is much smaller compared with the Si
phononic crystals. It indicates that in amorphous materials, due to the disorder atomic lattice,
propagons, which like phonons have long MFP, travel in more random directions.

5.5 Conclusions

We presented the fabrication strategy of amorphous SiNx phononic crystals for
thermoreflectance measurement. Using DSA of BCP cylinders, hexagonal packed holes with pitch
as small as 37.5 nm were generated in SiNy thin films. The integration of the DSA patterning with
the phononic crystal device fabrication was successfully demonstrated. The thermoreflectance
measurement results showed that the DSA patterned SiNx phononic crystals have 61% reduction
in thermal conductivity. In comparison, the e-beam patterned holes with larger pitch and neck
width reduced the thermal conductivity for only 8%. Our results indicate that one can use
nanostructuring route to engineer the thermal properties of amorphous materials.

These experiments provide strong evidence that the heat transport in amorphous materials, like
SiNx, with long MFP propagons significantly contributing to their thermal conductivities, could

be influenced by small nanostructures even at room temperature. The micromachining of SiNx
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bridges with different nanostructures we described here allows reliable measurement of thermal

conductivity and is suitable to further investigate nanoscale heat transfer in amorphous solids. The

small pitch and neck width provided by block copolymer patterning enable manipulating phonons

with broad range of MFPs and making ultra-low thermal conductivity thin films with useful

device-relevant thermal properties.
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CHAPTER 6: CONCLUSION

The work in this thesis demonstrates the capabilities as well as several design considerations of
using block copolymer for nanofabrication. Chapter 2 shows the advantages of using self-
assembled block copolymer in separation membrane applications, including highly uniform
feature size, simple process, and ability to template inorganic materials. We discussed that to
utilize the self-assembled block copolymer thin films, the interfacial energy as well the surface
energy needs to be carefully controlled to achieved desired microdomain orientation.

The interfacial energy plays an important role in block copolymers annealed within
confinement as well. In chapter 3, we used STEM tomography, which is an advanced metrology
to characterize the three-dimensional block copolymer structures, to understand how the surface
chemistry as well as the geometry of the cylindrical template influence the through-film
morphology of single cylinders self-assembled within confinement. This study is helpful to
understand the sources of defects when applying the DSA cylinders to pattern high resolution
contacts holes for future generation integrated circuits.

Templated block copolymer lamella is very useful to pattern unidirectional line and space
patterns. In chapter 4, using chemical contrast patterns to DSA a high-y BCP followed by self-
aligned double patterning, a total density multiplication factor of 8 was achieved in comparison to
the original sparse guiding pattern. The final line and space patterns have full pitch as small as
10.5 nm, which could be developed as the future lithography method to manufacture bit-patterned
media with high storage density in hard-disk drive industry.

Block copolymer patterning offers easy process to fabricate uniform nanostructures, which
could be integrated with device fabrication to study nanoscale physics. Chapter 5 describes how

to template arrays of hexagonal packed holes in suspending silicon nitride film using block
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copolymer and the fabrication procedure of phononic crystal device for thermoreflectance
measurement. As expected from the small pitch and neck size provided by block copolymer, a
great reduction in thermal conductivity is observed from thermoreflectance measurements. The
difference with classic predicted thermal conductivity leads to discussions about nanoscale phonon

transport in amorphous solids.

127



